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2SWL6LJQ)RRG��GHYHORSLQJ�PRUH�VXVWDLQDEOH�IRRG�SURGXFWV�WKURXJK�DUWLILFLDO�
LQWHOOLJHQFH�

�
7KRPDV�1HPHFHN��
��'DQLHO�$XQHU���-DVSHU�YDQ�$OWHQD���&pGULF�)XUUHU���.DULQD�*HQWJHQ���$GOLQ�

+|KQHO���$QQH�0DULH�-DQN���0LKDO\�.ROOR���0HODQLH�0�OOHU���5RPHR�5DF]���$OED�5HJXDQW�&ORVD���
'DQLHO�6LHK�� �

�$JURVFRSH��/&$�UHVHDUFK�JURXS��$JURVFRSH��=XULFK��6ZLW]HUODQG�
�0LD�	�%HQ�*PE+��%HUOLQ��*HUPDQ\�
�3DVFDO�3URFHVVLQJ�%9��+HOPRQG��1HWKHUODQGV� �
�0HWDFRJQLV�/LPLWHG��/RQGRQ��8QLWHG�.LQJGRP�

&RUUHVSRQGLQJ�DXWKRU��7HO���������������������)D[�������������������
�(�PDLO�DGGUHVV��7KRPDV�QHPHFHN#DJURVFRSH�DGPLQ�FK��
�
.H\ZRUGV��)RRG�SURFHVVLQJ��HQYLURQPHQWDO�LPSDFWV��QXWULWLRQDO�YDOXH��IRRG�TXDOLW\��IRRG�VDIHW\��
�
,QWURGXFWLRQ�
7KH�FKDOOHQJH�WR�PHHW�WKH�81�VXVWDLQDEOH�GHYHORSPHQW�JRDOV��KWWSV���VGJV�XQ�RUJ���DQG�WR�EULQJ�RXU�
IRRG�V\VWHP�EDFN�LQWR�WKH�OLPLWV�RI�WKH�SODQHWDU\�ERXQGDULHV�UHTXLUHV�FRQFHUWHG�HIIRUWV�DW�DOO�VWDJHV�RI�
WKH�IRRG�YDOXH�FKDLQ��)XUWKHUPRUH��WKHUH�DUH���ELOOLRQ�REHVH�RU�RYHUZHLJKW�SHRSOH�ZRUOGZLGH��ZKLOH�
a����PLOOLRQV�VXIIHULQJ�KXQJHU�RU�PDOQXWULWLRQ��)$2�HW�DO����������
7KH� IRRG� LQGXVWU\� SOD\V� D� NH\� UROH� LQ� WKLV� UHVSHFW� DQG� FDQ� FRQWULEXWH� WR� WKH� PLWLJDWLRQ� RI� WKH�
HQYLURQPHQWDO� LPSDFWV� RI� WKH� IRRG� V\VWHP� LQ� VHYHUDO� UHVSHFWV�� ��� E\� XVLQJ� LQJUHGLHQWV� ZLWK� ORZ�
HQYLURQPHQWDO�EXUGHQV�����E\�UHGXFLQJ�WKH�HQYLURQPHQWDO�LPSDFWV�RI�SURFHVVLQJ��SDFNDJLQJ��VWRUDJH��
DQG�WUDQVSRUWV��DQG����E\�RIIHULQJ�D�SURGXFW�EDVNHW�WR�WKH�FRQVXPHUV�ZLWK�ORZ�HQYLURQPHQWDO�LPSDFW��
KLJK�QXWULWLRQDO�YDOXH��KLJK�TXDOLW\��ZKLFK�LV�DW�WKH�VDPH�WLPH�VDIH��WDVW\��DQG�DWWUDFWLYH���
7KH�FKDOOHQJHV�IRU�WKH�IRRG�LQGXVWU\�DUH�WKDW�WKH�IRRG�GHYHORSPHQW�SURFHVV�LV�WLPH��DQG�UHVRXUFH�
LQWHQVLYH�� LQIRUPDWLRQ� RQ� HQYLURQPHQWDO� LPSDFWV� LV� HLWKHU� PLVVLQJ� RU� QRW� UHDGLO\� DYDLODEOH�� WKH�
QXWULWLRQDO� YDOXH�� IRRG� VDIHW\� DQG� TXDOLW\� �H�J�� PLFURELDO� JURZWK�� S+� YDOXH�� FRORXU�� WH[WXUH�� DUH�
GLIILFXOW� WR�SUHGLFW��)RRG�GHYHORSHUV� WKHUHIRUH�IDFH�D�PXOWLGLPHQVLRQDO�RSWLPLVDWLRQ�SUREOHP��ZLWK�
KLJK� FRPSOH[LW\� DQG�PDQ\� SDUDPHWHUV� WR� EH� FRQVLGHUHG��7KHUH� LV� D� QHHG� IRU� D� WRRO� SURYLGLQJ� DQ�
LQWHJUDWHG��IDVW�DQG�UHOLDEOH�VROXWLRQ�WKDW�WDNHV�LQWR�DFFRXQW�QXWULWLRQDO��VHQVRULDO��VDIHW\��KHDOWK�DQG�
HQYLURQPHQWDO� SDUDPHWHUV�� 7KH� (8� SURMHFW� 2SWL6LJQ)RRG� �KWWSV���WKHPDNHUV�DL�RSWLVLJQIRRG��� LV�
FXUUHQWO\�GHYHORSLQJ�VXFK�D�WRRO��
�
0HWKRGV�
7KH�PRGHO�EXLOGV�RQ�VFLHQWLILF�GDWD�DQG�XVHV�DUWLILFLDO�QHXUDO�QHWZRUNV�WR�VROYH�WKH�PXOWLGLPHQVLRQDO�
RSWLPL]DWLRQ�SUREOHP��)RRG�TXDOLW\�SDUDPHWHUV�DUH�EHLQJ�HVWLPDWHG�EDVHG�RQ�SURGXFW�VDPSOHV�GHULYHG�
IURP�GLIIHUHQW�LQJUHGLHQW�PL[HV��7KH�VRIWZDUH�LV�LPSOHPHQWHG�DV�D�FORXG�DSSOLFDWLRQ�XVLQJ�D�PRGXODU�
DUFKLWHFWXUH��7KH�RYHUDOO�FRQFHSW�RI�WKH�PRGHO�LV�VKRZQ�LQ�)LJ�����
�
(QYLURQPHQWDO�LPSDFWV�
(QYLURQPHQWDO�LPSDFWV�RI�IRRG�LQJUHGLHQWV�DUH�FDOFXODWHG�XVLQJ�OLIH�F\FOH�DVVHVVPHQW�PHWKRGRORJ\��
/LIH�F\FOH�LQYHQWRU\�GDWD�IURP�ILYH�GDWDEDVHV� �HFRLQYHQW��$JULEDO\VH��:)/'%��$JUL�IRRWSULQW�DQG�
6$/&$�� ZLOO� EH� XVHG�� /LIH� F\FOH� LQYHQWRULHV� ZLOO� EH� VHOHFWHG� DFFRUGLQJ� WR� GDWD� TXDOLW\� FULWHULD�
DFFRUGLQJ� WR� WKH� ,62� ��������� VWDQGDUGV�� 7KH� GDWD� ZLOO� EH� SUHSDUHG�� KDUPRQL]HG�� DGDSWHG� �H�J��
DGMXVWLQJ�V\VWHP�ERXQGDULHV��HOHFWULFLW\�PL[HV�RU�WUDQVSRUWV��DQG�VWDQGDUGL]HG�IRU�LQWHJUDWLRQ�LQWR�WKH�
PHWD�GDWDEDVH��)RU�PLVVLQJ�GDWD��QHZ�OLIH�F\FOH�LQYHQWRULHV�ZLOO�EH�FUHDWHG�RU�SUR[LHV�ZLOO�EH�XVHG�WR�
DSSUR[LPDWH�WKH�HQYLURQPHQWDO�LPSDFWV�DFFRUGLQJ�WR�WKH�SURFHGXUH�GHVFULEHG�LQ�0LOj�L�&DQDOV�HW�DO��
��������7KH�HQYLURQPHQWDO� LPSDFWV�IURP�WKH�GLIIHUHQW� LQYHQWRULHV�ZLOO�EH�DJJUHJDWHG�LQ�FDVH�WKHUH�
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H[LVW� PRUH� WKDQ� RQH� LQYHQWRU\�� 7KUHH� VHWV� RI� LPSDFW� FDWHJRULHV� VSHFLILF� IRU� OLIH� F\FOH� LPSDFW�
DVVHVVPHQW�LQ�WKH�DJUL�IRRG�VHFWRU�DUH�SURSRVHG�IRU�LPSDFW�DVVHVVPHQW�RI�WKH�/&,�GDWD��

x� 7KH�UHVWULFWHG�VHW�FRQVLGHUV�D�VHOHFWLRQ�RI�WKH�VL[�PRVW�LPSRUWDQW�LPSDFW�FDWHJRULHV�IRU�IRRG�
/&$�DFFRUGLQJ�WR�1HPHFHN�HW�DO����������

x� 7KH�IXOO�VHW�FRQVLGHUV�DOO� LPSDFW�FDWHJRULHV�RI� UHOHYDQFH� WR�DJULFXOWXUDO�V\VWHPV�ZLWKLQ� WKH�
6$/&$�IUDPHZRUN��7KH�6$/&$�LPSDFW�DVVHVVPHQW�PHWKRG�LV�LQWHQGHG�IRU�WKH�/&,$�LQ�WKH�
DJUL�IRRG�VHFWRU��

x� 7KH�3()�FRPSOLDQW�VHW�FRQVLGHUV�WKH�LPSDFW�FDWHJRULHV�JLYHQ�E\�WKH�(8�JXLGHOLQH�WR�DVVHVV�
WKH�HQYLURQPHQWDO�IRRWSULQW�RI�D�SURGXFW��(XURSHDQ�&RPPLVVLRQ��(&����������

'DWD�JDSV�� �PLVVLQJ�IRRG�LQJUHGLHQWV��ZLOO�EH�LGHQWLILHG�E\�FRPSDULQJ�WKH�/&,�LQ�WKH�GDWDEDVHV�ZLWK�
WKH� IRRG� LQJUHGLHQWV� LQ� WKH� (XUR),5� GDWDEDVH�� 7R� JXDUDQWHH� D� VXFFHVVIXO� LQWHJUDWLRQ� RI� WKH�
HQYLURQPHQWDO�GDWD�LQWR�WKH�PHWD�GDWDEDVH��/&,�GDWD�DQG�WKHLU�UHVSHFWLYH�LPSDFWV�ZLOO�EH�OLQNHG�WR�WKH�
IRRG� LQJUHGLHQWV� IURP� WKH� (XUR),5� GDWDEDVH�� 7KLV� LV� GRQH� E\� DSSO\LQJ� /DQJXD/� FRGHV� DQG� WKH�
)RRG([��IRRG�FODVVLILFDWLRQ�V\VWHP�ZKLFK�KHOS�WR�LQGH[�DQG�GHVFULEH�IRRG�SURGXFWV��0¡OOHU�	�,UHODQG��
��������
�

�
)LJ�����&RQFHSW�RI�WKH�2SWL6LJQ)RRG�WRRO�IRU�WKH�IRRG�DQG�EHYHUDJH�LQGXVWU\��
�
1XWULWLRQDO�LQGLFHV�
1XWULWLRQDO�LQGLFDWRUV�DUH�XVHG�WR�DVVHVV�WKH�QXWULWLRQDO�TXDOLW\�RI�IRRGV�SURGXFWV��7KH\�DUH�EDVHG�RQ�
WKH� FRQFHSW� RI� QXWULHQW� SURILOLQJ�� D� UDQNLQJ� V\VWHP� WR� FODVVLI\� IRRGV� EDVHG� RQ� WKHLU� QXWULWLRQDO�
FRPSRVLWLRQ� UHODWLYH� WR� QXWULHQW� QHHGV� RI� TXDOLI\LQJ� QXWULHQWV� �QXWULHQWV� WR� HQFRXUDJH�� DQG�
GLVTXDOLI\LQJ�QXWULHQWV��QXWULHQWV�WR�DYRLG�RU�OLPLW���)XOJRQL�HW�DO����������)RU�WKLV�SURMHFW��WKH�(XUR),5�
GDWDEDVH� �KWWSV���ZZZ�HXURILU�RUJ��� LV� XVHG� WR� GHWHUPLQH� WKH� QXWULHQW� FRQWHQWV� RI� GLIIHUHQW� IRRG�
LQJUHGLHQWV��$V�HDFK�QXWULWLRQDO� LQGLFDWRU� WDNHV� LQWR�DFFRXQW�GLIIHUHQW�QXWULHQWV�� WKH�YDOXHV�RI�HDFK�
LQGLFDWRU�PLJKW�UDQN�IRRGV�GLIIHUHQWO\��,Q�DGGLWLRQ��VRPH�QXWULWLRQDO�LQGLFDWRUV�UHTXLUH�D�ODUJH�VHW�RI�
QXWULHQWV�WKDW�PLJKW�QRW�EH�DYDLODEOH�LQ�WKH�(XUR),5�GDWDEDVH��,Q�WKLV�FDVH��ZKHQ�WKH�PLVVLQJ�QXWULHQW�
LV�QRW�HVVHQWLDO�IRU�WKH�WDUJHW�SRSXODWLRQ��D�PRGLILHG�DGDSWHG�QXWULWLRQDO�LQGH[�ZLOO�EH�XVHG�EXW�LI�WKH�
QXWULHQW�LV�UHOHYDQW�IRU�WKH�WDUJHW�SRSXODWLRQ��SUR[LHV�IURP�RWKHU�GDWDEDVHV�ZLOO�EH�LQFOXGHG��2QH�DLP�
RI�WKH�2SWL6LJQ)RRG�SURMHFW�LV�WR�OLQN�DQG�VWDQGDUGL]H�UREXVW��VWURQJ�DQG�YDOLG�QXWULWLRQDO�FRPSRVLWLRQ�
GDWDVHWV� IURP�GLIIHUHQW�(XUR),5�FRXQWULHV� WKDW�ZLOO� DOORZ�IRU�EHWWHU�FDOFXODWLRQV�RI� WKH�QXWULWLRQDO�
LQGLFDWRUV���

,ĞĂůƚŚ

Ɖ,�WƌĞĚŝĐƚŝŽŶͬ�
KƉƚŝŵŝƐĂƚŝŽŶ

/ŶĂĐƚŝǀĂƚŝŽŶ�DŽĚĞů�

�ŽŵƉĂƌŝƐŽŶ ŽĨ�
&ŽŽĚ�WƌŽĐĞƐƐŝŶŐƐ

�ŽůŽƵƌ WƌĞĚŝĐƚŝŽŶϮ

ϰϱ

>ĂŶĚ�hƐĞϳ /ŶŐƌĞĚŝĞŶƚƐ

KƉƚŝŵŝƐĞĚ
ZĞĐŝƉĞ

DŝŶŝŵĂů�
WƌŽĐĞƐƐŝŶŐ

&ŽŽĚ�
WƌŽĚƵĐƚŝŽŶ

�ĂƚĂ
^ƵƐƚĂŝŶĂďůĞ

&ŽŽĚ

DƵůƚŝǀĂƌŝĂƚĞ�KƉƚŝŵŝƐĂƚŝŽŶ ŽĨ��&ŽŽĚ�YƵĂůŝƚǇ

�/��ƐƐŝƐƚĞĚ WƌĞĚŝĐƚŝŽŶ ŽĨ��&ŽŽĚ�̂ ĂĨĞƚǇ

�ĂƚĂ��ĂƐĞĚ�WƌĞĚŝĐƚŝŽŶ�ŽĨ��ƌĂĚůĞͲƚŽͲ'ĂƚĞ�/ŵƉĂĐƚ

^ĂĨĞƚǇ

�ŶǀŝƌŽŶŵĞŶƚ
EƵƚƌŝĞŶƚ�KƉƚŝŵŝƐĂƚŝŽŶ�ϭ

dĞǆƚƵƌĞ WƌĞĚŝĐƚŝŽŶϯ
�ĐŝĚŝĨŝĐĂƚŝŽŶϵ

tĂƚĞƌ�̂ ĐĂƌĐŝƚǇϴ

','�ĞŵŝƐƐŝŽŶƐϲ

�ƵƚƌŽƉŚŝĐĂƚŝŽŶϭϬ
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7KH�PDLQ� REMHFWLYH� WR� LQFOXGH� QXWULWLRQDO� LQGLFDWRUV� LQ� WKH�2SWL6LJQ)RRG� SURMHFW� LV� WR� EH� DEOH� WR�
RSWLPL]H� WKH�SURGXFWLRQ�RI�QHZ�RU�PRGLILHG� IRRG�SURGXFWV�EDVHG�RQ� WKH�SULQFLSOH� WKDW� IRRGV�ZLWK�
EHWWHU�QXWULHQW�SURILOLQJ�VFRUHV��HQFRXUDJH�KHDOWKLHU�GLHWV�WKDQ�WKRVH�ZLWK�ORZHU�QXWULHQW�SURILOH�YDOXHV��
+RZHYHU�� WKLV� KDV� EHHQ� GHEDWHG� DV� VRPH� UHIRUPXODWLRQ� SURFHGXUHV� MXVW� GHFUHDVH� GLVTXDOLI\LQJ�
QXWULHQWV�DQG�LQFUHDVH�TXDOLI\LQJ�QXWULHQWV��EXW�PLJKW�QRW�EH�V\QRQ\P�RI�DQ�RYHUDOO�KHDOWKLHU�GLHW��
6WLOO��ZKHQ�DVVHVVLQJ� LQGLYLGXDO� IRRGV�RU� VSHFLILF� IRRG�PL[WXUHV�� QXWULWLRQDO� LQGLFHV�KHOS� WKH� IRRG�
LQGXVWU\�SURGXFH�IRRGV�ZLWK�EHWWHU�SURILOHV�DQG�WKH�FRQVXPHU�WR�FKRRVH�PRUH�QXWULWLRXV�RSWLRQV�WKDW�
ZLOO�DW�WKH�HQG�LQFUHDVH�WKH�RYHUDOO�QXWULWLRQDO�FRQWHQW�RI�WKH�GLHW��,Q�DGGLWLRQ��VRPH�LQGLFHV�DUH�EHLQJ�
DVVRFLDWHG�WR�KHDOWK�RXWFRPHV��VXFK�DV�WKH�+HDOWK�1XWULWLRQDO�,QGH[��+(1,���ZKLFK�ZLOO�EH�XVHG�LQ�
WKH�RSWLPL]DWLRQ�PRGHO��DQG�FRQVLGHUV�GLHWDU\� ULVN� IDFWRUV�EDVHG�RQ� WKH�JOREDO�%XUGHQ�RI�'LVHDVH�
6WXG\��6W\OLDQRX�HW�DO�����������
7R� IDFLOLWDWH� WKH� FRPSDULVRQ� EHWZHHQ� GLIIHUHQW� IRRG� SURGXFWV�� GLIIHUHQW� QXWULWLRQDO� LQGLFHV�ZLOO� EH�
LQFOXGHG�LQ�2SWL6LJQ)RRG��H�J�15)�����1XWUL�6FRUH��HWF����7KH�DLP�LV� WR�LQFOXGH�QRW�RQO\�QXWULHQW�
LQIRUPDWLRQ��H�J��JUDPV�RI�QXWULHQWV��NLORFDORULHV�RU�SHUFHQWDJHV�RI�GDLO\�UHFRPPHQGHG�LQWDNHV���EXW�
DOVR�QXWULHQW�LQGLFDWRUV�WKDW�ZLOO�����KHOS�WKH�IRRG�LQGXVWU\�SURGXFH�PRUH�QXWULWLRXV�IRRGV�����HQDEOH�
FRQVXPHUV�WR�HYDOXDWH�WKH�FRQWULEXWLRQ�RI�D�IRRG�SURGXFW�WR�D�KHDOWK\�DQG�EDODQFHG�GLHW�FRQVLGHULQJ�
LWV� QXWULWLRQDO� FRPSRVLWLRQ� DQG�� ��� WR� FRPSDUH� IRRG� SURGXFWV� RI� WKH� VDPH� FDWHJRU\� DQG� FKRRVH� D�
KHDOWKLHU�RSWLRQ���
�
'DWDEDVH�KDUPRQL]DWLRQ�DQG�VWDQGDUGL]DWLRQ�
$�SDUWLFXODU� FKDOOHQJH� LV� WR� OLQN� WKH�QXWULWLRQDO�� OLIH� F\FOH� LQYHQWRU\� DQG� WKH� ODERUDWRU\�SDUDPHWHU�
GDWDEDVHV��VLQFH�DOO�GDWDEDVHV�XVH�GLIIHUHQW�FODVVLILFDWLRQ�V\VWHPV�DQG�GDWD�VWUXFWXUHV��)LJXUH���VKRZV�
H[DPSOHV�RI�GLIIHUHQW�W\SH�RI�LQIRUPDWLRQ�IRU�IRRG�LQJUHGLHQWV�DYDLODEOH�LQ�WKH�GDWDEDVHV��ZKLFK�QHHG�
WR�EH�FRQQHFWHG�LQ�EHWZHHQ�GDWDEDVHV��
�

�
)LJ����7\SH�RI�LQIRUPDWLRQ�IRU�IRRG�LQJUHGLHQWV�DYDLODEOH�LQ�WKH�GDWDEDVHV�

�
'LIIHUHQW�ZRUGLQJ��DSSOH�YV��DSSOHV��UDZ�YV��IUHVK��DQG�VRPHWLPHV�PLVVLQJ�LQIRUPDWLRQ�RQ�WKH�VWDWXV�
RU� SURFHVVLQJ� RI� WKH� IRRG� LQJUHGLHQW� LQ� WKH� GDWDEDVHV� UHQGHU� D� FRQQHFWLRQ� E\� QDPHV� WHGLRXV��
$GGLWLRQDOO\��FHUWDLQ�LQIRUPDWLRQ��H�J��FRRNLQJ�FRRNHG��LV�VRPHWLPHV�SDUW�RI�WKH�IRRG�LQJUHGLHQW��EXW�
VRPHWLPHV�HPEHGGHG�DV�VWDQGDUGL]HG�FRGH��7R�RYHUFRPH�WKLV�FKDOOHQJH��WKH�/DQJXD/�VWDQGDUGL]DWLRQ�
V\VWHP�ZLOO�EH�DSSOLHG�WR�WKH�IRRG�LQJUHGLHQWV�LQ�RUGHU�WR�VWDQGDUGL]H�WKH�QDPHV�RI�WKH�IRRG�LQJUHGLHQWV�
FRQVLVWHQWO\�� 7KH� /DQJXD/� IRRG� GHVFULSWLRQ� WKHVDXUXV� �KWWSV���ZZZ�ODQJXDO�RUJ��� SURYLGHV� DQ�
DXWRPDWHG�PHWKRG�WR�GHVFULEH��FDSWXUH�DQG�UHWULHYH�IRRG�UHODWHG�GDWD�DQG�ZLOO�EH�XVHG�IRU�WKLV�SXUSRVH��
7KH�(XUR),5�QXWULWLRQDO�GDWDEDVH�ZLOO� VHUYH�DV�D�EDFNERQH�IRU� WKH�PHWD�GDWDEDVH�DQG�KDV�DOUHDG\�
/DQJXD/�FRGHV�LPSOHPHQWHG�DQG�FRQQHFWHG�WR�IRRG�LQJUHGLHQWV��2WKHU�GDWDEDVHV��HQYLURQPHQWDO�DQG�
SDUDPHWHUV� GDWDEDVH��ZLOO� EH� FRQQHFWHG� WR� WKH�(XUR),5� GDWDEDVH��$OUHDG\� LPSOHPHQWHG� /DQJXD/�
FRGHV� LQ� (XUR),5� VKRXOG� VHUYH� WR� IDFLOLWDWH� WKH� FRQQHFWLRQ� RI� WKH� GDWDEDVHV�� +RZHYHU�� GXH� WR�
LQFRQVLVWHQW� DSSOLFDWLRQ� RI� WKH� /DQJXD/� V\VWHP�� WKH� DVVLJQPHQWV� RI� /DQJXD/� FRGHV� WR� WKH� IRRG�
LQJUHGLHQWV�LQ�WKH�(XUR),5�KDYH�WR�EH�FKHFNHG�DQG�YDOLGDWHG��
�
5HVXOWV�DQG�GLVFXVVLRQ�
7KH�(XUR),5�GDWDEDVHV�IRU�GLIIHUHQW�FRXQWULHV�GLIIHU�QRW�RQO\�LQ�WKH�QXPEHU�RI�QXWULHQWV�FRQVLGHUHG��
EXW� WKH� YDOXHV� FDQ� DOVR� GLIIHU� FRQVLGHUDEO\� EHWZHHQ� GDWDEDVHV� IRU� WKH� VDPH� QXWULHQW�� $� GDWD�

�
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KDUPRQL]DWLRQ�LV�WKHUHIRUH�QHHGHG��(QYLURQPHQWDO�LPSDFWV�DOVR�GLIIHU�DQG�GHSHQG�RQ�WKH�FRXQWU\�RI�
RULJLQ�� WKH� SURGXFWLRQ� V\VWHP�� DQG� WKH� \LHOG� OHYHO�� 5HSUHVHQWDWLYH� HQYLURQPHQWDO� LPSDFWV� DUH�
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This paper outlines the main aspects of a more detailed article recently published (Coste and Hélias 
2022). The environmental footprint of products is a story of trade-offs: the assessment has to be 
accurate, adapted to the production and processing choices in the value chain. Unfortunately, this 
need for specific data quickly becomes an obstacle and makes the work too complex and too 
expensive to be done on a large scale. In contrast, generic data offers a quick and cheap result, but 
these default values only allow comparisons between product categories and differentiation of 
products within the same category is impossible.  
 
For food products in France, the Agribalyse (ADEME, 2020) database provides 2,500 ‘generic’ food 
products. The main factors determining the environmental impact of a food product are the 
ingredients, which are often more important for the overall result than the transport or processing. 
The agricultural stage therefore requires particular attention. Production methods are thus a 
determining factor, but the quantity of each ingredient is also obviously a specificity that must be 
integrated into the calculations. Generic recipes, as is the case in Agribalyse, are an average recipe 
and when we are interested in a specific market product, this can often prove to be unrepresentative. 
We have developed the PEFAP calculator (Product Environmental Footprint According to Packaging 
data) which automatically estimates environmental impacts based on the information available on the 
packaging.  
 
Based on the partial list of ingredients (an ordered list, but with often unknown proportions) and 
nutritional data available on packaging, the algorithm explores the range of possible recipes through 
a Monte Carlo approach. In each iteration, the masses of ingredients are randomly chosen according 
to the possible proportions of ingredients and ensuring the best possible preservation of nutrient 
contents (the nutrients of the product being considered as the sum of the nutrients of all its 
ingredients). PEFAP retrieves, for each ingredient, the environmental impacts from Agribalyse and 
the nutrient data from Ciqual database (ANSES 2020), the French national nutritional database for 
food ingredients. It finds the most likely footprint by the convergence of the result over Monte Carlo 
runs. From a barcode, the user obtains in a few seconds a specific footprint of the product : data tables 
and summary web page of the evaluation, see Figure 1 for an illustration. This allows intra-category 
comparisons and provides more accurate footprints than the generic values from Agribalyse.  
 
Particular attention has been devoted to the correspondence between the databases. The 
OpenFoodFact (2012) database enables the automatic association of packaging information with a 
barcode. The ingredients identified in Agribalyse (which are the same as in Ciqual) were matched to 
this nomenclature of ingredients. When the environmental (from Agribalyse) and/or nutritional (from 
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Ciqual) information is not available, the average value of the " children " or " parents " ingredients in 
the OpenFoodFact nomenclature are used. 
Footprints have already been calculated for the 150’000 reasonably reliable products of the Open 
Food Facts database. This includes a subset of 30,000 products with data that are considered fully 
reliable. This makes it possible to see the variability of impacts within the same product category and 
the variability of impacts induced by the recipes. The creation of this algorithm makes it possible to 
better specify the characteristics of food products and makes environmental footprints and labeling 
more reliable.  
 

 

 

Figure 1. Example of an impact sheet generated automatically for a given food product 
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Estimated impact for Score unique EF
0.41 mPt

Estimated impact confidence interval for Score unique EF
[0.3, 0.54] mPt

Result reliability

1  2  3  4

Warning: This product has no Agribalyse reference, the impact per step and the impact reference
cannot be calculated.

The boxplot represents the 90% and 50% confidence intervals and the orange bar the estimated impact result.

Impact per ingredient

Ingredients shown in red have no environmental impact data. They are supposed to have the
average impact of the product and thus have an impact share equal to their mass share.

Mass share per ingredient

Product mass
1000g

Estimated ingredients mass used
1017g

Warning : This does not represent an estimation of the composition of the product but the average
proportion of each ingredient in the random recipes generated to assess the product's impact. See
the documentation for more information.

Ingredients

Full ingredient list

sugar, glucose syrup, _wheat_ flour (17%), palm fat, cocoa butter, skimmed _milk_ powder, cocoa
mass, _lactose_, _milk_ fat, whey powder (from _milk_), fat reduced cocoa, salt, emulsifier (_soya_
lecithin), raising agent (e500), natural vanilla extract. may contain hazelnuts almonds

Parsed ingredient list

en:sugar , en:glucose-syrup , en:wheat-flour , en:palm-fat , en:cocoa-butter , en:skimmed-milk-
powder , en:cocoa-paste , en:lactose , en:milkfat , en:whey-powder ( en:milk ) , en:fat-reduced-
cocoa , en:salt , en:emulsifier ( en:soya-lecithin ) , en:raising-agent ( en:e500 ) , en:natural-
vanilla-extract

Legend:

Not in recipe (compound ingredient)
Not in taxonomy
In taxonomy
In taxonomy, with nutrition data
In taxonomy, with impact data
In taxonomy, with nutrition and impact data

Ingredients properties

Open Food
Facts id Nutritional reference Environmental impact reference

en:sugar Sugar, white Sugar, white

en:glucose-
syrup Fructose Fructose

en:wheat-
flour

Wheat flour, type 110

Wheat flour, type 150

Wheat flour, type 55 (for pastry)

Wheat flour, type 80

Wheat flour, type 65

Wheat flour, type 55 (for bread)

Wheat flour, type 110

Wheat flour, type 150

Wheat flour, type 55 (for pastry)

Wheat flour, type 80

Wheat flour, type 65

Wheat flour, type 55 (for bread)

en:palm-fat Palm oil Palm oil

en:cocoa-
butter Cocoa butter Cocoa butter

en:skimmed-
milk-powder Milk, powder, skimmed Milk, powder, skimmed

en:cocoa-
paste Cocoa butter Cocoa butter

en:lactose Manual entry

Pork loin, raw

Chicken, meat, raw

Chicken, leg, meat and skin, raw

Pork, knuckle or shank, raw

Pork on skewer, raw

Pork, shoulder, raw

Pork, belly, raw

Pork fat, raw

en:milkfat Butter oil or concentrated butter Butter oil or concentrated butter

en:whey-
powder

Dairy drink or fermented milk or
yogurt, plain, with sugar, with L
Casei

Dairy drink or fermented milk or
yogurt, flavoured, with sugar

Dairy drink or fermented milk or
yogurt, with fruits, with sugar

Yogurt, fermented milk or dairy
specialty, with cereals, fat free

Dairy fat 25% fat, light,
spreadable, unsalted

Fermented milk or dairy specialty,
yogurt type, with fruits, with sugar,
with bifidus

Yogurt, fermented milk or dairy
specialty, flavoured, with
sweetener, fat free

Fermented milk or dairy specialty,
yogurt type, flavoured, with sugar,
with bifidus

Dairy fat 20% fat, light,
spreadable, unsalted

Fermented milk or dairy specialty,
yogurt type, plain, with bifidus

Dairy drink or fermented milk or yogurt,
plain, with sugar, with L Casei

Dairy drink or fermented milk or yogurt,
flavoured, with sugar

Dairy drink or fermented milk or yogurt,
with fruits, with sugar

Yogurt, fermented milk or dairy specialty,
with cereals, fat free

Dairy fat 25% fat, light, spreadable,
unsalted

Fermented milk or dairy specialty, yogurt
type, with fruits, with sugar, with bifidus

Yogurt, fermented milk or dairy specialty,
flavoured, with sweetener, fat free

Fermented milk or dairy specialty, yogurt
type, flavoured, with sugar, with bifidus

Dairy fat 20% fat, light, spreadable,
unsalted

Fermented milk or dairy specialty, yogurt
type, plain, with bifidus

en:milk Milk, fat content unknown, UHT sterilized Milk, semi-skimmed, UHT

en:fat-
reduced-
cocoa

Cocoa powder, without sugar, powder, instant Cocoa powder, without sugar, powder, instant

en:salt

Salt, white (sea, igneous or rock),
no enrichment

Salt, white (sea, igneous or rock),
iodine added, no other enrichment

Sea salt, grey, no enrichment

Salt, white (sea, igneous or rock),
iodine added, fluoride added 25
mg/100 g

Salt, white, for human consumption
(sea, igneous or rock), no enrichment

Salt, white, for human consumption
(sea, igneous or rock), iodine added, no
other enrichment

Sea salt, grey, no enrichment

en:emulsifier Soy lecithin Soy lecithin

en:soya-
lecithin

en:raising-
agent Baking powder or raising agent Baking powder or raising agent

en:e500 Manual entry

en:natural-
vanilla-
extract

Vanilla, aqueous extract Vanilla, aqueous extract

Impacts

Impact category Amount Confidence interval Unit

Score unique EF 0.41 [0.3, 0.54] mPt

Changement climatique 5.31 [3.73, 7.07] kg CO2 eq

Appauvrissement de la couche d'ozone 0.16 [0.11, 0.2] E-06 kg CVC11 eq

Rayonnements ionisants 6.29e-02 [4.44e-02, 0.12] kBq U-235 eq

Formation photochimique d'ozone 8.34 [5.94, 11.18] E-03 kg NMVOC eq

Particules 0.2 [0.14, 0.27] E-06 disease inc.

Acidification terrestre et eaux douces 3.03e-02 [2.04e-02, 3.99e-02] mol H+ eq

Eutrophisation terrestre 0.12 [8.12e-02, 0.16] mol N eq

Eutrophisation eaux douces 0.43 [0.31, 0.57] E-03 kg P eq

Eutrophisation marine 28.3 [21.32, 39.66] E-03 kg N eq

Utilisation du sol 174.7 [106.2, 236.0] Pt

Ã‰cotoxicitÃ© pour Ã©cosystÃ¨mes aquatiques d'eau douce 123.8 [95.5, 156.18] CTUe

Ã‰puisement des ressources eau 2.26 [1.82, 2.82] m3 depriv.

Ã‰puisement des ressources Ã©nergÃ©tiques 9.34 [6.75, 13.06] MJ

Ã‰puisement des ressources minÃ©raux 3.72 [2.93, 4.98] E-06 kg Sb eq

Open Food Facts categories

Snacks
Snacks sucrÃ©s
en:cocoa-and-its-products
Confiseries
Barres
Confiseries chocolatÃ©es
Barres chocolatÃ©es
Barres chocolatÃ©es biscuitÃ©es au caramel

Warnings

en:soya-lecithin has been identified as an allergen and ignored.
The impact relative interquartile is high for Score unique EF (30%)
The impact relative interquartile is high for Changement climatique (31%)
The impact relative interquartile is high for Appauvrissement de la couche d'ozone (28%)
The impact relative interquartile is high for Rayonnements ionisants (38%)
The impact relative interquartile is high for Formation photochimique d'ozone (32%)
The impact relative interquartile is high for Particules (29%)
The impact relative interquartile is high for Acidification terrestre et eaux douces (33%)
The impact relative interquartile is high for Eutrophisation eaux douces (28%)
The impact relative interquartile is high for Eutrophisation marine (39%)
The impact relative interquartile is high for Utilisation du sol (35%)
The impact relative interquartile is high for Ã‰cotoxicitÃ© pour Ã©cosystÃ¨mes aquatiques d'eau
douce (28%)
The impact relative interquartile is high for Ã‰puisement des ressources Ã©nergÃ©tiques (26%)
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Estimated impact for Score unique EF
0.41 mPt

Estimated impact confidence interval for Score unique EF
[0.3, 0.54] mPt

Result reliability

1  2  3  4

Warning: This product has no Agribalyse reference, the impact per step and the impact reference
cannot be calculated.

The boxplot represents the 90% and 50% confidence intervals and the orange bar the estimated impact result.

Impact per ingredient

Ingredients shown in red have no environmental impact data. They are supposed to have the
average impact of the product and thus have an impact share equal to their mass share.

Mass share per ingredient

Product mass
1000g

Estimated ingredients mass used
1017g

Warning : This does not represent an estimation of the composition of the product but the average
proportion of each ingredient in the random recipes generated to assess the product's impact. See
the documentation for more information.

Ingredients

Full ingredient list

sugar, glucose syrup, _wheat_ flour (17%), palm fat, cocoa butter, skimmed _milk_ powder, cocoa
mass, _lactose_, _milk_ fat, whey powder (from _milk_), fat reduced cocoa, salt, emulsifier (_soya_
lecithin), raising agent (e500), natural vanilla extract. may contain hazelnuts almonds

Parsed ingredient list

en:sugar , en:glucose-syrup , en:wheat-flour , en:palm-fat , en:cocoa-butter , en:skimmed-milk-
powder , en:cocoa-paste , en:lactose , en:milkfat , en:whey-powder ( en:milk ) , en:fat-reduced-
cocoa , en:salt , en:emulsifier ( en:soya-lecithin ) , en:raising-agent ( en:e500 ) , en:natural-
vanilla-extract

Legend:

Not in recipe (compound ingredient)
Not in taxonomy
In taxonomy
In taxonomy, with nutrition data
In taxonomy, with impact data
In taxonomy, with nutrition and impact data

Ingredients properties

Open Food
Facts id Nutritional reference Environmental impact reference

en:sugar Sugar, white Sugar, white

en:glucose-
syrup Fructose Fructose

en:wheat-
flour

Wheat flour, type 110

Wheat flour, type 150

Wheat flour, type 55 (for pastry)

Wheat flour, type 80

Wheat flour, type 65

Wheat flour, type 55 (for bread)

Wheat flour, type 110

Wheat flour, type 150

Wheat flour, type 55 (for pastry)

Wheat flour, type 80

Wheat flour, type 65

Wheat flour, type 55 (for bread)

en:palm-fat Palm oil Palm oil

en:cocoa-
butter Cocoa butter Cocoa butter

en:skimmed-
milk-powder Milk, powder, skimmed Milk, powder, skimmed

en:cocoa-
paste Cocoa butter Cocoa butter

en:lactose Manual entry

Pork loin, raw

Chicken, meat, raw

Chicken, leg, meat and skin, raw

Pork, knuckle or shank, raw

Pork on skewer, raw

Pork, shoulder, raw

Pork, belly, raw

Pork fat, raw

en:milkfat Butter oil or concentrated butter Butter oil or concentrated butter

en:whey-
powder

Dairy drink or fermented milk or
yogurt, plain, with sugar, with L
Casei

Dairy drink or fermented milk or
yogurt, flavoured, with sugar

Dairy drink or fermented milk or
yogurt, with fruits, with sugar

Yogurt, fermented milk or dairy
specialty, with cereals, fat free

Dairy fat 25% fat, light,
spreadable, unsalted

Fermented milk or dairy specialty,
yogurt type, with fruits, with sugar,
with bifidus

Yogurt, fermented milk or dairy
specialty, flavoured, with
sweetener, fat free

Fermented milk or dairy specialty,
yogurt type, flavoured, with sugar,
with bifidus

Dairy fat 20% fat, light,
spreadable, unsalted

Fermented milk or dairy specialty,
yogurt type, plain, with bifidus

Dairy drink or fermented milk or yogurt,
plain, with sugar, with L Casei

Dairy drink or fermented milk or yogurt,
flavoured, with sugar

Dairy drink or fermented milk or yogurt,
with fruits, with sugar

Yogurt, fermented milk or dairy specialty,
with cereals, fat free

Dairy fat 25% fat, light, spreadable,
unsalted

Fermented milk or dairy specialty, yogurt
type, with fruits, with sugar, with bifidus

Yogurt, fermented milk or dairy specialty,
flavoured, with sweetener, fat free

Fermented milk or dairy specialty, yogurt
type, flavoured, with sugar, with bifidus

Dairy fat 20% fat, light, spreadable,
unsalted

Fermented milk or dairy specialty, yogurt
type, plain, with bifidus

en:milk Milk, fat content unknown, UHT sterilized Milk, semi-skimmed, UHT

en:fat-
reduced-
cocoa

Cocoa powder, without sugar, powder, instant Cocoa powder, without sugar, powder, instant

en:salt

Salt, white (sea, igneous or rock),
no enrichment

Salt, white (sea, igneous or rock),
iodine added, no other enrichment

Sea salt, grey, no enrichment

Salt, white (sea, igneous or rock),
iodine added, fluoride added 25
mg/100 g

Salt, white, for human consumption
(sea, igneous or rock), no enrichment

Salt, white, for human consumption
(sea, igneous or rock), iodine added, no
other enrichment

Sea salt, grey, no enrichment

en:emulsifier Soy lecithin Soy lecithin

en:soya-
lecithin

en:raising-
agent Baking powder or raising agent Baking powder or raising agent

en:e500 Manual entry

en:natural-
vanilla-
extract

Vanilla, aqueous extract Vanilla, aqueous extract

Impacts

Impact category Amount Confidence interval Unit

Score unique EF 0.41 [0.3, 0.54] mPt

Changement climatique 5.31 [3.73, 7.07] kg CO2 eq

Appauvrissement de la couche d'ozone 0.16 [0.11, 0.2] E-06 kg CVC11 eq

Rayonnements ionisants 6.29e-02 [4.44e-02, 0.12] kBq U-235 eq

Formation photochimique d'ozone 8.34 [5.94, 11.18] E-03 kg NMVOC eq

Particules 0.2 [0.14, 0.27] E-06 disease inc.

Acidification terrestre et eaux douces 3.03e-02 [2.04e-02, 3.99e-02] mol H+ eq

Eutrophisation terrestre 0.12 [8.12e-02, 0.16] mol N eq

Eutrophisation eaux douces 0.43 [0.31, 0.57] E-03 kg P eq

Eutrophisation marine 28.3 [21.32, 39.66] E-03 kg N eq

Utilisation du sol 174.7 [106.2, 236.0] Pt

Ã‰cotoxicitÃ© pour Ã©cosystÃ¨mes aquatiques d'eau douce 123.8 [95.5, 156.18] CTUe

Ã‰puisement des ressources eau 2.26 [1.82, 2.82] m3 depriv.

Ã‰puisement des ressources Ã©nergÃ©tiques 9.34 [6.75, 13.06] MJ

Ã‰puisement des ressources minÃ©raux 3.72 [2.93, 4.98] E-06 kg Sb eq

Open Food Facts categories

Snacks
Snacks sucrÃ©s
en:cocoa-and-its-products
Confiseries
Barres
Confiseries chocolatÃ©es
Barres chocolatÃ©es
Barres chocolatÃ©es biscuitÃ©es au caramel

Warnings

en:soya-lecithin has been identified as an allergen and ignored.
The impact relative interquartile is high for Score unique EF (30%)
The impact relative interquartile is high for Changement climatique (31%)
The impact relative interquartile is high for Appauvrissement de la couche d'ozone (28%)
The impact relative interquartile is high for Rayonnements ionisants (38%)
The impact relative interquartile is high for Formation photochimique d'ozone (32%)
The impact relative interquartile is high for Particules (29%)
The impact relative interquartile is high for Acidification terrestre et eaux douces (33%)
The impact relative interquartile is high for Eutrophisation eaux douces (28%)
The impact relative interquartile is high for Eutrophisation marine (39%)
The impact relative interquartile is high for Utilisation du sol (35%)
The impact relative interquartile is high for Ã‰cotoxicitÃ© pour Ã©cosystÃ¨mes aquatiques d'eau
douce (28%)
The impact relative interquartile is high for Ã‰puisement des ressources Ã©nergÃ©tiques (26%)

Twix
5000159459228

Estimated impact for Score unique EF
0.41 mPt

Estimated impact confidence interval for Score unique EF
[0.3, 0.54] mPt

Result reliability

1  2  3  4

Warning: This product has no Agribalyse reference, the impact per step and the impact reference
cannot be calculated.

The boxplot represents the 90% and 50% confidence intervals and the orange bar the estimated impact result.

Impact per ingredient

Ingredients shown in red have no environmental impact data. They are supposed to have the
average impact of the product and thus have an impact share equal to their mass share.

Mass share per ingredient

Product mass
1000g

Estimated ingredients mass used
1017g

Warning : This does not represent an estimation of the composition of the product but the average
proportion of each ingredient in the random recipes generated to assess the product's impact. See
the documentation for more information.

Ingredients

Full ingredient list

sugar, glucose syrup, _wheat_ flour (17%), palm fat, cocoa butter, skimmed _milk_ powder, cocoa
mass, _lactose_, _milk_ fat, whey powder (from _milk_), fat reduced cocoa, salt, emulsifier (_soya_
lecithin), raising agent (e500), natural vanilla extract. may contain hazelnuts almonds

Parsed ingredient list

en:sugar , en:glucose-syrup , en:wheat-flour , en:palm-fat , en:cocoa-butter , en:skimmed-milk-
powder , en:cocoa-paste , en:lactose , en:milkfat , en:whey-powder ( en:milk ) , en:fat-reduced-
cocoa , en:salt , en:emulsifier ( en:soya-lecithin ) , en:raising-agent ( en:e500 ) , en:natural-
vanilla-extract

Legend:

Not in recipe (compound ingredient)
Not in taxonomy
In taxonomy
In taxonomy, with nutrition data
In taxonomy, with impact data
In taxonomy, with nutrition and impact data

Ingredients properties

Open Food
Facts id Nutritional reference Environmental impact reference

en:sugar Sugar, white Sugar, white

en:glucose-
syrup Fructose Fructose

en:wheat-
flour

Wheat flour, type 110

Wheat flour, type 150

Wheat flour, type 55 (for pastry)

Wheat flour, type 80

Wheat flour, type 65

Wheat flour, type 55 (for bread)

Wheat flour, type 110

Wheat flour, type 150

Wheat flour, type 55 (for pastry)

Wheat flour, type 80

Wheat flour, type 65

Wheat flour, type 55 (for bread)

en:palm-fat Palm oil Palm oil

en:cocoa-
butter Cocoa butter Cocoa butter

en:skimmed-
milk-powder Milk, powder, skimmed Milk, powder, skimmed

en:cocoa-
paste Cocoa butter Cocoa butter

en:lactose Manual entry

Pork loin, raw

Chicken, meat, raw

Chicken, leg, meat and skin, raw

Pork, knuckle or shank, raw

Pork on skewer, raw

Pork, shoulder, raw

Pork, belly, raw

Pork fat, raw

en:milkfat Butter oil or concentrated butter Butter oil or concentrated butter

en:whey-
powder

Dairy drink or fermented milk or
yogurt, plain, with sugar, with L
Casei

Dairy drink or fermented milk or
yogurt, flavoured, with sugar

Dairy drink or fermented milk or
yogurt, with fruits, with sugar

Yogurt, fermented milk or dairy
specialty, with cereals, fat free

Dairy fat 25% fat, light,
spreadable, unsalted

Fermented milk or dairy specialty,
yogurt type, with fruits, with sugar,
with bifidus

Yogurt, fermented milk or dairy
specialty, flavoured, with
sweetener, fat free

Fermented milk or dairy specialty,
yogurt type, flavoured, with sugar,
with bifidus

Dairy fat 20% fat, light,
spreadable, unsalted

Fermented milk or dairy specialty,
yogurt type, plain, with bifidus

Dairy drink or fermented milk or yogurt,
plain, with sugar, with L Casei

Dairy drink or fermented milk or yogurt,
flavoured, with sugar

Dairy drink or fermented milk or yogurt,
with fruits, with sugar

Yogurt, fermented milk or dairy specialty,
with cereals, fat free

Dairy fat 25% fat, light, spreadable,
unsalted

Fermented milk or dairy specialty, yogurt
type, with fruits, with sugar, with bifidus

Yogurt, fermented milk or dairy specialty,
flavoured, with sweetener, fat free

Fermented milk or dairy specialty, yogurt
type, flavoured, with sugar, with bifidus

Dairy fat 20% fat, light, spreadable,
unsalted

Fermented milk or dairy specialty, yogurt
type, plain, with bifidus

en:milk Milk, fat content unknown, UHT sterilized Milk, semi-skimmed, UHT

en:fat-
reduced-
cocoa

Cocoa powder, without sugar, powder, instant Cocoa powder, without sugar, powder, instant

en:salt

Salt, white (sea, igneous or rock),
no enrichment

Salt, white (sea, igneous or rock),
iodine added, no other enrichment

Sea salt, grey, no enrichment

Salt, white (sea, igneous or rock),
iodine added, fluoride added 25
mg/100 g

Salt, white, for human consumption
(sea, igneous or rock), no enrichment

Salt, white, for human consumption
(sea, igneous or rock), iodine added, no
other enrichment

Sea salt, grey, no enrichment

en:emulsifier Soy lecithin Soy lecithin

en:soya-
lecithin

en:raising-
agent Baking powder or raising agent Baking powder or raising agent

en:e500 Manual entry

en:natural-
vanilla-
extract

Vanilla, aqueous extract Vanilla, aqueous extract

Impacts

Impact category Amount Confidence interval Unit

Score unique EF 0.41 [0.3, 0.54] mPt

Changement climatique 5.31 [3.73, 7.07] kg CO2 eq

Appauvrissement de la couche d'ozone 0.16 [0.11, 0.2] E-06 kg CVC11 eq

Rayonnements ionisants 6.29e-02 [4.44e-02, 0.12] kBq U-235 eq

Formation photochimique d'ozone 8.34 [5.94, 11.18] E-03 kg NMVOC eq

Particules 0.2 [0.14, 0.27] E-06 disease inc.

Acidification terrestre et eaux douces 3.03e-02 [2.04e-02, 3.99e-02] mol H+ eq

Eutrophisation terrestre 0.12 [8.12e-02, 0.16] mol N eq

Eutrophisation eaux douces 0.43 [0.31, 0.57] E-03 kg P eq

Eutrophisation marine 28.3 [21.32, 39.66] E-03 kg N eq

Utilisation du sol 174.7 [106.2, 236.0] Pt

Ã‰cotoxicitÃ© pour Ã©cosystÃ¨mes aquatiques d'eau douce 123.8 [95.5, 156.18] CTUe

Ã‰puisement des ressources eau 2.26 [1.82, 2.82] m3 depriv.

Ã‰puisement des ressources Ã©nergÃ©tiques 9.34 [6.75, 13.06] MJ

Ã‰puisement des ressources minÃ©raux 3.72 [2.93, 4.98] E-06 kg Sb eq

Open Food Facts categories

Snacks
Snacks sucrÃ©s
en:cocoa-and-its-products
Confiseries
Barres
Confiseries chocolatÃ©es
Barres chocolatÃ©es
Barres chocolatÃ©es biscuitÃ©es au caramel

Warnings

en:soya-lecithin has been identified as an allergen and ignored.
The impact relative interquartile is high for Score unique EF (30%)
The impact relative interquartile is high for Changement climatique (31%)
The impact relative interquartile is high for Appauvrissement de la couche d'ozone (28%)
The impact relative interquartile is high for Rayonnements ionisants (38%)
The impact relative interquartile is high for Formation photochimique d'ozone (32%)
The impact relative interquartile is high for Particules (29%)
The impact relative interquartile is high for Acidification terrestre et eaux douces (33%)
The impact relative interquartile is high for Eutrophisation eaux douces (28%)
The impact relative interquartile is high for Eutrophisation marine (39%)
The impact relative interquartile is high for Utilisation du sol (35%)
The impact relative interquartile is high for Ã‰cotoxicitÃ© pour Ã©cosystÃ¨mes aquatiques d'eau
douce (28%)
The impact relative interquartile is high for Ã‰puisement des ressources Ã©nergÃ©tiques (26%)

�



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On “The role of emerging economies in global food security” 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 3 

Open Source Softw 7:3329. https://doi.org/10.21105/joss.03329 
Open Food Facts (2012) Open Food Facts [Online]. Available at: https://fr.openfoodfacts.org [Accessed 30-11-2021] 

�



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On ³The role of emerging economies in global food security´ 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 1 

 
 

ENVIROSCORE: Easy-to-understand label to communicate food LCA results 
to consumers 
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Rationale and objectives 
There is a growing body of evidence on how climate change, water scarcity or water pollution will 
compromise the capacity for nations to feed future generations (IPCC, 2019). Food production and 
consumption have been reported as primary drivers, influencing environmental impact (Sala and 
Castellani, 2019). Hence, a major change in the way food is produced and consumed is of 
tremendous importance to achieve Sustainable Development Goals (SDGs). In this framework, 
consumers could play a significant role by demanding sustainable produced food and drink products. 
For instance, making shifts between different food categories, i.e. by switching from beef to 
alternative protein-rich vegetable product, or within same product categories, i.e. by choosing local 
product instead of ultra-packed imported product could push the whole production chain towards 
more sustainable behavior (Notarnicola et al, 2015; Poore and Nemecek, 2018).  
In this sense, Life Cycle Assessment (LCA) (ISO 14040:2006) appears as a robust methodology for 
evaluating the overall environmental impact of a certain product or service and for identifying the 
potential environmental reduction due to the implementation of different environmental 
improvement strategies on manufacturing and supply-chain management (Hellweg and Milà I 
Canals 2014).  
However, available information nowadays does not reflect differences in the environmental impact 
between and/or within food products (Khan and Lan, 2019). 
Following the recommendations about communicating environmental impacts to consumers 
(Lupiáñez-Villanueva et al., 2018) the goal of the current study is to develop an easy-to-understand 
label based on Product Environmental Footprint (PEF) which captures 16 environmental impact 
categories. The newly developed score aims to capture differences of the environmental impact 
within and between food products to steer consumers towards more environmentally friendly food 
consumption. 
 
Approach and methodology 
A stepwise approach was used to develop the Food Enviroscore.  
First, a set of normalization factors was developed to aggregate 16 environmental impact categories 
into a single dimensionless index adjusted to the European food basket, coined the European Food 
Environmental Footprint Single Index (EFSI). Following ISO 14040:2006 we defined the 
environmental impact of the average European Food Basket as a reference situation for the new 
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normalization factors. 
Next, the effectiveness of the EFSI index was evaluated and the thresholds to stablish easy-to-
understand Food Enviroscore (using an A, B, C, D, E scoring grid) were defined. The index and 
score are both based on the Product Environmental Footprint methodology.  
Last, a Delphi method was used to assess the relative validity of the Food Enviroscore based on 149 
food items categorization.  
 
Results and discussion 
 
The environmental impact characterization results of the selected representative food items (N1=23) 
are presented in the figure 1. Those results will be used as reference universe for the normalization 
factors of the EFSI method. In the assessed European Food Basket, animal-based items comprise 
28 % of the total food consumption and overall contribute to the 37 % of the environmental impact. 
Within the animal-based food group, milk is consumed most (27 %), while beef accounts for most 
of the environmental impacts (31 % of the total impact). 
 

 
Figure 2.: Environmental impact characterization including the 13 impact categories of the ILCD methodology of the 
representative food items of the European Food Basket. Where CC is climate change; ODP is ozone depletion potential; 
IR is Ionising radiation; POF is photochemical ozone formation; RI is respiratory inorganics; ATF is acidification 
terrestrial and freshwater; EuF is eutrophication freshwater; EuM is eutrophication marine; EuT is eutrophication 
terrestrial; LU is Land Use; WS is water scarcity; and, RUe is resource use, energy carriers and RUm is resource use, 
mineral and metals. 
 
The impact characterization results of the European Food Basket were used as baseline for the 
normalization factors according to the Equation 1 (ISO 14040:2006). Both Normalization and 
weighting values of the EFSI are reported in Table 1.  
 
Table 1. The European food environmental footprint single index normalization (EFSI-NF) and weighting factors. 
Where CC is climate change; ODP is ozone depletion potential; IR is Ionising radiation; POF is photochemical ozone 
formation; RI is respiratory inorganics; ATF is acidification terrestrial and freshwater; EuF is eutrophication freshwater; 
EuM is eutrophication marine; EuT is eutrophication terrestrial; LU is Land Use; WS is water scarcity; and, RUe is 
resource use, energy carriers and RUm is resource use, mineral and metals. 

Impact category Unit EFSI- NF EFSI-NF, per 
capita* 

Weighting factors1 

CC kg CO2 eq 1.23E+12 2.42E+03 22.19 
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ODP kg CFC11 eq 6.55E+04 1.29E-04 6.75 
IR kBq U-235 eq 6.69E+10 1.31E+02 5.37 
POF kg NMVOC eq 5.49E+09 1.08E+01 5.10 
RI disease inc. 1.24E+05 2.44E-04 9.54 
ATF mol H+ eq 2.00E+10 3.93E+01 6.64 
EuF kg P eq 1.94E+08 3.81E-01 2.95 
EuT kg N eq 7.25E+09 1.42E+01 3.12 
EuM mol N eq 8.07E+10 1.58E+02 3.91 
LU Pt 1.24E+14 2.43E+05 8.42 
WS m3 depriv. 3.99E+11 7.83E+02 9.03 
RUe MJ 9.98E+12 1.96E+04 8.92 
RUm kg Sb eq 2.21E+06 4.33E-03 8.08 
* European NF per capita shall be used (European population in 2013: 509,718,000 people) 1Sala et al., 2018. 
 
After analyzing the details of the EFSI results distribution we stablish the threshold values (Table 2) 
in order to categorize the EFSI results into five scale score, the Enviroscore.  
 
Table 2: Cut-off values and categorization of EFSI index considering the relative environmental impact of the food 
items 

Enviroscore Environmental impact   EFSI 
A Very low < 0.4 
B Low � 0.4 
C Medium � 1.45 
D High � 2 
E Very high � 10 

 
Food items with EFSI results below 0.40 have been considered as very low environmental impact. 
µA score¶ food items encompass for example orange, rye flour or soybean beverage. Products with 
EFSI values between 0.40 and 1.45 receive a µB score¶, low environmental impact, which includes 
food items such as pasta, grapes or potato. Food items with values between 1.45 and 2.00 are 
categorized as products with a medium environmental impact and receive a µC score¶. For instance, 
fruit juices or refined sunflower oil can be found in this category. The µD VFRUH¶�SURGXFWV include 
those with EFSI values between 2.00 to 10.00. In this category, we find high environmental impact 
food items such as avocado, chicken meat or pig meat. Finally, products with EFSI values above 
10.00, such as beef or canned tuna, have an µE score¶, very high environmental impact (Figure 5). 
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Figure 5.: Distribution of EFSI result of the N2 = 149 hypothetical food items. Colored lines represent threshold values 
for the categorization. Being the green line the stablished threshold value (0.4) between very-low and low impact; 
Yellow line the threshold value (1.45) between low and medium impact; Orange line the threshold value (2) between 
medium and high impact; and Red line the threshold value (10) between high and very-high impact. 
 

Results showed higher environmental impact value for animal-based food products (EFSI median 
2.47 (Interquartile Range (IQR) 3.50)) in comparison with plant-based products (EFSI median 1.16 
(IQR 1.96)). EFSI was able to account for variability between (inter) and within (intra) food 
products, particularly due to country of origin and mean of transportation, such as plane 
transportation average EFSI value of 4.80 (IQR 4.48)) vs the average of 0.97 (IQR 0.69) value for 
local transportation Additionally, results indicate that differences in water stress are captured better 
by the EFSI index (r = 0.624) than by other aggregated indexes, such as Single Score (r = 0.228) 
developed by the European Commission (EC).  
 
In line with the EFSI results, the Food Enviroscore reflects variability inter and intra categories. 
Moreover, good agreement was achieved between the classification resulting from the Delphi 
method and Food Enviroscore (weighted Kappa 0.642; p = 0.0025). Results confirm that the newly 
developed index and score capture the environmental impact variability inter and intra food 
products, which should allow consumers to make conscious decisions. 
 
Conclusion 
The ENVIROSCORE has been validated with the Dephi test and the assessment with the 
hypothetical food items. The methodology is unique as it is based on European PEF methodology 
and reflects between and within food product variability in environmental impacts. Currently, we 
are working on real-scale piloting with the aim of having the product in the market by the end of 
2022.  
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Introduction 
Following a first experiment on public eco-labelling in 2010 and inspired by the existing nutrition 
front-of-pack labelling system, the French government is developing a harmonized environmental 
information display system backed by public authorities.  The article 2 of the Climate and 
Resilience Act, issued in 2021, requires a broad scale public environmental labelling scheme for all 
consumer goods in the next 5 years. Food and textile are the more advanced sectors, beneficiating 
from public experiments and coordination. Learnings from those sectors will then be extrapolated to 
the rest of the market.  The labelling scheme aims to inform consumers and to guide the reduction 
of the environmental impacts of food via diet change and eco-design of food products. The EU 
Product Environmental Footprint (PEF) method and the Agribalyse life cycle inventory (LCI) 
database of French food products are cornerstones for the eco-labelling scheme.  
This article explains the process and the main outcomes of the French 2019-2021 Experimentation 
on food eco-labelling conducted by the ministry of ecological transition and ADEME (the French 
Environmental Agency), with support of the ministries in charge of agriculture and economy, and a 
scientific committee. Ongoing steps and expected outcomes are finally presented. 
 
Material 

 
Figure 1: Governance and deliverables of the French food experimentation 2019-2021 
 
0XFK� NQRZOHGJH�ZDV� REWDLQHG� GXULQJ� WKH� H[SHULPHQWDWLRQ�� EDVHG� RQ� ³UHDO� OLIH´� SURMHFWV�� H[SHUW�
ZRUNVKRSV�DQG�³ODE�H[SHULPHQWV´��$PRQJVW� WKH����SURMHFWV��D�GLYHUVLW\�RI�DSSURDFhes was found: 
from carbon footprints to LCA indicators combined with other indicators, proposed by professional 
RUJDQLVDWLRQV��GDLU\��RLO��PHDW«���IRRG�FRPSDQLHV��UHWDLOHUV��DQG�FUHDWRUV�RI�FRQVXPHU�DSSV�� 
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Private projects could be classified according to:  
- WKH�XVH�RI�³SULPDU\�VSHFLILF�LQIRUPDWLRQ´�YV�³VHFRQGDU\�DQG�DYHUDJH�GDWD´�� 
- use of non LCA approach (qualitative); carbon footprint, LCA or LCA + additional 

indicators. 
- Priority to promote eco-design of food products and/or diet shift 
- ³Internal calculDWLRQV´�YV��³FRQVXPHU�WHVWLQJ´ 

 
 

 
Figure 2 : List of projects according to the type of indicators and the use of primary/secondary data. 
*Ecoscore, Planetscore and Yukan are the three main initiatives which are still expanding in French 
and European market in 2022.  
 
 
Main results and recommendations from the experimentation 
The conclusions and recommendations of the Experimentation have been presented in reports from 
its independent scientific committee (Soler and al. 2021) and the government (French Government, 
2021). 
 

- Technical recommendations: a combined use of generic and semi-specific data is 
necessary for a broad and affordable labelling scheme. Default data from the Agribalyse 
database (ADEME 2022) are a good starting point and must be specified on key parameters 
with public and/or private data. Minimum primary data requirements are farming system 
(conventional, organic etc.), recipe, packaging type and product origin. More specific 
parameters can then be added and should be defined by categories (ex: livestock feed type, 
truck type etc.). It could result in a SRWHQWLDO�³��OHYHOV�V\VWHP´��JRLQJ�IURP�WKH�simplest to 
the most complete set of specific parameters.  Priority should be given to specific data when 
available. No ideal functional unit could be found for all food categories; therefore, a mass 
unit is preferred to align with other approaches like Nutri-score, or price labelling. The 
Agribalyse database is central in the scheme and needs to be maintained and updated to 
reflect more accurately the French food market and provide semi-specific data for 
intermediate products (ex: agricultural stage) as well as generic data at the food level.  
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Regarding the environmental indicators, the Environmental Footprint 3.0 methods is 
recommended, but some adjustments on five priority topics are needed:  

x Field-level biodiversity: ongoing testing of a relative biodiversity indicator based on 
existing labels (ex: organic fields hold 30% more species in average compared to 
conventional farming) and/or LCA based indicators (ex: Lindner 2022, Chaudhary 
and Brook 2018). Discussion is also taking place at the PEF level. 

x Carbon sequestration in soil: default values for common farming practices (Pellerin 
et al. 2019) are now available in Agribalyse 3.1 and for environmental labelling.  

x Eco-toxicity and human toxicity indicators: EF3 indicators have been adjusted. Time 
horizon is set to 100 years instead of infinite time horizon, negative emissions for 
metals are set to 0, some CF for inorganic molecules are adjusted (ex: sulphur). 
Furthermore, the question was raised on the way to communicate on the Human 
toxicity indicators 

x Packaging and single use plastics: due to methodological limitations, current 
LCA/PEF approach is likely to promote single use plastic compared to the other 
alternatives. A malus will be proposed to reflect the risk of plastic leakage in 
ecosystem and align environmental labelling with other environmental regulations.  

x Biotic resource depletion and overfishing: Missing in EF3.The method of Helias and 
al 2018 indicators will be tested in 2022-2023.   

Those adjustments will allow to better assess and compare agricultural systems, including extensive 
livestock and organic farming systems. It will induce to redefine ponderations for the final score 
(from EF3 starting point).   
 
Finally, there is a large consensus that label format should provide an overall rating expressed as 
letters (A to E) and colours. On-pack information can be complemented by information on-line. 

 
Figure 3: Cost estimate depending on the level of specific data required. 

 
- Strategic recommendations: the labelling scheme should allow comparisons both within 

and among food categories. This transversal scheme at food level maximises environmental 
benefits and cost efficiency for consumers. Adjustment of the PEF method should be 
science-based within the LCA framework, rather than via an external bonus-malus system. 
Priority should be given to simplicity and cost-effectiveness. The scheme should consider 
environmental issues only (so exclude animal welfare, GMOs, worker conditions etc.).  
 

- Consensus building: the governance of the project is based on four main bodies: an 
interdepartmental steering committee, an independent scientific committee, expert groups, 
and a large stakeholder committee. It allows each party to participate in the debate, 
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representing different viewpoints: support or concerns, debate about LCA/PEF suitability 
for agriculture, competition between different private schemes. This method aims to obtain a 
scheme, consistent with public policies. The Experimentation confirmed consumer interest 
for environmental labelling of food, broad interest of stakeholders and also raised strong 
debates on methods and implementation scenarios. 
 

 
Figure 4: Example of a suitable environmental display for consumer understanding (official format 

remains to be set) 

Outcomes and way forward 
The Experimentation has not yet produced a consensual and operational labelling scheme. 
However, inspired by the different projects and based on the conclusions and recommendations it 
has yielded, a roadmap for the operationalization of the scheme has been defined, aiming for an 
implementation by 2023.     
Next steps for the implementation of the scheme are finalizing the official algorithm for the overall 
rating, testing the label on a large real-life set of 550 products (food and beverages), providing a 
calculation tool, validating the format, defining the review process, validating and promoting the 
scheme in a regulation. Those tasks are ongoing during 2022.  
France aims at   implementing a large-scale official eco-labelling scheme in 2023, to support the 
ecological transition of the food system. This experience is intended to be shared and to contribute 
to the European and international discussions on information to consumers on the environmental 
impacts of products. 

 
Figure 5 : Global scheme to be set for labelling operationalisation 
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UHDOLVHG�XVLQJ�$JULEDO\VH������)UHQFK�/&$�LQYHQWRU\�IRU�DJUL�SURGXFWV��DQG�GLVWLQJXLVKLQJ�IDUPLQJ�
SUDWLFHV��H�J��RUJDQLF��FRQYHQWLRQDO���2SHQ�ILHOG�SURGXFWLRQ�ZDV�SUHIHUUHG�WR�DSSO\�SHVWLFLGH�HPLVVLRQ�
PRGHOOLQJ��,Q�$JULEDO\VH��RQO\�VR�FDOOHG�µVSHFLILF¶�VFHQDULRV�FRQWDLQ�GHWDLOHG�SHVWLFLGH�LQYHQWRU\�GDWD��
WKRVH�VSHFLILF�VFHQDULRV�DUH�DJJUHJDWHG�WR�FRPSRVH�JHQHULF�VFHQDULRV�OHDGLQJ�WR��UHSUHVHQWDWLYH�)UHQFK�
FURS� SURGXFWLRQ� GDWDVHWV�� )RU� HDFK� VHOHFWHG� FRQYHQWLRQDO� FURS� VFHQDULR�� WKH� GRPLQDQW� VSHFLILF�
VFHQDULR�LQ�WKH�JHQHULF�RQH�ZDV�FKRVHQ��H�J��WKH�VSHFLILF�VFHQDULR�³OHWWXFH��RSHQ�ILHOG��FRQYHQWLRQDO��
DW�IDUP�JDWH´�ZDV�VHOHFWHG�DQG�UHSUHVHQWV�������RI�WKH�³OHWWXFH��FRQYHQWLRQDO��QDWLRQDO�DYHUDJH��DW�
IDUP�JDWH´���1R�JHQHULF�VFHQDULRV�DUH�DYDLODEOH�IRU�RUJDQLF�SURGXFWLRQV��VR�RQO\�VSHFLILF�VFHQDULRV�
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ZHUH�VHOHFWHG��$�WRWDO�RI����VFHQDULRV�ZHUH�DQDO\VHG��RI�ZLFK���LQ�RUJDQLF�DJULFXOWXUH�� 
7KHQ��DFFRUGLQJ�WR�2/&$�3HVW�UHFRPPDQGDWLRQV�RQ�3HVW/&,��1HPHFHN�HW�DO���������SHVWLFLGH�

HPLVVLRQ�IUDFWLRQV�WR�WKH�HQYLURQPHQW�DQG�FURS��L�H��WR�DLU��RII�ILHOG�VXUIDFH��ILHOG�VRLO�VXUIDFH��FURS�
OHDI� VXUIDFH�� ZHUH� XVHG� �)LJXUH� ���� ZLWK� D� GLIIHUHQFLDWLRQ� E\� W\SH� RI� SHVWLFLGH� �H�J�� IXQJLFLGH��
LQVHFWLFLGH��DQG��FURS�IDPLOLHV�DQG�DFFRUGLQJ�WR�)UHQFK�QDWLRQDO�VRLO�RFFXSDWLRQ�DYHUDJH�IRU�RII�ILHOG�
HPLVVLRQV� �L�H�� ���� DJULFXOWXUDO� VRLO�� ���� QDWXUDO� VRLO� DQG� ��� VXUIDFH� ZDWHU��� 7KHVH� HPLVVLRQ�
IUDFWLRQV� DUH� QRZ� IXOO\� DYDLODEOH� LQ� 1HPHFHN� HW� DO�� ������� DQG� ZHUH� UHFHQWO\� LPSOHPHQWHG� LQ�
$JULEDO\VH��WKH�3HVW/&,�PRGHO�LV�IUHHO\�DYDLODEOH�RQ�KWWSV���SHVWOFLZHE�PDQ�GWX�GN����� 

(PLVVLRQV� ZHUH� WKHQ� DOORFDWHG� WR� WKH� FRUUHVSRQGLQJ� 86(WR[B/&�,PSDFW� DQG� G\QDPL&523�
LPSDFW�FRPSDUWPHQWV��UHVSHFWLYHO\��WR�DVVHVV�HQYLURQPHQWDO�DQG�UHVLGXHV¶�SRWHQWLDO�KXPDQ�LPSDFWV��
$Q�LQWHUPHGLDWH�DSSURDFK�RI�/&�,PSDFW�ZLWK�WKH�G\QDPLF�YHUVLRQ�RI�86(WR[������ZDV�GHYHORSHG�WR�
REWDLQ�FKDUDFWHULVDWLRQ�IDFWRUV��&)V��DW�PLG�SRLQW�ZLWK�D�����\HDUV�WLPH�KRUL]RQ��2QO\�KXPDQ�QRQ�
FDQFHU��+1&��WR[LFLW\�ZDV�DVVHVVHG�GXH�WR�WRR�PDQ\�PLVVLQJ�&)V�IRU�KXPDQ�FDQFHU�WR[LFLW\������RI�
WKH�DFWLYH�VXVEWDQFHV�XVHG�LQ�RXU�FDVH�VWXGLHV�DUH�QRW�FKDUDFWHUL]HG���7KRVH�UHVXOWV�ZHUH�FRPSDUHG�
ZLWK�WKH�FXUUHQW�PRGHOOLQJ�DSSURDFK��XVLQJ�LPSDFW�PHWKRG�()�����3URGXFW�(QYLURQPHQWDO�)RRWSULQW��
DQG�FRQVLGHULQJ������RI�SHVWLFLGHV�HPLWWHG� WR� VRLO�� )UHVKZDWHU��PDULQH� DQG� WHUUHVWULDO�HFRWR[LFLW\�
ZHUH�DOVR�VWXGLHG�EXW�DUH�QRW�SUHVHQWHG�KHUH�� 

 
Figure 1: Connection of emission compartments of PestLCI with USEtox_LC-Impact for environmental exposure and 

dynamiCROP for residues (LAI: leaf area index, FAI: fruit area index) 

 
5HVXOWV�DQG�GLVFXVVLRQ� 
,PSRUWDQFH�RI�UHVLGXHV�LQ�KXPDQ�QRQ�FDQFHU�WR[LFLW\��+1&��IRU�FRQYHQWLRQDO�SURGXFWV� 

2XU�PHWKRG�DOORZV�XV�WR� WDNH� LQWR�DFFRXQW� WKH� LPSDFWV�RI�SHVWLFLGHV� LQFOXGLQJ�UHVLGXHV�RQ�
KXPDQ�KHDOWK�LQ�/&$�DQG�WR�FRPSDUH�GLIIHUHQW�W\SHV�RI�IDUPLQJ�H�J��RUJDQLF�YHUVXV�FRQYHQWLRQDO��
7DEOH���SUHVHQWV�WKH�LPSDFW�VFRUH�IRU�+1&�WR[LFLW\�IURP�HQYLURQPHQWDO�H[SRVXUH�DQG�IURP�UHVLGXHV�
�ZLWKRXW�SURFHVVLQJ�IDFWRU�IURP�)DQWNH�HW�DO����������IRU�H�J��EDNHG�SRWDWRHV���,PSDFWV�IURP�UHVLGXHV�
DUH�PRVWO\� GRPLQDWLQJ� WRWDO� LPSDFW� RI� SHVWLFLGHV� IRU� FRQYHQWLRQDO� SURGXFWLRQV�� H[FHSW� IRU� WXEHUV�
�SRWDWR�� ����� 5HVXOWV� IRU� ERWK� HQYLURQPHQWDO� H[SRVXUH� DQG� UHVLGXHV� DUH� RIWHQ� GRPLQDWHG� E\� RQH�
VXEVWDQFH�� H�J�� IRU� HQYLURQPHQWDO� H[SRVXUH�� LQ� ��� RI� ��� VFHQDULRV�� LPSDFW� LV� H[SODLQHG� E\� RQH�
VXEVWDQFH� UHSUHVHQWLQJ� PRUH� WKDQ� ���� RI� WRWDO� LPSDFW�� &RSSHU� VXEVWDQFHV� DUH� GRPLQDWLQJ�
HQYLURQPHQWDO� H[SRVXUH� LPSDFWV� IRU� RUJDQLF� FURSV�� ZKLOH� SHVWLFLGHV� IURP� WKH� WULD]ROHV� DQG�
RUJDQRFKORULQHV�IDPLO\�DUH�PRVWO\�GRPLQDWLQJ�LPSDFWV�IRU�FRQYHQWLRQDO�FURSV��7KHVH�UHVXOWV�KLJKOLJKW�
WKH�SRVVLELOLW\�WR�UHGXFH�+1&�WR[LFLW\�E\�VXEVWLWXWLQJ�RU�UHGXFLQJ�WKH�RQH�VXEVWDQFH�GRPLQDWLQJ��WRWDO�
LPSDFW��:LWKLQ�RXU����VFHQDULRV��SHVWLFLGH�UHVLGXHV�DFFRXQW�IRU�XS�WR�������RI�DOO�SHVWLFLGH�UHODWHG�
LPSDFWV��FRQYHQWLRQDO�OHWWXFH��DQG�DUH�JHQHUDOO\�GRPLQDWLQJ�WKH�WRWDO�+1&�WR[LFLW\�LPSDFW��,Q�)LJXUH�
��� UHVLGXHV�UHSUHVHQW�����RI�KXPDQ�LPSDFWV� IURP�SHVWLFLGHV�IRU�FRQYHQWLRQDO�DSSOH��DQG�����IRU�
FRQYHQWLRQDO�WRPDWR��5HVLGXH�UHODWHG�WR[LFLW\�IRU�RUJDQLF�SURGXFWV�LV�XVXDOO\�]HUR��H[FHSW�IRU�VRPH�
FDVH�VWXGLHV�VXFK�DV�WRPDWR��GXH�WR�VSLQRVDG�SHVWLFLGH�UHVLGXHV��KRPRORJDWHG�LQ�RUJDQLF�DJULFXOWXUH��� 
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Table 1: Impact scores in CTUh/kg of crop for human non-cancer toxicity from environmental exposure and residues (without 

processing factor) with the percentage of the total human non-cancer toxicity and the main substance responsible of the 
impact (CTUh: Human Comparative Toxic Unit, n/a: calculation not available due to missing characterization factors, BR: 

Brazil, FR: France, AOC: Controlled Designation of Origin) Green lines represent organic crops.  

 
 

)LJXUH���FRPSDUHV�+1&�WR[LFLW\�FDOFXODWHG�ZLWK�()����PHWKRG��3()��DQG�ZLWK�RXU�DSSURDFK�
�86(WR[B/&�,PSDFW� DQG� G\QDPL&523�� IRU� DSSOH� DQG� WRPDWR� SURGXFWLRQV� LQ� FRQYHQWLRQDO� DQG�
RUJDQLF�IDUPLQJ��6RPH�RUJDQLF�FURSV�KDYH�QR�LPSDFW�GXH�WR�WKH�DEVHQFH�RI�VXEVWDQFHV�XVHG��DQG�VRPH�
UHVLGXHV�LPSDFWV�FRXOG�QRW�EH�DVVHVVHG�IRU�LQRUJDQLF�VXEVWDQFHV�XVHG��+1&�WR[LFLW\�LV�LQ�JHQHUDO���
RUGHUV�RI�PDJQLWXGH�KLJKHU�WKDQ�ZLWK�3()�PHWKRG��()������GXH�WR�WKH�LQFOXVLRQ�RI�UHVLGXHV�� 

 
Figure 2: Comparison of human non-cancer (HNC) toxicity calculated with EF3.0 method (PEF) and with our approach 

(USEtox_LC-Impact and dynamiCROP) for apple and tomato productions in conventional and organic farming. Percentages 
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indicate the environmental (blue) and residues (red) shares of total HNC toxicity. sScale is logarithmic and unit is Comparative 
Toxic Unit (CTU)/kg of harvested crop).  
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Objective 
0LON�FRQVXPSWLRQ� LQ�KXPDQV�JRHV�RQ� IRU� ORQJHU� WKDQ� LQ�RWKHU�PDPPDOV¶� VSHFLHV (Pereira, 2014). 
Nowadays the consumers are becoming more aware of the environmental burden that some 
products, such as milk, carry (Grunert et al., 2018). Because of this, they are looking for alternatives 
that are more environmentally friendly and well as nutritionally similar. This study explores the data 
available in the literature and compares the nutritional profile of several milk alternatives with the 
profile of milk from different mammals, as well as their environmental impact. 
 
Approach and methodology 
This work explores the data available in the literature and compares the nutritional profile of several 
milk alternatives with the profile of milk from different mammals, as well as their environmental 
impact. For this, the Google Scholar search engine was used, and the search was structured into two 
phases using two sets of keywords. The first was aimed at LCA using the keywords: ³[[[�PLON�
/&$´�� ³P\ON� YV� PLON� /&$´�� ³PLON� YV� SODQW-EDVHG� PLON� /&$´�� ³Slant-based milk LCA´�� ³[[[�
beverage /&$´� ³PLON�VXEVWLWXWHV�/&$´�DQG�³HQYLURQPHQWDO�LPSDFW�RI�PLON�VXEVWLWXWHV´� And the 
second was for the nutritional properties of the beverages, with the keywords: ³[[[�PLON´�� ³[[[�
P\ON´�� ³SODQW� EHYHUDJHV´�� ³QXWULWLRQDO� profile of plant beYHUDJHV´�� ,Q� WKHse, the ³[[[´� WHUP�ZDV�
substituted by different terms depending on the source of the beverage: bovine/cow, goat, human, 
sheep, or buffalo (for animal milk) and almond, cashew, coconut, hazelnut, hemp, oat, peanut, 
quinoa, rice, sesame, soy, tiger nut or walnut (for plant-based beverages). The research was limited 
to studies published in scientific journals from the last 10 years and available in English. The initial 
search yielded more than 231 articles. Further title, abstract and results¶ sections of the articles were 
analysed for the availability of quantified data on nutrients and environmental impact. The analysis 
narrowed down the articles used in this review to 66. The information was then retrieved and for 
further analysis in the review. 
 
Main results and discussion 
The values for the analysed macronutrients are higher (in g / 100 g of product) in plant-based 
products than in animal-based ± 8.71 g of protein in soy milk, 35g of fat in coconut milk, 7.5 g of 
fibres in tiger nut milk and 80g of carbohydrates in rice milk. The same is true for most 
micronutrients, both in the analysed minerals (mg / 100 g of product) and vitamins (mg or ȝJ / 100 
g of product) ± 6.5 mg of iron in hemp milk, 70 mg of magnesium in soy milk, 256 mg of 
phosphorus in coconut milk, 639 mg of potassium in coconut milk, 203 mg of sodium in tiger nut 
milk, 0.06 mg of vit. B1 in soy milk, 0.637 mg of vit. B3 in coconut milk, 3.84 mg of vit. B6 on 
almond milk, 48 ȝJ of vit. B9 in soy milk, 77.14 ȝJ of vit. B12 in almond milk, 19.2 mg of vit. E in 
almond milk and 3.33 ȝJ of vit. D in both coconut and rice milk. When comparing the nutritional 
profile of these alternative beverages, these appear to have been fortified in some nutrients, which is 
a normal practice during the processing step of these products. 
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The environmental damage of the food system is shown in several recent studies: (Poore & 
Nemecek, 2018) show that this industry, in particular, has big greenhouse gas, land and water 
footprints. The environmental footprint of the production of these products can vary very easily 
with the number of animals on the farm, the conditions where they are kept, and the milk 
production level (Rotz et al., 2010). On the environmental impact of these products, data for most of 
the categories presented in the article is not available ± and even with data available, sometimes a 
full comparison is not possible due to missing values.  
The production of one litre of milk can release to the environment 0.089-51.60 kg CO2 eq. for for 
animal-based milk and between 0.021-3.85 kg CO2 eq. for plant-based beverages, almost 13 times 
less CO2 than the same volume of animal-based milk. The highest and lowest energy consumption 
(both renewable and non-renewable energy consumption) comes from rice milk production (1.04-
47.60 MJ / L of milk). Water consumption reaches very high volumes with almond milk production 
(59-6100 L / L of milk), followed by cow milk production (11.7-1030 L / L of milk). The highest 
impact on ozone layer depletion is associated with goat milk (8.78E-8 to 9.82E-7 kg CFC11 eq.), 
while plant-based beverages have 10 times lower impact in this category. Water eutrophication is 
divided into marine eutrophication (animal milk has the highest impact on this category, 0.001-
0.346 kg N eq., whilst plant-based milk varies between 0.000267-0.0062 kg N eq.) and freshwater 
eutrophication (no data was available for plant-based products and the highest impact comes from 
buffalo milk with 0.033 kg P eq. / L of milk). The highest acidification potential comes again from 
animal milk production, most precisely buffalo milk (0.065kg SO2 eq.). 
 
Conclusions 
Overall plant-based beverages analysed by the studies and available on the market appear to be 
nutritionally richer than animal millk, and the environmental impact of these beverages is lower 
than bovine milk (on the categories of global warming potential, ozone layer depletion, marine 
water eutrophication and acidification potential). At the same the water footprint for some of these 
alternative beverages is much higher (e.g.: almond milk production consumes 6100 L of water per 
litre of product). This study has many limitations since the available data for the different products 
is limited, for both nutritional profile and environmental impact. This is especially noticeable in 
data related to plant-based beverages.  
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*DEULHOD�*LXVWL��
��'DLDQH�9LWyULD�GD�6LOYD����<DUD�GH�6RX]D�7DGDQR����'LRJR�$SDUHFLGR�/RSHV�6LOYD� 
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+LJKZD\��63������NP������,WLQJD��6RURFDED�±�63��%UD]LO 
�)HGHUDO�8QLYHUVLW\�RI�7HFKQRORJ\���3DUDQi��'RXWRU�:DVKLQJWRQ�6XEWLO�6WUHHW��Q�������-DUGLP�&DUYDOKR��3RQWD�*URVVD�±�
35��%UD]LO  
 
.H\ZRUGV���PLON�SURGXFWLRQ��OLIH�F\FOH�LPSDFW�DVVHVVPHQW��PHWKRGV�VHQVLWLYLW\��KXPDQ�KHDOWK 
 

&RUUHVSRQGLQJ�DXWKRU��7HO��������������������� 
�(�PDLO�DGGUHVV��JDEULHOD�JLXVWL#KRWPDLO�FRP�EU 
 
5DWLRQDOH�DQG�REMHFWLYH�RI�WKH�ZRUN 

%UD]LOLDQ� PLON� SURGXFWLRQ� UHDFKHG� D� UHFRUG� ������ ELOOLRQ� OLWHUV� LQ� ����� �,%*(�� �������
$FFRUGLQJ�WR�(PEUDSD���������WKH�VXSSO\�RI�PLON�JUHZ�E\������LQ�WKH�FRXQWU\��ZKLFK�NHHSV�%UD]LO�
WKH�WKLUG�ODUJHVW�SURGXFHU�RI�PLON�LQ�WKH�ZRUOG��EHKLQG�WKH�8QLWHG�6WDWHV�DQG�,QGLD��)$267$7���������
+RZHYHU��WKH�%UD]LOLDQ�UDLVLQJ�RI�UXPLQDQW�DQLPDOV�PDQDJHPHQW�VKRZHG�DQ�LQFUHDVH�RI������LQ�DLU�
SROOXWLRQ�IURP���������NLOR�'$/<��WR���������NLOR�'$/<��GXH�WR�SDUWLFXODWH�PDWWHU��30��UHODWHG�
HPLVVLRQV��81���������30�LV�DQ�DWPRVSKHULF�SROOXWDQW�FRPSRVHG�RI�D�FRPSOH[�PL[�RI�VROLG�DQG�OLTXLG�
SDUWLFOHV�VXVSHQGHG�LQ�WKH�DLU��:+2���������30�LV�JUDGHG�DFFRUGLQJ�WR�LWV�DHURG\QDPLF�GLDPHWHU�DQG�
FDQ� UHDFK� OHVV� WKDQ� ���� PLFURPHWHUV� �30������ VWDQGLQJ� DV� WKH� ILIWK� ODUJHVW� ULVN� IDFWRU� IRU� KXPDQ�
PRUWDOLW\�LQ�������&RKHQ�HW�DO���������� 

/LIH�&\FOH�$VVHVVPHQW��/&$��LV�DQ�LPSRUWDQW�WHFKQLTXH��,62��������WR�DFFRXQW�IRU�WKH�KHDOWK�
LPSDFWV�GXH�WR�30�HPLWWHG�E\�PLON�SURGXFWLRQ�LQ�%UD]LO��+RZHYHU��PRVW�FKDUDFWHUL]DWLRQ�PRGHOV�IRU�
WKH�30�IRUPDWLRQ�FDWHJRU\�ZHUH�GHYHORSHG�IRU�GLIIHUHQW�JHRJUDSKLFDO�VFRSHV��VXFK�DV�(XURSH�� WKH�
8QLWHG�6WDWHV��DQG�-DSDQ��6RPH�UHFHQW�PRGHOV�FRYHUHG�WKH�%UD]LOLDQ�FRQWH[W��IRU�H[DPSOH��)DQWNH�HW�
DO�� ������� �������9DQ� =HOP� HW� DO�� �������� DQG�2EHUVFKHOS� HW� DO�� �������� 1HYHUWKHOHVV�� WKHUH� LV� D�
PHWKRGRORJLFDO�JDS�GXH�WR�WKH�H[LVWHQFH�RI�IHZ�VWXGLHV�LQ�WKH�OLWHUDWXUH�HYDOXDWLQJ�WKH�VHQVLWLYLW\�RI�
PHWKRGV�WKDW�LQFOXGH�WKH�%UD]LOLDQ�FRQWH[W�FRQFHUQLQJ�WKH�30�FDWHJRU\��*LXVWL�HW�DO���������� 

%DVHG�RQ� DQ�/&$�VWXG\�� WKLV� UHVHDUFK� DLPV� WR� HYDOXDWH� WKH�KXPDQ�KHDOWK�GDPDJHV�RI�30�
HPLWWHG�IURP�WZR�FRQILQHG�PLON�SURGXFWLRQ�V\VWHPV�LQ�%UD]LO��DQG�WR�DQDO\]H�WKH�/&$�VHQVLWLYLW\�RI�
UHVXOWV�LQ�IDFH�RI�GLIIHUHQW�FKDUDFWHUL]DWLRQ�PRGHOV�DSSOLFDWLRQ� 
 
0HWKRGRORJ\ 
 
*RDO�DQG�6FRSH�'HILQLWLRQV 

7ZR�V\VWHPV�RI� FRQILQHG�PLON�SURGXFWLRQ�ZHUH� HYDOXDWHG� LQ�%UD]LO��7KH� ILUVW� RQH�ZDV� WKH�
FRPSRVW�EDUQ�V\VWHP�ORFDWHG�DW�$QJDWXED�FLW\�RI�6mR�3DXOR�VWDWH��,Q�WKLV�V\VWHP��WKH�FRZV�DUH�FRQILQHG��
DQG�VDZGXVW�LV�FRQVWDQWO\�LQVHUWHG�DV�EHGGLQJ��EXON\�PDWHULDO��IRU�WKH�FRZV�DQG�PL[HG�ZLWK�PDQXUH�
WR�SURGXFH�ELRIHUWLOL]HU��7KH�VHFRQG�RQH�ZDV�WKH�FRQILQHG�V\VWHP�ORFDWHG�DW�&DPSRV�*HUDLV�RI�3DUDQi�
VWDWH��ZLWK�ELRJDV�DQG�RU�ELRIHUWLOL]HU�JHQHUDWLRQ�LQ�WKH�PDQXUH�WUHDWPHQW�� 

%RWK� V\VWHPV� ZHUH� DQDO\]HG� LQ� D� FUDGOH�WR�IDUP� SURGXFWLRQ� IRU� �� NJ� RI� )DW� DQG� 3URWHLQ�
&RUUHFWHG�0LON��)3&0��DV�WKH�IXQFWLRQDO�XQLW��8)���7KH�SK\VLFDO�DOORFDWLRQ�ZDV�XVHG�WR�DGGUHVV�WKH�
PXOWLIXQFWLRQDOLW\�RI�WKH�PLON�SURGXFWLRQ�V\VWHPV�GXH�WR�WKH�JHQHUDWLRQ�RI�WZR�E\�SURGXFWV��PHDW�DQG�
PDQXUH�� 
 
/LIH�&\FOH�,QYHQWRU\�$QDO\VLV 

/LIH�&\FOH�,QYHQWRU\��/&,��IRU�WKH�FRQILQHG�PLON�SURGXFWLRQ�LQ�&DPSRV�*HUDLV�UHJLRQ�ZDV�
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H[WUDFWHG� IURP� WKH�1DWLRQDO� /LIH� &\FOH� ,QYHQWRU\�'DWDEDVH� �6,&9�%UDVLO�� DQG� LPSRUWHG� LQWR� WKH�
2SHQ/&$� ������� VRIWZDUH� WRRO�� )RU� WKH� /&,� RI� WKH� &RPSRVW� %DUQ� SURGXFWLRQ� V\VWHP� LQ� WKH�
VRXWKZHVWHUQ� UHJLRQ� RI� 6mR� 3DXOR� VWDWH�� WKH� QHFHVVDU\� GDWD� IURP� 6LOYD� ������� ZHUH� XVHG�� 7KH�
EDFNJURXQG� SURFHVVHV� WR� FRPSOHWH� WKH� FUDGOH�WR�IDUP� FRPSDUHG� V\VWHPV� ZHUH� REWDLQHG� IURP� WKH�
HFRLQYHQW�����GDWDEDVHV� 
 
/LIH�&\FOH�,PSDFW�$VVHVVPHQW 

/LIH� &\FOH� ,PSDFW�$VVHVVPHQW� �/&,$�� ZDV� GHYHORSHG� H[FOXVLYHO\� IRU� WKH� 30� IRUPDWLRQ�
FDWHJRU\�XVLQJ� IRXU� FKDUDFWHUL]DWLRQ�PRGHOV�ZLWK�%UD]LOLDQ� FRYHUDJH�� ����9DQ�=HOP� HW� DO�� ��������
ZKLFK�SURYLGHG�&KDUDFWHUL]DWLRQ�)DFWRUV��&)��WR�WKH�ZRUOG�DQG�RQO\�RQH�&)�IRU�%UD]LO�DV�D�ZKROH������
2EHUVFKHOS�HW�DO����������ZLWK�&)�WR�WKH�ZRUOG��WR�%UD]LO�DV�D�ZKROH��DQG�UHJLRQDOL]HG�&)�WR�%UD]LOLDQ�
VWDWHV������)DQWNH�HW�DO����������������ZKLFK�SURYLGHG�UHJLRQDOL]HG�&)�IRU�����%UD]LOLDQ�FLWLHV��DQG��
����81(3�DQG�6(7$&���������ZKLFK�LV�WKH�JOREDO�UHFRPPHQGDWLRQ�IURP�WKH�/LIH�&\FOH�,QLWLDWLYH��
*LXVWL�HW�DO���������UHFHQWO\�UHFRPPHQGHG�XVLQJ�DW�OHDVW�RQH�RI�WKH�FLWHG�PRGHOV�����������RU�����IRU�
/&$�VWXGLHV�LQ�WKH�%UD]LOLDQ�FRQWH[W�� 
  &RQVLGHULQJ�WKH�PRGHOV�GHYHORSHG�E\�9DQ�=HOP�HW�DO���������DQG�2EHUVFKHOS�HW�DO����������
ZKLFK� GLG� QRW� GLYLGH� WKH� IDFWRUV� LQWR� DUFKHW\SHV�� WKH� VDPH� HOHPHQWDU\� IORZ� HPLWWHG� LQ� GLIIHUHQW�
DUFKHW\SHV�UHFHLYHG�WKH�VDPH�&)��2Q�WKH�RWKHU�KDQG��)DQWNH�HW�DO���������������DQG�81(3�DQG�6(7$&�
������� SURYLGHG� &)V� YDU\LQJ� ZLWK� WKH� HPLVVLRQ� DUFKHW\SH�� WKXV�� WKH� PRGHOV¶� DUFKHW\SHV� ZHUH�
FRQQHFWHG� WR� WKH� LQYHQWRULHV¶� DUFKHW\SHV� DV� IROORZV�� HPLVVLRQV� WR� DLU� LQ� KLJK� SRSXODWLRQ� GHQVLW\�
DUFKHW\SH� UHFHLYHG� WKH� &)� IRU� RXWGRRU� XUEDQ� DUFKHW\SH�� HPLVVLRQ� LQ� ORZ� SRSXODWLRQ� GHQVLW\� ZDV�
FRQQHFWHG� WR�&)� IRU� RXWGRRU� UXUDO� DUFKHW\SH� DQG�� HPLVVLRQ� WR� XQVSHFLILHG� DUFKHW\SH� UHFHLYHG� WKH�
KLJKHU�&)� 
 
5HVXOWV�DQG�GLVFXVVLRQ 

5HJDUGLQJ�WKH�LQYHQWRU\�GDWD��WKH�FRQILQHG�V\VWHP�VKRZHG�ORZHU�HPLVVLRQV�RI�1+��������DQG�
12[�������FRQFHUQLQJ�WKH�FRPSRVW�EDUQ�DQG�KLJKHU�HPLVVLRQV�RI�30�����������DQG�62����������
7KHVH�GLIIHUHQFHV�OHG�WR�GLIIHUHQW�LPSDFW�UHVXOWV�ZKHQ�FKDQJHG�WKH�FKDUDFWHUL]DWLRQ�PRGHO��DV�VKRZQ�
LQ�)LJXUH��� 
 
)LJXUH�����/LIH�F\FOH�LPSDFWV�RI�SDUWLFXODWH�PDWWHU�IRUPDWLRQ�IRU�WKH�FRPSRVW�EDUQ�DQG�FRQILQHG�V\VWHPV��
/HJHQG�����9DQ�=HOP�HW�DO�������������2EHUVFKHOS�HW�DO�������������)DQWNH�HW�DO�������������������81(3�DQG�
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8VLQJ� WKH�&)�SURYLGHG�E\�9DQ�=HOP�HW�DO�� ������� WR� WKH�JOREDO�DYHUDJH�� WKH�FRPSRVW�EDUQ�
VKRZHG�DQ�LPSDFW�RI����î�����'$/<�NJ�)3&0��DQG�WKH�FRQILQHG�V\VWHP�ZDV�����ORZHU��8VLQJ�WKH�
%UD]LOLDQ�&)�RI�9DQ�=HOP�HW�DO����������WKH�FRPSRVW�EDUQ�LPSDFW�ZDV����î�����'$/<�NJ�)3&0��DQG�
WKH�FRQILQHG�V\VWHP�UHVXOWHG�LQ�����KLJKHU�GDPDJHV��7KH�1+��HPLVVLRQV�ZHUH�WKH�SULPDU\�KRWVSRW�
LQ� WKH� FRPSRVW� EDUQ� IRU� JOREDO� DQG� QDWLRQDO� &)�� +RZHYHU�� WKH� KRWVSRW� YDULHG� ZLWK� WKH� /&,$�
UHJLRQDOL]DWLRQ�OHYHO�LQ�WKH�FRQILQHG�V\VWHP��5HVXOWV�LQGLFDWHG�WKDW�30����LV�WKH�KRWVSRW�IRU�WKH�JOREDO�
DSSURDFK�DQG�WKH�62��IRU�WKH�QDWLRQDO�RQH�� 

8VLQJ�WKH�2EHUVFKHOS�HW�DO��������¶V�&)��WKH�FRPSRVW�EDUQ�UHVXOWHG�LQ����î���������î������DQG�
���î�����'$/<��NJ�)3&0�IRU�JOREDO��QDWLRQDO��DQG�VWDWH�OHYHOV��UHVSHFWLYHO\��7KHVH�UHVXOWV�ZHUH������
�����DQG�����ORZHU�IRU�WKH�FRQILQHG�V\VWHP��7KHVH�WKUHH�JHRJUDSKLFDO�FRYHUDJHV�LQGLFDWHG�WKH�1+��
DV�WKH�PDLQ�KRWVSRW�IRU�WKH�FRPSRVW�EDUQ�DQG�FRQILQHG�V\VWHPV�� 

)DQWNH�HW�DO�� ������������¶V�&)�YDOXHV�VKRZHG�WKDW� WKH�FRPSRVW�EDUQ�LPSDFW�ZDV����î�����
'$/<�NJ�)3&0��DQG�WKH�FRQILQHG�V\VWHP�SUHVHQWHG�DQ�LPSDFW������KLJKHU��7R�WKLV�PRGHO��WKH�1+���
62���DQG�12[�HPLVVLRQV�GLG�QRW�DFFRXQW�IRU�HIIHFWV�GXH�WR�WKH�ODFN�RI�VSHFLILF�&)��7KXV��WKH�KRWVSRWV�
DQDO\VLV�ZDV�QRW�D�YLDEOH�VWHS�LQ�WKLV�PRGHO�XVH�� 

)LQDOO\�� WKH�&)� UHFRPPHQGHG� E\�81(3� DQG� 6(7$&� ������� UHVXOWHG� LQ� �î�����'$/<�NJ�
)3&0�IRU�WKH�FRPSRVW�EDUQ��ZKLFK�ZDV�����ORZHU�WKDQ�WKH�FRQILQHG�LPSDFW��7KH�FRQILQHG�V\VWHP�
SUHVHQWHG� KLJKHU� HPLVVLRQV� RI�12[� IRU� WKH� KLJK� SRSXODWLRQ� GHQVLW\� DUFKHW\SH��PDLQO\� GXH� WR� WKH�
EDFNJURXQG�SURFHVVHV�DQG�KLJKHU�HPLVVLRQV�RI�30����DQG�62��FRPSDUHG�WR�WKH�FRPSRVW�EDUQ��1+��
DQG�30����ZHUH�IRXQG�DV�WKH�KRWVSRWV�LQ�WKH�FRPSRVW�EDUQ��ZKLOH�RQO\�30����ZDV�KLJKOLJKWHG�LQ�WKH�
FRQILQHG�V\VWHP�� 

,W�LV�ZRUWK�PHQWLRQLQJ�WKDW�WKH�DQDO\]HG�PLON�SURGXFWLRQ�V\VWHPV�DUH�QRW�GLUHFWO\�FRPSDUDEOH��
JLYHQ�WKH�QHHG�IRU�PRUH�KDUPRQL]DWLRQ�LQ�WKH�LQYHQWRU\�GDWD�TXDOLW\��+RZHYHU��LW�LV�LQWHUHVWLQJ�WR�QRWH�
WKDW� WKH� YDULDWLRQ� LQ� WKH� FKDUDFWHUL]DWLRQ�PRGHOV� VLJQLILFDQWO\� FKDQJHG� WKH� LPSDFW� UHVXOWV� RI� ERWK�
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Abstract 
Soybeans (Glycine max. (L.) Merr.) are an important high-quality protein source in animal feed and 
currently cover 70% of the animal protein requirement in Europe, while just as little as about 3.5% is 
grown in Europe. Luxembourg currently imports 100% of its soybeans used for feed consumption 
from overseas, thus causing important indirect emissions. To increase the independency of the country 
from soybean importations, the current managing practices of Luxembourgish farmers would need to 
change. However, agricultural systems can be overly complex and modelling such systems in a way 
that the decision makers can benefit from resulting tools is a difficult task. Agent-based models (ABM) 
have been used by modelers to simulate complex human-natural systems (CHANS) due to their 
ability to incorporate human behavioral aspects into the models. In this paper, we use an ABM that is 
built to simulate dairy farms in Luxembourg to explore two scenarios oriented towards the 
achievement of a partial soybean autarky in Luxembourg that are inspired by (Zimmer et al., 2021a). 
The results of our simulations show that achieving partial soybean autarky in Luxembourg is possible 
but requires systematic changes in dairy and suckler production system. The economic cost of 
producing soybean locally and/or slowdown of animal growth should also be analysed along with the 
environmental impacts. However, there could be significant reduction in environmental impacts 
generated in the soybean importing countries. 
 
Introduction 
Livestock systems account for 44% of all anthropogenic CH4 emissions and 53% of N2O emissions 
(Gerber et al., 2013). Considering the contribution of global supply-chains, Gerber et al. (2013) 
estimates that the total contribution of the livestock sector to the global anthropogenic greenhouse 
gases (GHG) emissions is 14.5%. This includes enteric fermentation, excretions and respiration. The 
amount of CH4 generated in the enteric fermentation process can significantly vary based on the 
genetic characteristics of an animal and the type of feed it consumes. In particular, soybeans (Glycine 
max. (L.) Merr.) are an important high-quality protein source in animal feed and currently cover 70% 
of the animal protein requirement in Europe (Bernet et al., 2016), while just as little as about 3.5% is 
grown in Europe, being South America its main global producer (Pannecoucque et al., 2018). 
Luxembourg currently imports 100% of its soybeans used for feed consumption from overseas, thus 
causing important indirect emissions (Zimmer et al., 2021a).  
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Soybean is considered as a great source of protein for monogastric animals not only because of its 
high protein content but also because of the ideal amino acid composition (Montoya et al., 2017). A 
share as high as 92% of its world production happens in five countries (USA, China, Argentina, India 
and Brazil) (Pagano and Miransari, 2016) and its global trade volume has surpassed some other 
commodities in the recent years (Sun et al., 2018). Although complete soybean autarky requires 9 – 
12% of the arable land in Europe (Guilpart, Iizumi and Makowski, 2020) and it seems to be an 
unrealistic goal, expansion of soybean cultivation area in EU is possible. The soybean cultivation in 
EU was 2.8 million tons in the year of 2021 (Eurostat, 2022), and more than a million of this was in 
Italy. The second largest soybean producer in Europe is Serbia in the same year with 700 kt, which 
shows the trade potential within the continent as well as the potential of soybean cropping in similar 
latitudes. (Toleikiene et al., 2021) tries to find the potential of soybean cultivation beyond its current 
northern limit in Europe, whereas (Klaiss et al., 2020) shows the challenges of organic soybean 
production in Switzerland. The study of (Karges et al., 2022) has three main objectives: (1) 
identification of soybean cultivars that are most suitable for central Europe, (2) exploration of effect 
of irrigation on different soybean cultivars and (3) determining the agro-economic potential of 
soybean cultivation in food and feed markets. 
In this paper, we aim at simulating two possible scenarios oriented towards the achievement of a 
partial soybean autarky in Luxembourg, that are inspired by (Zimmer et al., 2021a). The first one 
(scenario A) consists of a decrease in the soybean ratio in the dairy cows’ diet based on the minimum 
and maximum amounts of soybean in different feed rations, and the second one (scenario B) consists 
of an increase of local soybean production. This change, however, would necessitate a modification 
of the current managing practices of Luxembourgish farmers and their interactions they have with 
customers, other farmers, and possible intermediaries. To understand and model the interactions that 
may occur during agricultural activities, it is therefore essential to understand the decision-making 
process of farmers. As every human being, farmers can also be influenced by the opinions of others 
and they can make decisions based on external advice (Rose et al., 2018). To this end, agent-based 
models (ABM) are a reliable tool to capture the behavioral aspect of human complex systems and 
therefore gained attraction in agricultural business modeling. The two scenarios dealt with in this 
paper are therefore simulated using an ABM, which is coupled with life cycle assessment (LCA) to 
assess the environmental implications of the decisions taken by the farmers in a lifecycle perspective. 
The simulator is more extensively described in (Marvuglia et al., 2017) and (Marvuglia et al., 2022). 

Materials and methods 
ABM-LCA Coupling 
In (Marvuglia et al., 2022) we simulated the information diffusion (green consciousness (GC) attitude) 
in the network of farmer agents. The model now developed into a state where we can simulate dairy 
farming activities along with the cropping activities. This is especially important for agricultural 
sector in Luxembourg since most farms in the country are of a mixed type (producing crops, meat 
and milk in the same holding). The LCA model and the ABM are “tightly” coupled, in the meaning 
discussed in (Baustert and Benetto, 2017). The outputs of the ABM are directly fed into the LCA 
framework Brightway2 for impact assessment calculations. 
The modelling of livestock production system 
In our model, one single animal is the main physical unit for the animal management. Several 
phenotypical attributes are assigned to an animal which can be static (e.g., gender) or dynamic (e.g., 
weight). In addition to the individual animal attributes, there are also farm properties that affect the 
growth and feeding of the animals. One assumption we made is modelling the dairy cows as Holstein-
Friesian and suckler cows as Belgian Blues which are the prevalent breeds of corresponding farming 
practices. Together with these properties and assumptions, the choices made by the farmer determine 
the resulting production as well as animal’s lifetime. After each calving, the calf is assigned to the 
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farm with a certain gender, bodyweight, and birth date. 
The feed rations 
The animal diet is a major determinant for maximizing the productivity of the herd and farmers choose 
different feeding strategies based on the farm’s operation type (dairy or suckler). Using the rations 
calculated in (Zimmer et al., 2021b) (Table 1) for an adult Holstein cow, the farms are initialized with 
mixtures of these rations. The energy intake of each animal is calculated using the IPCC equation for 
gross energy (GE) intake (H. Dong et al., 2006) for each timestep of the simulation, and then the total 
daily dry matter intake (DMI) of an animal is calculated with respect to an adult Holstein cow. Based 
on their strategy (organic, conventional, GMO, non-GMO, etc.) farmers choose different mixture of 
feed rations to maximize their animals’ capacity, and at the same time keep the animals healthy and 
optimize their profits (Table 2). 
 

Table 1: The mixture of feed rations in different seasons for each type of farm. (Zimmer et al., 2021b). (SoyaMax: The current level of 

soybean extraction in feed rations of Luxembourgish dairy, SoyaMin: Targeted extraction level that is feasible for farms; P= pasture). 

Ration 
Grass  
Silage  
(%) 

Maize  
Silage  
(%) 

Soya 
(kg/day) 

Maize  
Silage 
(kg/day) 

Grass  
Silage  
(kg/day) 

Barley  
(kg/day) 

Triticale  
(kg/day) 

Maize  
(kg/day) 

Rapeseed  
(kg/day) 

SoyaMax  
(kg/day) 

SoyaMin  
(kg/day) 

R1 70 30 0.7 16 29.7 1 1 1.2 0.7 1 0.7 
R2 40 60 1.1 28 17 0.8 0.8 1 1.1 1.5 1.1 
R3 70 30 1 16 29.7 0 0 2.5 1 0.33 0.23 
R4 40 60 1.5 28.8 17.1 0.5 0.5 0.5 1.5 0.5 0.36 
R5 100 0 0 0 34 1 0.6 0.15 0.3 0 0 
P 0 0 0 0 0 0 0 0 0 0 0 
 
Table 2: The feed rations of different types of farms as they are implemented in the simulator (Zimmer et al., 2021b). 

Farm type Winter Summer 
Conventional 50% R1, 50% R2 33% R1, 33% R2, 33% P 
Conventional-GMO 50% R3, 50% R4 33% R3, 33% R4, 33% P 
Organic 33% R1, 67% R5 100% P 

Methane (CH4) emissions 
The CH4 emission of each cow is calculated as a function of GE intake, which depends on different 
animal traits, such as body weight, parity, age, etc. To calculate it, the energy requirement equations 
from (Hongmin Dong et al., 2006) are used. CH4 emission per cow is then calculated using the 
equation developed by IPCC (Hongmin Dong et al., 2006):  

!"	 $ !"	$%!
&'()	×	+'(,% = 	

-.	/ "#
$%&'	×	'&*0	×	

+,
-..	×	123

33.23    (1) 
where EF is the emission factor and Ym is the methane conversion factor (i.e. the percentage of gross 
energy in feed converted to methane) for distinct types of animals. Our approach considers the 
properties of individual animals and is therefore more detailed than the conventional approaches. 

Scenarios to improve soybean autarky in Luxembourg 
After careful discussions with local stakeholders, we implemented two scenarios that would 
potentially improve the soybean autarky of Luxembourg. The objective is to simulate these scenarios 
and assess the financial and environmental outcomes. In (Zimmer et al., 2021b) the potential of 
reduction in soybean rate in feed rations for Luxembourgish dairies was assessed. If the amount of 
soybean extraction in supplementary feed can be minimized, it may lead to reduction in soybean 
imports as much as 42%. Therefore, in our Scenario A the farmers reduce the level of soybean 
extraction gradually from SoyaMax to SoyaMin over ten years. The soybean extraction required by 
each farm is monitored and the consequent change in soybean imports reflects the mitigated 
environmental impacts.  
A survey conducted by IBLA, the institute for organic agriculture in Luxembourg, shows that most 
farmers are open to adapt soybean into their crop rotations  (Zimmer et al., 2015). The assumption is 
that each year 3200ha of agricultural area can be cultivated considering the climatic conditions and 
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crop rotation constraints. In our simulations for Scenario B, a farmer may choose to add soybean into 
the crop rotation if his or her GC value is above a pre-set threshold ß (which is set as 0.5 for this 
work). Although we cannot avoid the global impact due to cultivation of soybean in this scenario, we 
mitigate the impact due to transportation from overseas. 

Results and discussion 
The progression of soybean autarky of Luxembourg is given for both scenarios in Figure 2(a). The 
methane emissions due to change in feed composition of animals are given in Figure 2(b). In scenario 
A we end up with less carbon emissions and more autarky since the consumption and thus production 
of soybean is reduced, whereas in scenario B the import continues but it is partially compensated by 
local production. The yield in Luxembourg is lower compared to traditional soybean exporting 
countries, thus greater agricultural land is required for the same amount of produce. However, since 
the emissions due to transportation is still lower than in the case of imported soybeans, the emissions 
can be reduced if scenario B is applied as well. 

  
The midpoint and endpoint impacts, calculated with the ReCiPe (Huijbregts et al., 2016) method, 
show improvements for both scenarios. Figure 3 shows the results for the midpoint impacts. Natural 
land transformation and urban land occupation impacts decrease due to a lower soybean consumption 
by animals (Figure 4). It is important to note that the change in animal diet brings reduction in animal 
feed costs. In scenario B, the local soybean production brings additional costs, like seeds and fertilizer, 
but the animal feed purchases due to local soybean production. 

 
Figure 3: Comparison of different midpoint impact scores in each scenario. 

Conclusion 
In this paper we simulated scenarios that explore the possibility of establishing soybean autarky in 
Luxembourg using our ABM-LCA model. Since the cultivation of soybean in some regions of 
Luxembourg is possible, the current imported soybean may be partially replaced with local production. 
Otherwise, the current amount of soybean in feed rations is more than enough to ensure required 
protein intake for animal growth; therefore, having less soybean in animal diet is also possible, which 
would lead to a higher national soybean autarky. The results show that mitigation of several life-cycle 
impacts is possible and partial soybean autarky can be achieved if the farmers and other stakeholders 
can adapt soybean cultivation within the region. 

Figure 2(a): The soybean autarky evolution for 

scenarios A and B. 

Figure 2(b): Methane emissions in case of business-as-usual scenario vs 

scenarios A and B. 
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(XURSHDQ�GDLU\�VHFWRU�E\����� 

 
3DROD�*X]PiQ�/XQD�
��0LJXHO�0DXULFLR�,JOHVLDV���$QQD�)O\VM|���$OPXGHQD�+RVSLGR� 

 
�&5(786�� 'HSDUWPHQW� RI� &KHPLFDO� (QJLQHHULQJ�� 8QLYHUVLGDGH� GH� 6DQWLDJR� GH� &RPSRVWHOD�� ������� 6DQWLDJR� GH�
&RPSRVWHOD��6SDLQ 
�$UOD�)RRGV�DPED��6¡QGHUK¡M�����'.������9LE\�-��'HQPDUN  
 
.H\ZRUGV��5LVN�$VVHVVPHQW��*,6��0DWKHPDWLFDO�PRGHOOLQJ��/&$��/&,��FOLPDWH�KD]DUGV��0LON� 
 

&RUUHVSRQGLQJ�DXWKRU��(�PDLO�DGGUHVV��SDROD�JX]PDQ#XVF�HV 
 
5DWLRQDOH�DQG�REMHFWLYH��7KH�(XURSHDQ�8QLRQ��(8��KDV�DGRSWHG�D�QHW�]HUR�HPLVVLRQ�WDUJHW�IRU�������
,Q�OLQH�ZLWK�WKLV�IODJVKLS�LQLWLDWLYH��WKH�(8�GDLU\�VHFWRU�DLPV�WR�VXSSO\�WKH�IXWXUH�GHPDQG�IRU�GDLU\�
SURGXFWV��ZKLFK�LV�SURMHFWHG�WR�GRXEOH��E\�PRYLQJ�WRZDUGV�DQ�HQYLURQPHQWDOO\�VXVWDLQDEOH�SURGXFWLRQ�
E\� ����� WKDQNV� WR� WKH� GHYHORSPHQW� RI� PLWLJDWLRQ� VWUDWHJLHV� �,3&&�� ������� +RZHYHU�� WKH�
HQYLURQPHQWDO�VXVWDLQDELOLW\�RI�WKH�(8�GDLU\�VHFWRU�LV�VXEMHFW�WR�FOLPDWLF�FRQGLWLRQV��DQG�WKXV��WKLV�
WUDQVLWLRQ�FDQ�EH�FKDOOHQJHG�DV�FOLPDWH�FKDQJH�ZLOO�PRGLI\�HFRV\VWHPV�XQHYHQO\�DFURVV�UHJLRQV��,Q�
WKLV�FRQWH[W��FOLPDWH�FKDQJH�KD]DUGV�KDYH�DQ�HIIHFW�RQ�WKH�GDLU\�VHFWRU¶V�HQYLURQPHQWDO�VXVWDLQDELOLW\�
GXH�WR�FKDQJHV�LQ�WKH�IRUHJURXQG�DQG�EDFNJURXQG�GDWD�RI�WKH�/LIH�&\FOH�,QYHQWRU\��/&,���2Q�WKH�RQH�
KDQG��FOLPDWH�KD]DUGV�OHDG�WR�ELRSK\VLFDO�LPSDFWV�RQ�WKH�GDLU\�SURGXFWV�YDOXH�FKDLQV��PDLQO\�DW�WKH�
SURGXFWLRQ�VWDJH��L�H��IHHG�DQG�UDZ�PLON�SURGXFWLRQ���OHDGLQJ�WR�FKDQJHV�LQ�WKH�HQYLURQPHQWDO�LPSDFW�
SHU�XQLW�RI�UDZ�PLON��5DZ�PLON�ORVVHV��FDXVHG�E\�FRZ¶V�PLON�\LHOG�UHGXFWLRQ�GXH�WR�KHDW�VWUHVV��LV�RQH�
RI�WKH�LGHQWLILHG�ELRSK\VLFDO�LPSDFWV�WKDW�LV�H[SHFWHG�WR�FKDQJH��,Q�DGGLWLRQ�WR�KHDW�VWUHVV��UDZ�PLON�
ORVVHV�FDQ�EH�FDXVHG�E\�FRZ¶V�GLVHDVHV�DV�ZHOO�WKDW�DOWHU�WKH�UDZ�PLON�TXDOLW\�DQG�UHGXFH�FRZ¶V�PLON�
\LHOG�� 2WKHU� ELRSK\VLFDO� LPSDFWV� DW� WKLV� VWDJH� DOVR� LQFOXGH� FKDQJHV� LQ� WKH� FURS� \LHOGV� DQG� WKHLU�
JHRJUDSKLFDO�GLVWULEXWLRQ�FDXVHG�E\�FOLPDWH�YDULDELOLW\��FURS�SHVW�LQIHVWDWLRQ��DQG�IORRGV��0RUHRYHU��
FKDQJHV�LQ�RQ�VLWH�IUHVKZDWHU�DYDLODEOH�IRU�KHUGV�DQG�FURSV�DUH�FDXVHG�E\�ZDWHU�VWUHVV��2Q�WKH�RWKHU�
KDQG��WKH�HQYLURQPHQWDO�VXVWDLQDELOLW\�RI�WKH�GDLU\�VHFWRU�FDQ�DOVR�EH�DIIHFWHG�E\�DGDSWDWLRQ�VWUDWHJLHV�
WR� FRSH� ZLWK� WKH� DIRUHPHQWLRQHG� ELRSK\VLFDO� LPSDFWV� VLQFH� JLYHQ� VWUDWHJLHV� UHTXLUH� UHVRXUFHV� WR�
RSHUDWH� 
1HYHUWKHOHVV�� WKH� TXDQWLILFDWLRQ� RI� WKH� FKDQJHV� LQ� WKH� IRUHJURXQG� DQG� EDFNJURXQG� GDWD� LV� TXLWH�
FRPSOH[��FRQVLGHULQJ�WKH�VLJQLILFDQW�QXPEHU�RI�LQWHUQDO�DQG�H[WHUQDO�IDFWRUV�LQYROYHG��DQG�WKH�KLJK�
GHJUHH�RI�XQFHUWDLQW\�DVVRFLDWHG�ZLWK�WKHP��*X]PiQ�/XQD�HW�DO���������,Q�WKLV�LQVWDQFH��3527(&7�
�ZZZ�SURWHFW�LWQ�HX���ZKLFK� LV� D�0DULH� 6NáRGRZVND�&XULH�$FWLRQ� ,71� IXQGHG� XQGHU� WKH�+RUL]RQ�
�����SURJUDPPH��XVHV�SUHGLFWLYH�PRGHOOLQJ�WRROV�WR�HYDOXDWH�WKH�FOLPDWH�FKDQJH�HIIHFWV�RQ�WKH�GDLU\�
VHFWRU�IURP�GLIIHUHQW�SHUVSHFWLYHV��:LWKLQ�3527(&7��WKH�SUHVHQW�FRQWULEXWLRQ�ORRNV�DW�GHILQLQJ�WKH�
FKDOOHQJHV� WKDW� FOLPDWH� FKDQJH� SRVHV� WR� WKH� WUDQVLWLRQ� RI� WKH� GDLU\� VHFWRU� WRZDUGV� HQYLURQPHQWDO�
VXVWDLQDELOLW\�E\�������'HVSLWH�WKH�SUHVHQW�GHJUHH�RI�FRPSOH[LW\�DQG�FOLPDWH�FKDQJH�XQFHUWDLQW\��WKLV�
UHVHDUFK� SUHVHQWV� D� WRROER[� WR� PRGHO� WKH� HIIHFWV� RI� FOLPDWH� FKDQJH� RQ� WKH� (8� GDLU\� VHFWRU¶V�
HQYLURQPHQWDO�VXVWDLQDELOLW\�E\�TXDQWLI\LQJ�FKDQJHV�LQ�WKH�IRUHJURXQG�DQG�EDFNJURXQG�GDWD�FDXVHG�
E\�ELRSK\VLFDO�LPSDFWV�IURP�FOLPDWH�FKDQJH�DQG�SURSRVHG�DGDSWDWLRQ�VWUDWHJLHV� 
 
$SSURDFK� DQG� PHWKRGRORJ\�� %DVHG� RQ� SUHYLRXV� ZRUN� RQ� KRZ� FOLPDWH� FKDQJH� DIIHFWV� WKH�
HQYLURQPHQWDO� VXVWDLQDELOLW\� RI� WKH� GDLU\� VHFWRU� �*X]PiQ�/XQD� HW� DO��� ������� LW� ZDV� SRVVLEOH� WR�
TXDOLWDWLYHO\�FDSWXUH�DOO�WKH�HOHPHQWDU\�IORZV�DQG�OLQNV�LQYROYHG�LQ�WKDW�FRPSOH[LW\��0RGXOH���DQG���
RI�)LJ�����ZLWK�IRFXV�RQ�WKH�SURGXFWLRQ�VWDJH���$URXQG�LW��VHYHUDO�PRGXOHV�KDYH�EHHQ�FRQVWUXFWHG�DV�
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WR�WKH�FRXQWULHV�DQG�FRPPRGLWLHV�RI�LQWHUHVW��$OVR��DW�WKLV�PRGXOH��WKH�LGHQWLILHG�FURSV�DUH�FDWHJRUL]HG�
LQ� ILYH� FURS� JURXSV� �L�H�� FHUHDOV�� RLOVHHGV�� VXJDU� FURSV�� JUDLQ� OHJXPHV�� DQG� URRWV�� IRU� WKH� VDNH� RI�
VLPSOLFLW\� 

7KH� VHFRQG� PRGXOH� GHILQHV� WKH� FOLPDWLF� FRQGLWLRQV� RI� WKH� VHOHFWHG� FRXQWULHV�� )RXU�
ELRJHRJUDSKLFDO� UHJLRQV� DFURVV� (XURSH� DUH� VHOHFWHG�� L�� $WODQWLF� �L�H�� :HVWHUQ� (XURSH��� LL��
0HGLWHUUDQHDQ��L�H��VRXWKHUQ�(XURSH���&RQWLQHQWDO��L�H��FHQWUDO��DQG�HDVWHUQ�(XURSH���DQG�LY��1RUWKHUQ��
DV� SURSRVHG� E\� (XURSHDQ� (QYLURQPHQW�$JHQF\� �������� /DWHU�� RSHQ� GDWDEDVHV� DUH� XVHG� WR� REWDLQ�
PRQWKO\�FOLPDWLF�GDWD�RQ�WKH�WHPSHUDWXUH��UHODWLYH�KXPLGLW\��DQG�SUHFLSLWDWLRQ�RI�WKHVH�IRXU�UHJLRQV�
XQGHU� GLIIHUHQW� FOLPDWH� VFHQDULRV� �1$6$�� ������:RUOG� %DQN� *URXS�� ������� 7KH� 5HSUHVHQWDWLYH�
&RQFHQWUDWLRQ�3DWKZD\V��5&3V��DUH�FOLPDWH�VFHQDULRV�GHYHORSHG�E\�WKH�,QWHUJRYHUQPHQWDO�3DQHO�RQ�
&OLPDWH�&KDQJH�DQG� WKH\�DUH�FKDUDFWHUL]HG�E\� WKHLU� WRWDO� UDGLDWLYH�IRUFLQJ�UDQJLQJ� IURP�YHU\� ORZ�
�5&3�����WR�YHU\�KLJK��5&3������,3&&���������7KH�5&3�����DQG�����DUH�WKH�FOLPDWH�VFHQDULRV�XVHG�
LQ�WKH�SUHVHQW�FRQWULEXWLRQ� 

7KHQ��WKH�WKLUG�PRGXOH�HVWLPDWHV�WKH�PDJQLWXGH�RI�FOLPDWH�KD]DUGV�DFURVV�WKH�VHOHFWHG�UHJLRQV�
DQG�HVWLPDWHV�WKH�FRUUHVSRQGLQJ�ELRSK\VLFDO�LPSDFWV��ZKHUHDV�WKH�IRXUWK�PRGXOH�HVWLPDWHV�WKH�HIIHFWV�
RI�DGDSWDWLRQ�VWUDWHJLHV�WR�FRPSHQVDWH�ELRSK\VLFDO�LPSDFWV�RQ�WKH�UHVRXUFH�XVH��$V�VKRZQ�LQ�)LJ�����
GLIIHUHQW�WRROV��DQG�D�FRPELQDWLRQ�RI�WKHP��DUH�XVHG�LQ�WKHVH�WZR�PRGXOHV�GHSHQGLQJ�RQ�WKH�FOLPDWH�
KD]DUG�SUHVHQW�� 

6WDUWLQJ�ZLWK�WKH�ILUVW�WZR�FOLPDWH�KD]DUGV��*HRJUDSKLFDO�,QIRUPDWLRQ�6\VWHPV��*,6��DOORZV�
WR� YLVXDOL]H� DQG� DQDO\VH� FRPSOH[� HQYLURQPHQWDO� FKDOOHQJHV� DURXQG� WKH� JOREH� GXH� WR� LWV� UREXVW�
JHRJUDSKLFDO�GDWD��(FFOHV�HW�DO����������7KXV��SURMHFWHG�JHRUHIHUHQFHG�GDWD�XQGHU�WKH�5&3V�VFHQDULRV�
IURP�WKH�$TXHGXFW�SURMHFW�LV�XVHG�WR�GHILQH�WKH�PDJQLWXGH�RI�ZDWHU�VWUHVV��DQG�ULYHULQH�DQG�FRDVWDO�
IORRGV��:RUOG�5HVRXUFHV�,QVWLWXWH���������$FURVV�UHJLRQV�XQGHU�ZDWHU�VWUHVV��DGDSWDWLRQ�VWUDWHJLHV��
VXFK� DV� FKDQJLQJ� WKH� ZDWHU� VXSSO\� PL[�� DUH� UHTXLUHG� WR� JXDUDQWHH� RQ�VLWH� ZDWHU�� 7KH� 3�:6PL[�
�3URVSHFWLYH�:DWHU�6XSSO\�PL[��PRGHO�IURP�/HmR�HW�DO���������LV�LPSOHPHQWHG��,W�LV�EXLOW�RQ�$TXHGXFW�
GDWD�� DQG� LW� DOORZV� WR� SURMHFW� WKH�ZDWHU� VRXUFHV� XQGHU� IXWXUH� FOLPDWH� VFHQDULRV� GHSHQGLQJ� RQ� WKH�
JHRJUDSKLFDO�ORFDWLRQ�DQG�ZDWHU�XVHU�� 

&URS�SHVW�LQIHVWDWLRQ�LV�WKH�QH[W�LGHQWLILHG�FOLPDWH�KD]DUG��/LWHUDWXUH��L�H��VFLHQWLILF�SDSHUV��
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QDWLRQDO�DQG�(8� UHSRUWV�� LV�QHHGHG� WR�REWDLQ�GDWD�RQ� WKH�FURS�SHVW� LQIHVWDWLRQ�SUHYDOHQFH� DQG� WKH�
FRUUHVSRQGLQJ�FKDQJHV�LQ�\LHOGV�LQ�WKH�ILYH�FURS�JURXSV�XQGHU�GLIIHUHQW�FOLPDWH�VFHQDULRV��$GDSWDWLRQ�
VWUDWHJLHV��VXFK�DV�WKH�XVH�RI�SHVWLFLGHV��DUH�QHFHVVDU\�WR�DYRLG�FURS�SHVWV��'DWD�IURP�OLWHUDWXUH�LV�XVHG�
WR�HVWLPDWH�WKH�H[WUD�DPRXQW�RI�SHVWLFLGH�UHTXLUHG�EDVHG�RQ�WKH�SHVW�SUHYDOHQFH�� 

0RYLQJ�WR�WKH�QH[W�FOLPDWH�KD]DUG��PDWKHPDWLFDO�PRGHOOLQJ�LV�XVHG�WR�HVWLPDWH�FKDQJHV�LQ�WKH�
\LHOG�RI�WKH�ILYH�FURS�JURXSV�GXH�WR�FOLPDWH�YDULDELOLW\��7KH�)$2¶V�$TXD&URS�PRGHO��ZKLFK�PRGHOV�
FURS�JURZWK�FRQVLGHULQJ�HQYLURQPHQW�DQG�PDQDJHPHQW�FRQGLWLRQV��LV�XVHG��)$2���������DQG�PRQWKO\�
FOLPDWLF� GDWD� IURP�0RGXOH� �� LV� UHTXLUHG�� 7KHQ�� DGDSWDWLRQ� VWUDWHJLHV�� VXFK� DV� IHUWLOL]HU� XVH�� DUH�
UHTXLUHG�WR�FRPSHQVDWH�IRU�\LHOG�UHGXFWLRQV�RQ�DIIHFWHG�FURS�JURXSV��'DWD�IURP�OLWHUDWXUH�LV�XVHG�WR�
HVWLPDWH�H[WUD�IHUWLOL]HU�QHHGV�� 

)ROORZLQJ� WKH� QH[W� FOLPDWH� KD]DUG�� PDWKHPDWLFDO� PRGHOOLQJ� LV� DOVR� XVHG� WR� HVWLPDWH� WKH�
QXPEHU�RI�PRQWKV�XQGHU�KHDW�VWUHVV�DQG�WKH�FRUUHVSRQGLQJ�PLON�ORVVHV�LQ�GLIIHUHQW�FOLPDWH�VFHQDULRV��
7KH�7HPSHUDWXUH�+XPLGLW\�,QGH[��7+,�� LV� D�FRPPRQ�LQGLFDWRU�XVHG� WR� GHWHUPLQH�ZKHQ�FRZV�DUH�
XQGHU� KHDW� VWUHVV� RQFH� WKH� 7+,� WKUHVKROG� �L�H�� ���� LV� H[FHHGHG� �+HPSHO� HW� DO��� ������� 0RQWKO\�
WHPSHUDWXUH�DQG�UHODWLYH�KXPLGLW\�GDWD�IURP�0RGXOH���DUH�UHTXLUHG�KHUH��/DWHU��DYDLODEOH�PRGHOV�DUH�
XVHG�WR�HVWLPDWH�WKH�H[WUD�ZDWHU�DQG�HQHUJ\�UHTXLUHG�E\�WKH�KHDW�DEDWHPHQW�V\VWHP��L�H��DGDSWDWLRQ�
VWUDWHJ\��GXULQJ�WKH�LGHQWLILHG�KHDW�VWUHVV�PRQWKV�� 

5HJDUGLQJ�WKH�ODVW�FOLPDWH�KD]DUG��PDWKHPDWLFDO�PRGHOOLQJ�LV�XVHG�WR�HVWLPDWH�FKDQJHV�LQ�PLON�
ORVVHV�GXH� WR�FRZ�GLVHDVHV� �L�H���ERYLQH�PDVWLWLV���7KH�SUHGLFWLYH�PRGHO� IURP�*X]PiQ�/XQD�HW�DO��
��������ZKLFK�LV�EDVHG�RQ�D�ULVN�DVVHVVPHQW�DSSURDFK��LV�XVHG�WR�HVWLPDWH�UDZ�PLON�ORVVHV�DV�D�UHVXOW�
RI�D�UHGXFWLRQ�RI�PLON�\LHOG�DQG�H[FHHGLQJ�WKH�PDVWLWLV�SDWKRJHQ�FRQFHQWUDWLRQ�LQ�WKH�EXON�WDQN�PLON�
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Objective  
The world's population will drastically increase by 2050, thus the food demand and the 
environmental impact of food systems will increase. It is urgent to define alternatives for high 
impacting foods like animal-derived products. Dairy products are in the top animal protein sources; 
they provide important nutrients such as fats, calcium, vitamin D and B12. Besides being a complex 
and unique product, bovine milk has a high environmental burden, which is accounted to the direct 
emissions of cows and feed production. Insect biomass, and specifically Tenebrio molitor larvae, 
has a potential to be more sustainable than animal-derived products (Oonincx and de Boer, 2012; 
Smetana et al., 2015; Miglietta et al., 2015; Joensuu and Silvenius, 2017; Thévenot et al., 2018). 
However, the environmental impact of insect as farmed animals depends on the production, 
preparation and transport of feed. The comparability of insect studies is highly dependable on the 
method and functional unit selected (Smetana et al., 2021). Therefore, current study aims to develop 
an alternative to bovine milk from T. molitor larvae and further define its environmental impact. 
The developed of a product is done to assure the establishment of a comparative functional unit 
with protein and fat correction to assure similarities in nutritional profile.  
Approach and methodology 
The hypothesis stated: if it is possible to develop an alternative to bovine milk from T. molitor 
larvae, it will be more sustainable than bovine milk. A preliminary literature review was performed 
to collect data and adapt it for experimentation. Only one experimental sample was selected as 
prototype due to its characteristics specially color, consistency, and stability. During product 
development much experimental data was gathered by controlling and manipulating variables. The 
data was used for the LCA which was modelled in a similar way as other studies on the 
environmental impact of T. molitor and bovine milk. 
The aim of the performed LCA was to examine the life cycle stages of an insect milk prototype 
production from cradle to factory gate, and to identify the processes with the highest environmental 
impacts within the system. Due to the attributional nature of the LCA, the results were compared to 
standardized bovine milk from the Agri-footprint database (Blonk Consultants, Gouda, The 
Netherlands). 
The functional unit (FU) was 1 kg of fat and protein corrected milk (FPCM). System boundaries 
included the stages of resource production, insect farming (including primary processing by killing 
through freezing at -18°C), and insect milk production (formulation, processing, and storage). The 
life cycle inventory (LCI) relied on different data sources: background data from ecoinvent 3.1 
(ecoinvent, Zurich, Switzerland) and Agri-footprint (Blonk Consultants, Gouda, the Netherlands); 
insect production is modelled according to the production data from local insect supplier (Hermetia 
Alstätte GmbH, Ahaus, Germany) with processing data upscaled according to the industrial studies 
and machinery data. The results were calculated with the software SimaPro v8.5.2.0 (PRé 
Consultants B.V., Amsterfort, the Netherlands). The method selected for the assessment was 
IMPACT 2002+ (Jolliet et al., 2003). A Monte Carlo analysis was performed to estimate the 
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uncertainty ranges of the results and draw accurate conclusions. 
Main results and discussion 
Pilot scale trials identified a potential recipe and process to develop an insect-based milk alternative. 
The insect milk prototype was composed by T. molitor larvae, water, ascorbic acid, T. molitor 
extracted fat, and sunflower lecithin. The nutritional composition of the obtained insect milk was 
1.19 % crude protein, 5.76 % lipids, < 1 % carbohydrates and 0.30 % ash. The insect milk showed 
no phase separation after two weeks of storage at 4°C. The production yield was 50 %, meaning 
half of the initial mixture was an exoskeleton puree, and can be considered as a side product useable 
for feed. It should be noted that majority of proteins remained in the press cake. To reduce the 
losses of proteins in the press cake, a Pulsed Electric Field (PEF) pre-treatment as a gentle physical 
electroporation method has been used, which increased the protein content in the prototype milk 
from 1.2% to 2.8%. 
The results of the LCA presented that the ingredient T. molitor frozen larvae was responsible for 
73.8 % of the impact of 1 kg FPC insect milk (more than 70 % of the impact was allocated to the 
insect diet composed of carrots and oats. 1 kg of FPC insect milk had an impact on climate change 
of 0.764 kg CO2eq. and demanded 10.55 MJ primary energy. The comparison between standardized 
bovine milk, showed that insect milk had overall significantly lower environmental impact (307.62 
ȝ3W� lower than bovine milk). However, insect milk presented higher or similar burden in the 
categories of non-renewable energy, mineral extraction, land occupation and global warming. It is 
necessary to point out that literature sources indicate higher impact for these categories for bovine 
milk (e.g., for Global Warming Potential in the range of 1.09-2.4 kg CO2eq. kg-1 FPCM).  
Conclusion 
This study tested the feasibility of an insect-based milk alternative production and its environmental 
impact. Development trials identified a successful method and recipe for the development of the 
HOHPHQWDU\� SURWRW\SH� RI� ³LQVHFW�PLON´�� further improved with the application of PEF technology. 
The Life Cycle Assessment served as guidance for further product development and improvement 
by identifying the current hotspots of the life cycle. The impact of insect milk prototype was 0.76 
kg CO2 eq. kg-1 FPCM in global warming potential, the land use was 0.93 m2a and the primary 
energy required 10.55 MJ; most of the burden was caused by feed production. The environmental 
analysis performed in this study determined that insect-based milk had a potential to become a 
product with low environmental impact. The results could further be improved by selecting a low 
impact diet and energy sources with lower environmental burden.  
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Abstract: 
The objective of this study was to compare carbon footprints (CF) of European dairy farms 
using life cycle assessment (LCA). Data was collected on a monthly basis over two years from 
71 commercial dairy farms in Ireland, Northern Ireland, England, Spain (Galicia and Basque 
regions), Portugal and France. The emissions up to the point of sale of milk from the farm were 
calculated within a global boundary. The functional units were: (i) per kg fat and protein 
corrected milk (FPCM); (ii) per hectare of the farm exporting milk; (iii) per hectare of global 
land use. Farms were categorized based on the proportion of time that cows spent grazing and 
mean carbon footprints (CF) were 1.13, 1.23 and 1.50 kg CO2-eq./kg FPCM for GRAZING 
(>60% grazing; n = 16), MIXED (up to 60% grazing; n = 17) and HOUSED systems (0% 
grazing; n = 38), respectively. HOUSED had the largest range; between 0.88 and 2.49 kg CO2-
eq./kg FPCM and included the farm with the overall lowest CF. HOUSED had the highest 
mean CF per ha of the farm exporting milk: 43.33 t , followed by MIXED (15.06 t) and 
GRAZING (11.62 t). There was the same ranking per ha of global land use; for HOUSED 
(14.87 t), MIXED (9.74 t) and GRAZING (9.25 t). A sensitivity analysis comparing the use of 
higher tier emission factors (HTEF) compared to default values (DEF) showed the HTEF 
method resulted in a 2.0-7.9% lower CF than DEF method. There was large variation in the 
CFs of these farms indicating considerable potential to identify best practices for lowering 
emissions per product and area-based functional units. 

Introduction 
The dairy sector faces a major challenge to reduce greenhouse gas emissions to meet national 
targets in light of EU commitment to net zero emissions by 2050 (European Commission, 
2019). The dairy sector is also a major source of social and economic stability, which is why 
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we need suitable mitigation strategies for the different systems of dairy production in Europe. 
Life Cycle Assessment (LCA) is a method used to account for the emissions for the life cycle 
of a product, e.g. milk. The International Standards Organisation have outlined the procedures 
for LCA (ISO, 2006a, b). However, there remains ambiguity around methodology and 
assumptions used for LCA of milk production (Yan et al., 2011, Baldini et al., 2017, Lorenz et 
al., 2019). Choices made by the LCA practitioner about allocation method, boundary, and 
functional unit for example, will affect the final carbon footprint value (O'Brien et al., 2014, 
Zehetmeier et al., 2014, Salou et al., 2017, Herron et al., 2019). Consequently, comparing LCA 
studies, especially across different countries, can be difficult.  
 
When compiling the inventory component of an LCA study, emission factors (EF) or 
algorithms are described by a tier system. Higher tiers are associated with lower levels of 
uncertainty (IPCC, 2019). Governments are encouraged to carry out national research to 
identify EFs that are more appropriate IRU�D�FRXQWU\¶V� FOLPDWLF�FRQGLWLRQV. Hence, they can 
better predict emissions especially for activities that make up a large proportion of the 
emissions from a farm. For example enteric methane from livestock typically accounts for more 
than half of total emissions from a dairy farm (FAO, 2022). In this study, we have used detailed 
farm data to assess GHG emissions from different systems of dairy farming using one LCA 
model. The model has been adapted to incorporate higher tier EFs, where possible, to be able 
to detect farm practices that lower emissions on different systems of dairy production. A 
sensitivity analysis was also conducted to identify the effect of using default emission factors 
from the IPCC guidelines (2019) compared to the higher tier EFs provided by literature.  
 
Material and Methods 
A total of 71 dairy farms were selected from nine regions across Europe (The republic of 
Ireland, Northern Ireland, England, Galicia (Spain), Basque country (Spain), Normandy, Pays 
de Loire, Brittany, Portugal) as part of the Interreg Dairy-4-Future project. Farm data covering 
monthly animal numbers, diet composition, land use, manure management, grazing status, milk 
production, fertiliser, lime, forage and concentrate stocks, contractor, chemical and energy use 
was collected over a period of two years (2018, 2019) via interview, online survey and 
telephone communication. Regional data regarding monthly temperatures and average crop 
yields were also collected from region. Data was validated with the farmers, their advisors, and 
national livestock databases to achieve a high standard of accuracy. The farms were grouped 
according to the proportion of time that cows were outside grazing (with grazed pasture making 
up the majority of intake) during a calendar year: GRAZING = >60% of time spent grazing, 
MIXED = �60% of time spent grazing, HOUSED = 100% time housed (Table 1). 
 
The carbon footprint was assessed using a life cycle assessment (LCA) model used by 2¶%ULHQ�
et al. (2010) and adapted for use in this study to account for the different climatic conditions 
and dairy systems operated in the Atlantic Area regions. The model was created in Microsoft 
Excel, which allowed greater resolution modelling compared with generic LCA softwares with 
the detailed data collected. The study quantified emissions using a cradle to farm-gate 
boundary, excluding emissions from infrastructure and medicines. Higher tier emission 
factors/algorithms were used, if available. A sensitivity analysis was done to compare the CF 
results with KLJKHU�WLHU�()V��µ+7EF¶��compared to default EFs from the IPCC (2019) and EEA 
(2019)�� µ'()¶� guidelines. The results were compared according to countries (Ireland, UK, 
Spain & Portugal, France). The EFs for Spain and Portugal were the same and, hence, were 
grouped together for these assessments. 
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The emissions from meat from cull cows and surplus calves were allocated using the 
biophysical approach specified in the International Dairy Federation guidelines (IDF, 2015). 
Emissions (kg CO2-equivalents) were expressed using the two functional units: 1 t of fat and 
protein corrected milk (FPCM), 1 ha of on-farm land (land on which the milk was produced) 
and 1 ha of global land (including land used to produce feed imported onto farms). The choice 
of FUs represent the efficiency of the dairy operation and the impact on land use. Using 
emissions per ha of global land use allows consideration of the land used in milk production. 
 
The Statistical Analysis Systems (SAS) Institute software package (SAS institute Inc., 2013) 
was used to evaluate the relationships between CF and farm parameters of the different 
systems. Normality and equality of variance was assessed visually and a one-way ANOVA 
analysis performed to determine the effect of system type on CF, followed by Tukey¶V�SRVW-
hoc test for significance in pairwise comparisons. The stepwise multiple regression procedure 
was used to determine parameters of significance in relation to the CF. Variance inflation 
factors were used to check for multicollinearity. 

Table 1. Overview of the mean key farm characteristics and the CF from the three dairy 
systems 

  System   
Item Unit Grazing Mixed Housed SEM P-valuea 

Number of farms # 16 17 38   
On-farm land area ha 113.3 127.8 63.6 9.17 ** 
Arable land ha 4.0 16.5 21.9 2.26 ** 
Stocking rate LU/ha 2.04 1.99 4.20 0.215 *** 
Dairy cow replacement rate % 26 31 35 1.2 ** 
Average cow liveweight kg 554 625 658 7.3 *** 
Mean time spent grazing % 68 42 0 3.5 *** 
Annual milk production kg FPCM/cow 5,889 8,371 9,793 243.5 *** 
Milk fat % 4.34 4.14 3.74 4.512 *** 
Milk protein % 3.56 3.32 3.27 2.212 *** 
Concentrates imported onto the farm t/LU 0.93 2.24 3.29 0.169 *** 
Forages imported onto the farm t/LU 0.37 0.31 1.21 0.137 ** 
Fertiliser N kg N/ha 202 132 124 11.9 ** 
Nitrogen use efficiency # 0.48 0.37 0.33 0.042 ns 
Phosphorus use efficiency # 1.24 0.72 0.52 0.132 ** 
Electricity usage kWh/cow 371 365 509 26.7 ** 
Diesel consumption L/cow 80.7 115.2 141.6 6.2 *** 
Carbon Footprint kg CO2 eq./kg FPCM 1.13 1.23 1.50 0.039 *** 
 t CO2 eq./on-farm ha 11.62 15.06 43.33 2.663 *** 
 t CO2 eq./global ha 9.25 9.74 14.87 0.526 *** 

a Significance levels derived from an F-test comparison are *** = P<0.001, ** = P<0.01, * = 0.05, and 
ns = non-significance (P>0.05). 
 
Results & discussion 
The housed system had a higher (P<0.001) CF per kg FPCM, per ha of on-farm land and per 
ha of global land than MIXED and GRAZING respectively (Table 2). HOUSED had a different 
emissions source profile compared to GRAZING and MIXED. A stepwise regression of 
HOUSED showed that the proportion of uncovered slurry storage, feed efficiency, concentrate 
use and milk yield per cow explained 72% of the variation in carbon footprint on these farms.  
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A decrease in emissions intensity with an increase in milk yield in the HOUSED system is in 
line with previous studies (Gerber et al., 2011, Lorenz et al., 2019). However, there were no 
similar relationships for GRAZING and MIXED (Figure 1).  

 
Figure 1. Relationship between annual milk output per cow (kg FPCM/cow) and the carbon footprint 
(kg CO2eq./kg FPCM)  on three different systems of milk production in the Atlantic Area of Europe. 
See text for a description of the systems 

In this study, the emissions from manure management and concentrate use in HOUSED meant 
a significantly higher carbon footprint despite higher milk yields than GRAZING and MIXED. 
However, CFs in line with GRAZING and MIXED were achievable when milk yields were 
greater than 10,000 kg FPCM/cow. The results of the stepwise regression from GRAZING and 
MIXED showed that age of first calving, nitrogen surplus and feed efficiency were significant 
factors in determining the CF per kg FPCM. Stocking rate was the common factor for 
determining CF using the area FUs for all systems.    
 
The sensitivity analysis showed that carbon footprint decreased by 2.0 - 7.9% using the HTEF 
compared with DEF. The magnitude of the difference depended on the HTEF available for the 
different regions. Some HTEF emission algorithms used farm-specific data to determine 
methane from enteric fermentation (dairy cow diet composition and intake) and from liquid 
slurry storage (slurry removal timing, regional temperature), which also affected the 
differences in the two methods. 
 
Conclusion 
Previous studies have compared the carbon footprint from housed and grazing systems but have 
been limited in sample size, comparability and resolution of the modelling. Grazing and mixed 
systems did have lower footprints on average, however the greater variation in the housed 
system shows great mitigation potential. The HOUSED regression model showed that 
mitigation strategies such as covering manure storage and reducing concentrate input have the 
capacity to greatly reduce CF, and indeed the lowest CF of all farms was a housed system. The 
sensitivity analysis showed that great disparities can arise between CFs depending on the 
emission factor or algorithm used. Using detailed data allows for high-resolution carbon 
footprinting and determination of effective, farm-specific mitigation strategies. 
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Rationale:  
Due to being the fastest growing market among livestock products along with increasing scrutiny 
regarding the sustainability impacts of livestock production, the Canadian egg industry is striving 
towards reducing its net emissions and overall environmental footprint (Pelletier et al. 2018). Direct 
energy use contributes between 1-9% of total life cycle emissions in the egg industry, depending on 
province, while manure management is the largest contributor to life cycle acidifying (45%) and 
eutrophying (46%) emissions as well as being a large contributor (i.e. 17-46%) to GHG emissions 
(Pelletier 2017; Turner et al. 2022). Green technologies for renewable energy generation and waste 
valorization offer potential opportunities for mitigating resource use and emissions in the egg 
industry. However, to date, there has been no systematic accounting of the distribution, scale, 
feasibility, mitigation potential and scalability of these technologies specifically for the Canadian 
egg industry (Kanani et al. 2020).  
 
Objective:  
The purpose of this research was to identify a subset and assess the mitigation potential of 
renewable energy and manure valorization technology options and deployment scenarios that are 
potentially most suitable for Canadian egg farms on a regional basis, taking into account available 
renewable energy resources, environmental payback times for the technology systems, and 
potentially displaced conventional energy sources. 
 
Methods:  
GIS was used to map the coincidence of Canadian egg farms with location-specific renewable 
energy resource availability. Farms located in zones exceeding minimum thresholds for wind and 
solar energy generation were identified for further analysis, and all farms were considered for 
potential manure valorization via gasification and biodigestion. Environmental payback times were 
calculated for each technology/region, taking into account displaced conventional energy resources 
in order to identify those farms for which an environmental payback would be achieved within the 
anticipated lifespan of a renewable energy generation system.  Regionalized life cycle assessments 
were then utilized to understand and compare the relative efficacy (% reduction in impacts per 
tonne of eggs produced) of these technologies for environmental impact mitigation potential in the 
Canadian egg industry.  
 
Results:  
The results of these analyses demonstrate the potential to substantially reduce resource use and 
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emissions per tonne of eggs produced in four key provinces (Alberta, Saskatchewan, Nova Scotia, 
New Brunswick) that operate predominantly on fossil-fuel based electricity grids. Both solar and 
wind energy (wind speeds > 4 m/s) technologies are suitable in these provinces, with reasonable 
environmental impact payback times (eIPBTs). In provinces with greener electricity grid mixes 
(British Columbia, Ontario, Newfoundland and Labrador), long eIPBTs preclude consideration of 
on-farm solar PV systems and a minimal emissions reductions potential associated with on-farm 
wind turbine installations. Results for Prince Edward Island were mixed. This was the same case for 
two principal waste valorization technologies identified as potential options for the egg industry 
(anaerobic co-digestion and gasification). Based on an LCA study, both technologies were found to 
be more beneficial than direct land application of manure, with the exception of land occupation 
impacts. Anaerobic co-digestion has the greatest resource use/emissions reduction potential. 
Specifically, resource/environmental impact mitigation potential per tonne of eggs ranged from 10-
15% for climate change impacts and 22-41% for cumulative energy use for both wind and solar 
technologies in provinces with “dirty” electricity grids. The emissions reductions potential for 
gasification ranged between -2-21% for climate change emissions and -5-56% for cumulative 
energy use, depending on province of deployment. For biodigestion, which produces methane in 
substitution of conventional natural gas and whose mitigation potential is hence not province-
specific, the estimated environmental impact payback time for the digester was 6 years for climate 
change and <1 year for cumulative energy use, and life cycle resource/environmental impact 
mitigation potential was 21-23%/tonne of eggs for climate change impacts and 94-119%/tonne of 
eggs for cumulative energy use) for an average sized egg farm across provinces. 
 
Conclusions:  
This study emphasizes the importance of regionalization in LCA in order to accurately characterize 
potential life cycle impacts in agricultural systems and candidate mitigation technologies, which are 
highly variable in time and space. It also shows that adoption of specific renewable energy or 
manure valorization systems on farms in some regions can substantially reduce the net life cycle 
impacts of egg production on Canadian egg farms.  
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Rationale and objectives 
Under pressure to develop and implement pathways to greenhouse gas (GHG) emission reduction 
or net zero emissions, agri-food producers need to identify viable mitigation strategies. However, 
environmental burden shifting is not commonly considered. The objective of the study was to use 
attributional life cycle assessment (aLCA) to screen GHG mitigation strategies and evaluate the 
effect on other environmental indicators, especially fresh water and land availability. These 
indicators were selected based on relevance to economy-wide and industry research priorities.  
 
Approach and methodology 
Scenario analyses were completed using a standard model of Australian chicken meat and egg 
production supply chains. Inventory data were collected from Australian egg producers and 
vertically integrated chicken meat processors as part of a baseline study (see Copley & Wiedemann, 
in preparation and Copley & Wiedemann, in press). Industry coverage was 40 % of the industry for 
eggs and 50 % for chicken meat.  
 
The egg supply chain included breeding and hatchery processes, pullet rearing, and layer farms 
through to grading floors, with all associated inputs. The endpoint of the supply chain was the cold 
storage unit where eggs are stored prior to wholesale distribution, which was located at the grading 
site. The functional unit (FU) was 1kg of eggs ready for wholesale distribution. Results are 
presented for cage, cage-free (barn) and free-range production. The chicken meat supply chain 
included breeding (rearing of parent birds, fertile egg production and hatchery processes), grow-out 
and meat processing, with all associated inputs. The endpoint of the chicken meat supply chain was 
the cold storage unit where chicken meat is stored prior to wholesale distribution. The FU of 1kg of 
chicken meat product ready for distribution to retail reflects the retail product mix: whole birds, 
bone-in and boneless portions. Results are presented for conventional and free-range production.  
 
All modelling was performed XVLQJ� 6LPD3UR�� 9.3 (Pré-Consultants, 2021). In accordance with 
ISO 14067 (ISO 2018), GHG emissions associated with land use (LU) and direct land use change 
(dLUC) were included and reported separately. GHG emissions were assessed using IPCC AR5 
global warming potentials (GWPs). Fossil fuel energy demand was assessed by aggregating fossil 
energy inputs throughout the system and reporting these per megajoule (MJ) of energy, using Lower 
Heating Values. Fresh water consumption (L) was assessed using methods consistent with ISO 
14046 (ISO, 2014). Stress-weighted water use was assessed using two methods: the Water Stress 
Index (WSI) of Pfister et al. (2009) and the Available Water Remaining Method (AWARE) method 
(Boulay et al., 2018) for comparison. Land occupation, reported in square metres (m2) was assessed 
by aggregating impacts throughout the supply chain.   
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A literature review was completed identifying a wide range of potential GHG mitigation options (n 
= 18) that could be suitable for the Australian egg and chicken meat industries. Screening was 
performed by identifying the GHG emission source to be reduced (e.g. on-farm energy use), the 
mitigation strategy (e.g. solar) and the mitigation potential (assessed using the standard industry 
models). An adoption rate was then considered, based on the likely uptake of the strategy or 
technology. Based on these criteria, options were HLWKHU� VFUHHQHG� µLQ¶� RU� µRXW¶� Multi-indicator 
analysis was then conducted on each of the viable strategies and technologies.  
 
The following dietary and technology modules were modelled: M1 (a. substitution of 30 % of 
soybean meal with canola meal; b. substitution of 30 % of soybean meal with cottonseed meal), M2 
(adoption of solar on layer and grow-out, breeder and rearer farms offsetting 30 % of grid electricity 
demand at each site), M3 (10 % reduction in dietary crude protein for free range birds), M4 (energy 
efficiency measures), and M5 (anaerobic digestion (AD) on layer farm; covered anaerobic ponds at 
meat processing plants).  
 
Results and discussion 
Baseline results for Australian egg and chicken meat production are reported in Copley & 
Wiedemann (in preparation) and Copley & Wiedemann (in press).  
 
Substituting soymeal with alternative proteins resulted in elevated water consumption and water 
stress (alternative: cottonseed meal) and higher land occupation (alternative: canola meal). Because 
crop systems vary widely in land management, yield and irrigation usage, this was seen as the least 
consistent strategy for mitigation of multiple impacts concurrently when using a substitution 
strategy, suggesting care should be taken with this approach. Alternatively, improving feed 
efficiency could uniformly reduce impacts and would be a more reliable strategy. 
 
M2 and M4 reduced GHG emissions and fossil energy, without increasing impacts across other 
categories. M3, only significant in free range systems, reduced GHG emissions slightly without 
affecting other impact categories. For chicken meat, M5 resulted in slightly lower GHG emissions 
(driven by reduction in GHG emissions at the meat processing plant) and did not have perverse 
effects on other indicators.  
 
The impact assessment results for M5 (reported for chicken meat only) revealed the sensitivity of 
the results to production location and system design. AD did not affect freshwater consumption, 
water stress, water scarcity or land occupation impacts per kilogram of eggs. Integration of the 
digester with a combined heat and power (CHP) unit, for example, could also result in reduced 
fossil energy consumption. Depending on where production occurs (e.g., which state), methane 
leakage from the AD could increase GHG emissions more than they were offset by the reduction in 
fossil energy consumption. In the Australian state of Tasmania, for example, which has Australia¶s 
lowest emission intensity energy grid, methane leakage from an AD on a layer farm resulted in 
GHG emissions 10% higher than baseline emissions whilst in Victoria (Australia¶s highest emission 
intensity energy grid) an identical farm reduced GHG emissions 10% lower than baseline emissions. 
 
The results demonstrate the importance of not only multi-indicator analysis of GHG mitigation 
strategies but of the need for appropriate consideration of geographic factors, e.g., the viability of a 
technology in one jurisdiction does not guarantee its application will be beneficial in another.  
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Figure 1. Greenhouse gas (A), fossil energy (B), fresh water consumption (C), water stress (D) 
and scarcity (E), and land occupation (F) impacts per kilogram of eggs and chicken meat 
under selected greenhouse gas emission reduction scenarios. 
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Conclusions 
GHG emission reduction is arguably the major environmental challenge facing agri-food industries. 
However, there is a danger that agricultural industries will, in response to pressure from customers, 
consumers, governments and investors, take swift action and implement reduction strategies 
without adequate investigation of other impacts, leading to burden-shifting. Scenarios that consider 
GHG emissions alone can increase other impacts under some circumstances, but conducting multi-
criteria analysis identified those that reduced GHG without trade-offs with other impacts considered 
here, providing an approach to delivering broader sustainability outcomes for poultry production.  
 
While not the immediate focus of this paper, the results demonstrated how geographic factors can 
render emission reduction strategies viable in some regions and detrimental in others, highlighting 
how the viability of mitigation technologies and strategies needs to be assessed on a region-by-
region basis rather than assuming that proven application and emission reduction in one jurisdiction 
will be reflected in all.  
 
Efficiency and renewable energy strategies were found to more reliably reduce impacts across the 
indicators assessed. Conversely, substituting different diet commodities resulted in variable findings 
between impact categories. Preferencing strategies without burden-shifting risks is recommended. 
 
For policymakers, the findings demonstrate the need for broader scrutiny of and consideration of 
burden-shifting risks in policies and targets; too narrow of a focus on one environmental priority 
now may inadvertently lead to greater harm in other (emerging) environmental priorities in future.  
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Introduction 
Agricultural production of food products accounts for a substantial share of humanities 
environmental impacts (Kuempel et al., 2020). In recent years, there is an increasing need to 
manage and improve its effects on the very resources it depends on. In Switzerland there have been 
multiple public votes on issues ranging from stronger regulation of plant protection products, 
protection of the natural landscape or on questions of animal welfare. At the same time, the 
generated income for family labor on Swiss farms is below the reference income for the third sector 
(Lips et al., 2017). Starting from these two observations, this study poses the question if the two 
dimensions environment and economy can be reconciled in agricultural production in Switzerland, 
or if there are inherent trade-offs at the product group level. 
The role of the product group is of special importance, as many studies have shown, there is a large 
variability of the environmental impacts between product groups (Poore & Nemecek, 2018). 
Similarly, the contribution to the  family workforce income varies considerably between product 
groups (Lips et al., 2017). Therefore, in order to gain an understanding of the fundamental 
relationship between environmental impact and economic performance of agricultural production, 
the assessment needs to be done at the product group level. 
While there are multiple studies that assess the environmental and economic performance of 
agriculture at the farm level, to our knowledge there exist no joint analysis of the environmental and 
economic performance at the product group level, simultaneously covering multiple product groups. 
 
Methodology 
The sample used in this study consists of 191 farm year observations of Swiss farms producing 
output groups Milk, Cattle, Cereals, and Potatoes along the integrated farming guidelines. The 
farms cover all three production regions in Switzerland (valley, hills, mountain region) and includes 
20% farms producing according the organic farming guidelines. The remaining farms produce 
according the Swiss proof of ecological performance (PEP) program.  
We used the Swiss Life Cycle Assessment tool SALCA (Gaillard & Nemecek, 2009) to calculate 
the extent of nine environmental impacts per produced amount of output for each product group 
(Table 1). For the economic performance indicators full cost methodology was used to calculate the 
contribution of each product group to the family labor income (Lips et al., 2018). Full cost 
methodology uses standard costs to calculate the share of contribution to the family workforce 
income by accounting for all direct and indirect costs and revenues. The life cycle impact categories 
were aggregated using data envelopment analysis (DEA, (Andersen & Petersen, 1993)) to calculate 
the relative measure of environmental efficiency, where each observed producer was benchmarked 
against all other observations of the same product group (Pedolin et al., 2021). The usage of DEA in 
combination with LCA impacts allows the aggregation of the different impact categories in order to 
score the total relative environmental efficiency of the observed producers. The resulting score is a 
relative measure of efficiency, with the best observed producer for each product group achieving a 
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score of 1 (i.e. 100% relative environmental efficiency). In the recent years there has been an 
increase in studies with joint application of DEA + LCA (Vásquez-Ibarra et al., 2020). 
 
Table 1. Used mid-point indicators in the impact assessment 
Description Unit Method 
Non-renewable fossil and nuclear energy MJ eq ecoinvent 

Land competition m2 year CML 2001 

Deforestation  m2 SALCA (LCI calculation) 

Total water use  m3 SALCA (LCI calculation) 

Global warming potential 100a kg CO2 eq IPCC 

Acidification cmol H+ eq GLO 

Eutrophication Person year GLO 

Freshwater ecotoxicity organic + inorganic PAF m3 day USEtox V2.11 

Human toxicity cancer + non-cancer cases USEtox V2.11, combined with Fantke and 
Jolliet (2016) 

 
Results 
We found that the production region has an effect on the environmental efficiency, with production 
in the mountain region (milk and cattle) having lower environmental efficiency than in the valley 
and hill region (Figure 1).  
 

 

 
 
Figure 1: Distribution environmental efficiency score (top) and economic performance indicator (bottom) for 
PEP farms in the three production regions. Shown are density distributions (colored area) and man values 
(dotted lines). PEP = Proof of ecological performance (Swiss integrated farming guidelines) 
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We did not observe a corresponding effect on the economic performance. For the crop products 
(Cereals, Potatoes), we calculated slightly better economic performances for the valley region than 
hill and mountain. All observed differences were not significant at the 5% level. The differences in 
economic performances for crop products between the regions can largely be explained by 
differences in productivity. The valley region allows for higher productivity (due to favorable 
terrain and longer vegetation period) and is more suitable for mechanized farming. The lack of 
similar effects on the income is most likely due to compensation for production under difficult 
circumstances in the form of direct payments. 
 
We could not identify any significant negative correlation for any of the assessed product groups 
between environmental and economic dimension. On the contrary, for milk in the valley region and 
cattle in the valley and hill region, we found significant positive correlations (Figure 1) between the 
two dimensions. 
 
 

 
 
Figure 1: Correlation of environmental efficiency and economic performance for the production regions. Shown 
DUH�3HDUVRQ¶V�FRUUHODWLRQ�FRHIILFLHQWV�5�DQG�WKHLU�S-values. 
 
 
Discussion 
The negative effect of the production region mountain on environmental efficiency found in this 
study falls in line with results by Marton et al. (2016) who also found an overall higher 
environmental impact for cattle and milk production in the mountain region. However, they 
emphasize the comparative environmental advantage by freeing areas in the valley region for crop 
production. The relationship between environmental and economic performance found for milk 
production is similar to the findings by Repar et al. (2018), where Swiss dairy farms were assessed 
for correlations between economic and environmental performance at the farm level. 
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Conclusions 
The findings imply that there is no inherent trade-off between economic and environmental 
performance, even for the less favorable production regions. The observed large variance in 
environmental and economic performance hints at a substantial potential for simultaneous 
improvement in both dimensions. Since the methodology used observed performances as 
benchmarks and not some hypothetical best-case scenario, we can expect that the observed gap 
could (at least partially) be closed, if the producers with below median performances were able to 
learn from their better performing colleagues. This potential for learning and adaption is at the focus 
of a current publication using the same data and methodology. 
Additionally, we showed that the combination of life cycle assessment, data envelopment analysis 
and full cost analysis can be used to successfully identify potential synergies between economic and 
environmental performance of agricultural production systems. 
 
Acknowledgement: Supported by the Swiss National Science Foundation (SNSF) within the framework of the National 
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1. Introduction 
In the Andes, the production of alpaca fiber is an activity of high cultural and economic importance 
and especially in Peru, which is home to 72% of the world's alpaca population (Midagri, 2021) this 
activity contributes to the economic livelihood of more than 82 000 smallholder families (Midagri 
2019a). In 2019, alpaca fiber production represented 1.35% of total Peruvian exports and 5% of 
non-traditional exports (Midagri, 2019b). As textile production is among WKH�ZRUOG¶V�PRVW�SROOXWLQJ�
industry sectors (Change NC, 2018) and current consumer trends in international markets show a 
growing preference for products that meet environmental, social and cultural standards, interest in 
sustainable alpaca fiber production is also growing in Peru. In order to provide basic data about the 
environmental impacts of Peruvian alpaca production systems as well as information related to the 
use and end of life of a garment made of alpaca fiber, a life cycle analysis of this product has been 
carried out. 
 

2. Material and methods 
The functional unit of the study was one (01) use of a 100% alpaca fiber sweater, with a product 
weight of 400 g. Although most LCA studies on textile products use a functional unit based on 
fabric mass, this functional unit does not consider the quality, functionality, and life span of the 
garment (Watson et al., 2019) and may therefore not allow for a fair comparison between durable 
and short-lived garments.  
The scope of the study covered the cradle-to-grave life-cycle stages of the garment´s supply chain 
including raw material sourcing in the Peruvian Andes; spinning, dyeing, and knitting/tailoring of 
the garment in the cities of Arequipa and Lima (Peru); exporting the final product; its use in 
different countries and its end of life (see figure 1). 
Data on processes related to the stages of fiber procurement (natural pasture management, alpaca 
breeding and shearing) were obtained for the year 2019 from interviews with 42 individual alpaca 
herders or associations from the regions of Arequipa, Pasco, Puno and Huancavelica, which are 
important alpaca fiber producing regions in Peru. Cusco is another Peruvian region where alpaca 
fiber is produced but it has not been included in this study due to limited availability of data. 
According to national statistics (MIDAGRI, 2020), the flow of fiber from the four regions to the 
Peruvian spinning companies considered in this study has been determined to be 82.5%, 9.3%, 
4.5% and 3.7% for the Puno, Arequipa, Pasco and Huancavelica regions, respectively. Emissions to 
air, soil and water from the alpaca rearing stage were estimated based on literature data and 
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emission models available for other livestock species, in many cases for sheep but local and alpaca-
specific data was used whenever available. The impacts related to fiber procurement were allocated 
to fiber and meat with a 50:50 ratio. This allocation represents the distribution of the alpaca herders´ 
annual income from fiber and meat products (according to an interview with the International 
Alpaca Association (IAA)) and is also in the range of values used for biophysical allocation in 
sheep (e.g. 46% and 48.5% for sheep wool in Wiedemann et al. (2020)). 
 
Figure 1.  
System boundary for the system studied 
 

 
 
Footnote to figure 1: Grey boxes = life cycle stages, white boxes = input and output flows. 
 
For garment production (spinning, dyeing, and knitting/tailoring), data was obtained for the year 
2019 from five alpaca fashion companies, four located in the city of Arequipa and one in Lima. 
Input and output data were collected for one year and impacts were allocated to alpaca yarn 
according to the mass of different fiber types used as raw material for yarn production. Allocation 
of impacts during the knitting/tailoring stage was based on the production volume of each product. 
The distribution stage included packaging, export (63.10% to the USA; 13.01% to Germany; 9.54% 
to Japan; 9.35% to France; 5.00% to the UK; percentages calculated for the period 2015 to 2019; 
Veritrade, 2021), transport to the point of sale, electricity consumption at the point of sale and 
transport to the consumer. The two transport means considered for exportation were air and sea 
transport (Veritrade, 2021). Furthermore, the study included an average transport distance from the 
port/airport to the point of sale of 1173 km (Pesnel and Payet, 2019), electricity consumption in the 
retail center of 3.69 kWh/kg garment (estimated according to Wiedemann et al., 2020) and a 
transport distance from the retail center to the buyers home of 6.25 pkm/garment for car and train 
transport (Wiedemann et al., 2020). 
The use stage comprises the washing of the garment with different methods (hand wash, machine 
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wash and dry cleaning) considering that the garment is used 109 times and that it is washed after 
each 5.2 uses, which leads to a total of 21 washes during its lifetime (Wiedemann et al., 2020). The 
combination of three different washing methods, machine wash, hand wash and dry cleaning, was 
estimated for each country where the garment was considered to be used based on data by 
Wiedemann et al. (2020) for EU countries and The Nielsen Company (reviewed in Laitala 2018a) 
for Japan and USA. Also, the use of water, energy, natural gas and detergent was estimated for each 
one of the countries considered with data from different sources (Laitala and Vereide, 2010; Henry 
et al., 2015; Laitala et al. 2018b, Wiedemann et al., 2020). 
Finally, the end-of-life stage considered all environmental impacts that occur during the transport of 
the waste to the treatment facility and during the end-of-life processing. It was assumed that in 
European countries and Japan 28.5% of alpaca fiber garments are recycled after the end of their 
lifetime (Wiedemann et al., 2020; for wool garments) and in the United States 13.6% (EPA, n.d.). 
No upstream impacts were allocated to the fiber entering the recycling process. This cut-off method 
is, according to Sandin et al. (2018), the mostly used method in LCAs involving fiber recycling. 
The waste fiber not recycled is considered to be disposed of in landfills or in incineration facilities 
with and without energy recovery. Ecoinvent (Wernet et al., 2016) waste and wastewater processes 
were used for respective impact estimations. 
Climate change factors from IPCC 2013 (IPCC, 2013) were used for estimation of global warming 
potential, CML-baseline 2013 characterization method (Huijbregts et el. 2016) for calculation of the 
eutrophication potential, Ecoinvent 3.8. processes for background data (Wernet et al., 2016) and 
Simapro 9.0. software for modelling (PRè-Product Ecology Consultants, 2017).  
 
3. Results 
The estimated global warming potential was 0.449 kg CO2-equivalents (CO2e) for each use of the 
garment which corresponds to a total life-cycle emission of 48.95 kg CO2e/sweater. 70% of this 
impact correspond to the fiber procurement stage, 9.02% to the fiber processing stage (spinning, 
dyeing and garment manufacturing), 14.45% to the distribution stage, 3.87% to the use and 1.80% 
to the end-of-life stage (see figure 2). During fiber procurement, the methane resulting from the 
enteric fermentation process in the digestive tract of the alpacas is responsible for 85% of the 
impact. The stage with the second highest contribution to global warming potential is the 
distribution stage. Export account for 54%, road distribution for 36% and energy consumption 
during retail for 9% of the impact in this category.  
 
Figure 2.  
Global warming potential (kg CO2e) and eutrophication potential (kg PO4e) for 1 use of a Peruvian 
alpaca sweater 
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The eutrophication potential amounts to 0.0007 kg PO4-equivalents (PO4e) for each use of the 
garment, which corresponds to a total life-cycle emission of 0.076 kg PO4e/sweater. Fiber 
procurement is again the stage with the highest impact (65%) due to nitrogen emissions from alpaca 
feces and phosphorus mobilization from the soil due to grassland erosion. The fiber processing 
stage contributes with 15% to this impact, the distribution stage with 10.75%, the use stage with 
9.96% and the end-of-life stage with -0.43%. The impact for the end-of-life stage is slightly 
negative because it is considered that a part of the garment is transferred to a solid waste 
incineration plant with energy recovery, and the recovered energy replaces energy from the national 
grid.  
To show the potential for impact reduction, a scenario was calculated assuming an improvement in 
the grassland management, alpaca breeding and shearing stage. In this scenario it was assumed that 
in all producing regions (Puno, Arequipa, Pasco and Huancavelica) all animals older than 1 year are 
sheared. This is theoretically possible but was found only in few of the participating alpaca 
production units. The scenario resulted in a reduction of impacts by 28% in the global warming 
impact category and by 29% in the eutrophication category, compared to the original scenario. 
 
4. Discussion and conclusions 
Enteric fermentation as well as nitrogen excretion and soil erosion are the main contributors to 
global warming and eutrophication potential, respectively. Animal and pasture management are 
therefore crucial for impact reduction. Measures to improve environmental performance in this life 
cycle stage could focus on the development of measures to increase the alpaca shearing rates 
(percentage of adult alpacas sheared annually) or measures which improve the fleece yield of 
animals. Compared to a study realized by Wiedemann et al. (2020) for a woolen sweater (300 gr) 
global warming potential is higher by 62% in the present study which might partly be due to the 
lower product weight but also to higher wool yield per animal used in the study by Wiedemann et al 
(2020) (4 kg vs 2.12 ± 3.13 kg in this study).  
According to Steinberger et al. (2009) over 70% of greenhouse gas emissions of a cotton T-shirt can 
occur after purchase and also Wiedemann et al. (2020) showed that for a wool sweater the use phase 
was responsible for 12-31% of environmental impacts. In the present study impacts during the use-
stage are relatively low due to the conservative care methods applied such as washing at low 
temperatures and after several uses.  
One mayor limitation of this study was the low availability of data and emission models for alpacas, 
and we therefore recommend conducting studies to fill these data gaps. These studies should focus 
on protein metabolism in alpacas in order to obtain data for the calculation of allocation factors, 
chemical transformation processes at the soil-air interface of alpaca manure, enteric fermentation 
and related methane production. Furthermore, the role of high Andean wetlands as carbon sinks and 
the role of traditional alpaca herding for the maintenance of these very carbon intensive ecosystems 
should be investigated as their inclusion in a LCA of alpaca products could have a positive impact 
on the greenhouse gas emissions of the system studied. 
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Rationale and objective of the work 
 
Along with rise of the world¶s population and living standard rises the need for dietary protein. 
Protein of animal origin is however related to high environmental impacts, making keeping up with 
the demand difficult and unsustainable. Poultry meat and eggs are among the most consumed 
protein-rich foods of animal origin. Also, when compared to foods coming from e.g., ruminants, 
they have a relatively lower environmental impact (Poore & Nemecek, 2018). 
The environmental hotspot in poultry production chains is feed production, being responsible for 
most environmental impacts. New environmentally friendly sources of protein for feed are required 
to reduce the ecological footprint of poultry production. The use of insects as feed ingredients is a 
hot topic for a couple of decades already. The considerable progress led to the authorization and use 
of insects in a variety of feeds, in the EU being fish, swine, and poultry feed. Additionally, several 
insect species can convert a wide range of organic side-streams, which highlights them as a 
sustainable alternative to conventional chicken feed, allowing a decrease of the overall 
environmental footprint of chicken rearing. 
This research, performed in the scope of within Poultrynsect project (funded through SUSFOOD2 
and CORE ORGANIC ERA-Net), aims to identify an environmentally beneficial way to produce 
chicken protein. Therefore, two systems of chicken protein production are compared: one directed 
towards eggs (and laying hens) and another one for broiler production, partial substitution of 
chicken feed diet by live insect larvae, which is expected to lower the environmental footprint of the 
production. 
 
 
Approach and methodology 
 
Food proteins originating from poultry come in 2 main forms: eggs and meat. In modern poultry 
rearing, those are produced in 2 different rearing systems, laying hen rearing (for egg production) 
and broiler rearing (for meat production). These systems are rather different: per example, broilers 
were reared for 34 days, and laying hens for 77 weeks, which resulted in 1 t of feed protein being 
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sufficient to feed 1730 broilers and only 144 laying hens. In an attempt to compare these 2 systems, 
we considered 6 different scenarios, 3 for each system (reference scenario included typical chicken 
rearing systems, based on commercial feed; alternative scenarios included a part of feed protein 
substituted by black soldier fly larvae (BSFL)). Protein replacement rates of about 5 to 15 % appear 
to be common in studies (Ipema et al., 2020; Ruhnke et al., 2018). Therefore, feeding of BSFL 
protein at the rate of 10 % was assumed (Balolong et al., 2020; Ipema et al., 2020; Ruhnke et al., 
2018).  Since not only in poultry but also in insect production the feed has the highest influence on 
sustainability, two different feeds were compared for insect production: one was Gainesville diet 
(GVD) and the other one was composed of fruit and vegetable waste (FVW). 
The study followed the cradle to slaughterhouse gate (or egg production gate) perspective including 
feed production, hatchery, poultry and egg production and slaughterhouse. Two functional units 
were used, assessment of the utilization of 20t of feed protein, and assessment of the production of 
1 kg of poultry protein. Data used in this study are based on literature, mainly (Dekker et al., 2011) 
(The Netherlands) for laying hen production and (González-García et al., 2014) (Portugal) for 
broiler chicken production. The LCA was developed using a modular and attributional approach. 
The underlying data was calculated in the software SimaPro 8.5.2.0 (PRé Sustainability B.V., 
Amersfoort, The Netherlands) and followed the standard LCA approach (ISO 14040, 2006 and ISO 
14044, 2006). Background data were taken from the ecoinvent 3.4 (ecoinvent, Zurich, Switzerland) 
and Agri-footprint 4.0 (Blonk Consultants, Gouda, The Netherlands) databases. The methodology of 
the life cycle impact assessment was IMPACT 2002+. Monte Carlo simulation analysis (1000 runs) 
was conducted to examine the uncertainties of the resulting impact. 
 
 
Main results and discussion 
 
In laying hen production, protein conversion efficiency (PCE) stood at 2.4, while in broiler chicken 
production, PCE was 2.24. Thus, protein is converted more efficiently in broiler chicken production. 
However, since laying hen protein consists of egg and meat protein, the difference in quality must 
also be considered. The egg protein¶s Digestible Indispensable Amino Acid Score (DIAAS), 
determined by amino acid sequence and digestibility, is 116.4. As DIAAS of chicken meat protein 
stands at 108.2, egg protein is of higher quality (Ertl et al., 2016). The PCE was corrected 
accordingly: 2.06 in laying hen production and to 2.07 in broiler chicken production. Regarding the 
environmental impacts, the reference scenario of broiler chicken production stood at 9.95 mPt per 
kg protein (where 1 kPt is the average environmental impact caused by one person in Europe for 
one year), being significantly more sustainable than the corresponding scenario of conventional 
laying hen production (11.8 mPt per kg protein). Also, all insect integrating scenarios of broiler 
chicken production were significantly less impacting than those of laying hen production. 
Furthermore, for both laying hens and broiler chickens, the scenario in which the BSFL were fed 
FVW tended to be the most sustainable per production system, followed by the scenario in which 
the BSFL were fed GVD. In terms of midpoint categories, some trends are clear: broiler production 
had higher impact on global warming and respiratory inorganics, while laying hen systems 
impacted terrestrial ecotoxicity in a higher rate. The inclusion of insects into chicken feed led to a 
decrease of impact across all relevant categories. 
 
 
Conclusion 
 
Results of life cycle assessment showed higher environmental impacts in laying hen production 
(11.8 mPt per kg protein) than in broiler chicken production (9.95 mPt per kg protein) (Figure 1). 
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Figure 1: Comparison of scenarios A to F as single score in Pt per impact category for FU2; A - conventional laying hen 
production (LHP); B - LHP with Gainesville diet (GVD) fed black soldier fly larvae (BSFL) in feed; C - LHP with fruit and vegetable 
waste (FVW) fed BSFL in feed; D - conventional broiler chicken production (BP); E - BP with GVD fed BSFL  in feed; F - BP with FVW 
fed BSFL in feed 

This was predominantly due to the composition of the feed and the amount of feed consumed per 
bird; the environmental impact per bird is higher in layer production than in broiler chicken 
production due to the longer life cycle. Scenarios that supplemented BSFL in the feed improved 
production in both cases, with fruit and vegetable waste fed BSFL performing slightly better, as no 
environmental impact was attributed to waste treatments of fruit and vegetable waste. The results 
were mainly influenced by the production and composition of feed, so improvements in cultivation 
techniques, crop yield as well as the optimal composition of the feed could be recommended. At the 
same time, the inclusion of about 10% of protein coming from insects into the feed has shown to 
have a positive impact on chicken welfare, productivity, and environmental impact. 
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Promoting sustainable food systems and achieving sustainable food security go hand-in-hand for sub-
Saharan Africa¶s family farms, where agronomic diversity, chronic poverty and environmental risk 
delineate most aspects of small-scale food production (Rapsomanikis, 2015; Wiggins, 2014). At the 
same time, promoting sustainable domestic agricultural growth in those economies requires evidence-
based, context-adapted interventions and policies designed to maximize rural smallholders¶ potential 
(Andersson & Giller, 2019). New transdisciplinary approaches and tools are essential to ensuring 
those outcomes (Nelson & Coe, 2014). Social LCA offers research and practice a highly 
contextualizing methodology to complement environmental and economic analyses (Petti et al., 2018) 
for sustainably transforming agri-food systems in developing countries (CIRAD, 2016). 
 
This case study focuses on the central highlands region of Vakinankaratra in Madagascar, where an 
international agricultural research-for-development (AR4D) consortium 1  has been promoting and 
evidencing agroecological intensification as a widespread, context-appropriate approach to sustainable 
food systems transformation for the region¶s family farms. At field level, agronomic research activities 
support farmers¶ adoption of improved agroecological practices, primarily related to the region¶s 
ubiquitous mixed crop-livestock farming systems (Côte et al., 2019). At national policy level, World 
Bank-funded value chains analyses have established that there exists sufficient domestic demand for 
fresh milk that is not yet met by farmers in the area¶s ³Dairy Triangle´, while milk powder is 
simultaneously being imported for use in Madagascar¶s commercial dairies (Bélières & Lançon, 2020). 
There is an opportunity to support farmers¶ increased milk production for sale and household 
consumption, contributing to a reduction in food insecurity and income poverty ± but without 
adequate social impact analyses, the efficacy and efficiency of agricultural investment may be 
jeopardized.  
 
This case study presents Social LCA as a complementary resource to the existing agronomic and 

 
1 Anchored by Madagascar¶V National Center for Applied Research in Rural Development (FOFIFA) and Center for Research and Rural 
Development in Agriculture and Livestock (FIFAMANOR), alongside the French Center for International Cooperation in Agronomic 
Research for Development (CIRAD), the consortium has been conducting research in the region for nearly 30 years, frequently 
accompanied by various other project-specific research partners. 
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economic evidence bases for Vakinankaratra¶s small-scale crop-livestock farms. Taking the UNEP 
(2021) guidelines as a starting point, the methodology was adapted based on the regional production 
context and the available data. The system boundary was defined as µcradle to gate¶ and the area of 
protection (AoP) as human wellbeing. An extensive review of gray literature from two AR4D 
projects 2 was conducted to enable stakeholder categorization, materiality assessment, and 
identification of potential impact categories, following from which an impact chain was constructed. 
The case study opted for a Type II Social LCA, informed by findings from the projects¶ stakeholder 
dialogues and leveraging 2018/2019 data from their two farm-level surveys (N=699) of crop-livestock 
farmers in the region.  
 
The first phase of data analysis took an econometric approach, fitting a stochastic frontier production 
model with technical inefficiency effects (Battese & Coelli, 1995) for the (n=147) sub-sample of milk 
producers. The fitted frontier model contained a count of cows owned, annual feed expenditure, total 
value of household (HH) assets as proxy for poverty/wealth, and the farmer¶s proportion of time 
allocated to on-farm production activities. The inefficiency sub-model comprised an index of 
improved cow breed used, level of integration into the dairy market, farmer¶s years of experience 
(also a proxy for age), presence of off-farm income, and distance to market. Based on the fitted model, 
we identified the socially relevant variables; results showed that poverty and rurality (i.e. kilometers 
from town and physical access to dairy value chain infrastructure) significantly influence milk 
production. When the sample was divided into terciles based on predicted inefficiency scores, it was 
then possible to explore other variables in the dataset for social relevance. The difference in farmers¶ 
level of education was statistically significant between the least and most efficient groups, as were the 
agricultural work units calculated for the 12-to-14-year-old age group. The latter finding was 
hypothesized to be related to familial decisions around adolescents continuing with schooling or 
increasing their farm labor activities. Results from the stochastic frontier analysis revealed that 
poverty, rurality, and education are factors of social impact within this representative sample of milk 
producers that should be explored further.    
 
The social impact assessment phase of Type II Social LCA aims to investigate and/or anticipate the 
effects of production on a specific social outcome using quantitative methods (Sureau et al., 2020). In 
the first phase of analysis, the stochastic frontier model¶s findings validated regional stakeholders¶ 
articulated concerns regarding income constraints, lack of access to services, and low levels of 
education as some key challenges faced by farmers. Since the dataset contained a variable on 
educational attainment for each household member, education was selected as the social outcome for 
investigative impact analysis. Building from literature evidencing the links between agricultural labor 
and schooling outcomes (Asenso-Okyere et al., 2013; Moyi, 2011; Nkamelu & Kielland, 2006), as 
well as education and well-being (Neugebauer et al., 2014), the focus of the investigative social 
impact assessment was school-age children3 from the sample¶s milk producing HHs.  
 
Two outcome variables were considered: first, a measure of children¶s years of education attained µon 
par¶ with their age (e.g. 0 = no schooling, 1 = �3 years behind in school, and 2 = on par or up to 2 
years behind in school), and second, children¶s education attained by class (e.g. 0 = none, 1 = primary, 
2 = lower secondary, and 3 = upper secondary school). Predictor variables were either continuous or 
categorical measures of: FKLOGUHQ¶V� DJe, gender, school status and on-farm agricultural activities; 
SDUHQWV¶�individual educational attainment��++�VL]H��GLVWDQFH�WR�PDUNHW�DQG�URDG�DFFHVV��IDUPV¶�WRWDO�
number of (taxonomic) animal and/or crop types produced; total value of HH assets (as proxy for 

 
2 EcoAfrica (ECOlogical intensification pathways for the future of crop-livestock integration in AFRICAn agriculture) from 2018 ± 
2022; CASEF (Projet de Croissance Agricole de SÉcurisation Foncière) from 2018 ± 2022  
3 Children from ages 5 to 17 were selected for the sub-sample, in alignment with the Malagasy educational V\VWHP¶V�DJHV�of attendance 
for primary, lower secondary, and upper secondary school. 
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poverty/wealth). Differences in sample sizes for the two models subsequently described are due to 
observations being dropped because of missing data for some fathers¶ or mothers¶ education attained, 
and observations were clustered in each model due to the familial nature of the dataset.  
 
A multinomial logistic regression (MLR) model (n=231) was fitted for the µon par¶ outcome. 
Predictors regressed were gender, age, school status, animal types, crop types, parents¶ education, HH 
size, distance to market, and HH assets. The statistically significant average marginal effects produced 
by the model predicted that girls are 10% less likely to be �3 years behind than boys and 13.9% more 
likely to be on par. Children¶s increasing age makes it much more likely that they will fall behind in 
school (31% for adolescents and 45.8% for teenagers). Having fewer on-farm responsibilities in 
addition to full-time school attendance means that children are 10.5% more likely to be on par than 
their µbusier¶ peers. Being part of a family farm raising more types of livestock means that children 
are 5.2% less likely to fall behind, while a HH producing more crop types means they are 6.3% less 
likely to be on par. Having a more educated father makes a child 10.7% more likely to be 
educationally on par, while being part of a very large family living farthest from town makes a child 
18.8% and 15.2%, respectively, more likely to fall behind. Finally, children from the poorest 
households are 21.7% less likely to achieve schooling on par with their age.   
 
An ordinal logistic regression (OLR) model (n=239) was fitted for the educational class outcome. 
Predictors regressed were gender, age, father¶s education, HH size, road access, animal types, and HH 
assets. Interpretation of the significant average marginal effects produced by the model showed that 
girls are 3.9% more likely than boys to attain lower secondary schooling. As children age, it is logical 
that they are more likely to attain more schooling overall, but the results reveal that this occurs at a 
decreasing rate: 4.7% for lower secondary but only 2.8% for upper secondary. The more educated a 
father, his child is 1.4% more likely to reach upper secondary school. The larger a child¶V�KRXVHKROG 
size, the less likely it is that that child will advance in schooling (1.4% less likely for lower secondary 
and 0.9% less likely for upper secondary). Partial road access to the home makes children 2.4% more 
likely to reach upper secondary school, and a family farm tending more types of livestock makes 
children 10% less likely to attain primary school but 12% more likely to reach lower secondary. Those 
children in the poorest asset class are 7.5% less likely to attain lower secondary schooling and 4.1% 
less likely to reach upper secondary school. 
 
When brought together, the combined results of this case study¶s three phases of quantitative analyses 
tell a compelling story4 about children¶s gender and agricultural labor, the relevance of their fathers¶ 
educational attainment, the over-arching influence of family farms¶ rurality and poverty, and the 
degree of diversification in the region¶s crop-livestock production systems. Girl children are more 
likely to be educationally on par and have better overall educational attainment, at least until lower 
secondary level. This suggests that boys may bear the burden of a gender-based division of on-farm 
labor that keeps them out of school more often than their female peers.  
 
The more educated a father, the more likely it is that his child(ren) will continue to secondary school 
and stay on par with their age. In contrast to the first finding, this reflects the vital importance of 
educating boys so that the next generation¶s children benefit from this influential relationship. 
Children from HHs with less than seven members are better positioned for on par educational 
attainment; effective and culturally appropriate family planning services in the public health system 
could support moderation of HH sizes. Children who live fewer than seven kilometers from 
market/town, with at least partial road access, go further in their schooling and are less likely to fall 

 
4 The narrative described by the case study¶s results will be validated in the field during July-August 2022 through participatory farmer 
dialogues, the findings from which will be integrated into the conference presentation as well as an eventual scientific paper for 
publication.  
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behind, which emphasizes the importance of rural road infrastructure. Severe poverty is a major 
problem for the bottom quartile of family farms, negatively impacting both agricultural production 
and children¶s educational outcomes; this consistent finding reminds us that policies and interventions 
must continue to address chronic poverty, considering this population¶s needs differently than better-
off counterparts.   
 
Finally, the case study¶s findings on the influence of multiple types of crop and livestock production 
are of particular interest, especially since crop-livestock diversification is the region¶s norm. While 
children with fewer on-farm tasks overall are better positioned to be educationally on par, there are 
significant relationships between children¶s education and the respective degrees of crop and livestock 
diversification. A farm producing more types of crops means that its children are more likely to fall 
behind in school; this is likely due to the need for additional labor during multiple harvests throughout 
the year, with families pulling children out of school to help meet this need. It may also be related to 
low-skill, labor-intensive tasks like weeding being allocated to younger HH members. Conversely, 
raising more types of livestock helps children stay on par with their schooling and increases the 
likelihood that they will attain at least a lower secondary school level of education. Perhaps tending 
livestock is a task more often allocated to older HH members, or the volume of labor is more easily 
confined to pre- and post-schoolday timeframes. These findings suggest that the educational outcomes 
of children on family farms could benefit from a more limited amount of crop diversification but more 
intensified production of a wider range of livestock taxa.   
 
In conclusion, sustainable food systems thinking requires holistic approaches to agricultural 
transformation, particularly for smallholders in the Global South (Côte et al., 2019). In pursuit of 
innovatively comprehensive methods, this regional case study positions Social LCA as a highly 
complementary tool for designing agricultural research and development activities in Africa, as well 
as informing policy in African countries. But, as the analyses demonstrated, its utility and value 
depend on context-appropriate adaptation from the outset, acknowledgement of the data limitations in 
developing country settings, and substantial participatory input from the full range of stakeholders. 
When paired with environmental and econometric analyses, this case study shows how impact 
assessment in Type II Social LCA can help researchers, practitioners, and policymakers anticipate 
social impacts from changes in agricultural production, contributing to more efficient investment and 
more effective policy interventions.   
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Introduction  
Anaerobic digestion (AD) is a practice that is mainly carried out to give treatment to different kinds 
of organic residues (e.g. food waste, manure, agricultural residues) in order to obtain biogas and 
produce bioenergy. Because of its nature, the generated biogas is considered to be a renewable 
energy source, henceforth an important strategy in the fight against climate change. Anaerobic 
digesters carry out the AD process under specific conditions to allow microbial communities to 
develop and decompose organic matter (OM) into the desired biogas. In addition to biogas, the 
degradation of organic waste in the digester also produces a liquid effluent (digestate)  (U.S. EPA, 
2021). 
This exiting digestate is a combination of solid and liquid fractions from the AD process, rich in 
nutrients and OM. Because of its characteristics, digestate is a valuable effluent, as it can be used as 
organic fertilizer and spread on agricultural lands (Panuccio, et al., 2018). The use of digestate as 
fertilizer has several benefits, such as boosting crop growth and quality, acting as soil amender, or 
mitigating greenhouse gas (GHG) emissions (Wang & Lee, 2021). Nonetheless, depending on the 
characteristics of the feedstock and on the further use of the digestate, it has to undergo treatment 
and/or stabilization to avoid the spreading of pathogens, toxic metals or other pollutants that might 
be present in it (Cucina et al., 2021; Wang & Lee, 2021). 
For this study, this rationale has been implemented in Colombian low-income small-scale farms. 
Colombia is a country with a great agricultural tradition, considering that by 2017 more than 15% 
of the domestic extraction of the country was related to the agricultural industry (Material Flows, 
2019). Nevertheless, even though Colombia has expected a considerable growth throughout the past 
30 years, up to 50% of its population is considered to live in poverty (Garfí, et al., 2019). 
Consequently, low income populations have to rely on self-sufficient farming and traditional fuels 
such as firewood and dry dung for cooking and house warming. For these reasons, low-cost 
digesters have been implemented in several Colombian communities to cope with homely energy 
demands and substitute the risky traditional fuels that end up affecting both people and the local 
environment (Garfí, et al., 2011). 
It is in this context that several studies have been carried out to analyze the environmental 
performance of anaerobic digesters in rural conditions in the Andes (Garfí, et al., 2012; Garfí, et al., 
2019; Mendieta, et al., 2021). However, these studies have focused on the implementation of the 
digester and the biogas use, but have not deepened in the treatment and use of the digestate. Even 
though these studies have considered a direct use of digestate, other authors have stated that, despite 
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the benefits of this practice, it might have associated risks if no further treatment of the digestate is 
carried out prior to its application on land (Cucina, et al., 2021). Therefore, the main objective of 
this study is to analyze the environmental impacts of three alternative scenarios for the digestate 
treatment and reuse from a low-cost anaerobic digester: 1) digestate treatment with a sand filter and 
its reuse as biofertilizer 2) digestate treatment with a vermifilter and its reuse as biofertilizer; 3) a 
baseline scenario without digestate treatment (direct use on land).  
 
Materials and methods 
A cradle-to-grave Life Cycle Assessment (LCA) is to be carried out to assess the potential 
environmental impacts of the treatment and agricultural reuse of digestate generated by a low-cost 
tubular anaerobic digester implemented in a small-scale farm in the Colombian Andes. For this, a 
functional unit of 1 m3 of treated digestate has been selected. The system boundaries considered for 
this study include the acquisition of raw materials, the construction and operation of the filters, and 
the use on land of the digestate. LCA modelling is carried out in the SimaPro 9.3 software, having 
primary information acquired on-site and secondary information primarily obtained from the 
Ecoinvent 3.8 database. With regards to the impact assessment methods, for the impact category of 
climate change, the IPCC 2013 method will be used, while the ReCiPe 2016 method will be applied 
for the remaining impact categories. 
The digester and the agricultural lands subject to this study are located in the surroundings of the 
population of Cachira (Norte de Santander region), in the northeastern area of the Colombian Andes 
(Cordillera Oriental). This zone has an average altitude of between 1800 and 2000 m.a.s.l., and an 
average ambient temperature of 17 ± 3 oC (Cucina, et al., 2021). The scenario that will go under 
analysis in this study is based on a co-digestion scenario considered by Cucina and other colleagues 
in a previous study that explored the benefits and risks of plastic tubular digester digestate reuse in 
agriculture (Cucina, et al., 2021). In particular, in the case of the present study, the three scenarios 
under analysis will be focused on a psychrophilic tubular digester with a feedstock composed by 
cattle manure and cheese whey, shown in Figure 1.  
 

 
Figure 1: Psychrophilic tubular low-cost digester implemented in Colombia. Source: Personal archive. 

 
Results and discussion 
Results obtained from this study are expected to show lower impacts in categories related to 
energetic and material consumption for the baseline scenario, mainly due to lower material inputs 
because of the lack of treatment. However, this scenario is also expected to have higher impacts in 
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water and soil related categories (i.e. eutrophication, acidification, toxicity). With regards to the 
vermifilter and sand filter, the former is contemplated to have lower overall impacts, as it has lower 
material and energetic inputs throughout its life cycle, has a longer lifetime, and has fewer 
maintenance requirements. Both sand filtration and vermifiltration are foreseen to perform 
considerably better from an environmental point of view while considering water and soil quality 
implications, therefore evidencing the benefits of digestate filtration prior to its application on land. 
 
Conclusions 
The implementation of filtering technologies after anaerobic digestion systems is a process that can 
gain relevance in low-income communities, as these can improve their life-quality. Main results will 
show benefits from the application of the filtering technologies to the digestate in comparison to its 
direct application on land. The strong points of these filters in low-income rural communities shows 
not only environmental benefits, but also improvements in the quality of the crops, health of the 
inhabitants of the community, and consequently economic benefits. The proper application of these 
technologies can empower farmers and lead them into sustainable farming.  
 
Acknowledgements  
The research was funded by the Centre for Development Cooperation (CCD) of the Technical 
University of Catalonia (UPC) (CCD2021-J004), the Universidad Industrial de Santander, 
Colombia (Proyecto 2504), and the Ministry of Science and Technology of Colombia (Contrato 
número 583-2020). Marianna Garfí are grateful to the Government of Catalonia (Consolidated 
Research Group 2017 SGR 1029), and to the Spanish Ministry of Economy and Competitiveness 
(RYC-2016 20059). 
 
References 
Cucina, M. et al., 2021. Benefits and risks of agricultural reuse of digestates from plastic tubular 
digesters in Colombia. Waste Management, Volume 135, pp. 220-228. 
Garfí, M. et al., 2011. Agricultural reuse of the digestate from low-cost tubular digesters in rural 
Andean communities. Waste Management, 31(12), pp. 2584-2589. 
Garfí, M., Ferrer-Martí, L., Velo, E. & Ferrer, I., 2012. Evaluating benefits of low-cost household 
digesters for rural Andean communities. Renewable and Sustainable Energy Reviews, Volume 16, 
pp. 575-581. 
Garfí, M., Castro, L., Ferrer, I., Escalante, H., 2018. Life cycle assessment of low-cost digesters 
implemented in small-scale farms in Colombia. Conference poster. 
Garfí, M. et al., 2019. Evaluating environmental benefits of low-cost biogas digesters in small-scale 
farms in Colombia: A life cycle assessment. Bioresource Technology, Volume 274, pp. 541-548. 
Material Flows, 2019. The Material Flow Analysis Portal. [Online]  
Available at: http://www.materialflows.net/visualisation-centre/country-profiles/ 
[Accessed 15 January 2022]. 
Mendieta, O., Castro, L., Escalante, H. & Garfí, M., 2021. Low-cost anaerobic digester to promote 
the circular bioeconomy in the non-centrifugal cane sugar sector: A life cycle assessment. 
Bioresource Technology, 326(124783). 
Panuccio, M. R. et al., 2018. Use of digestate as an alternative to mineral fertilizer: effects on 
growth and crop quality. Archives of Agronomy and Soil Science, 65(5), pp. 700-711. 
U.S. EPA, 2021. How Does Anaerobic Digestion Work?. [Online]  
Available at: https://www.epa.gov/agstar/how-does-anaerobic-digestion-work 
[Accessed 06 12 2021]. 
Wang, W. & Lee, D.-J., 2021. Valorization of anaerobic digestion digestate: A prospect review. 
Bioresource Technology, 323(124626). 
 

��



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On “The role of emerging economies in global food security” 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 1 

Assessing the sustainability of coconut chain in Sanquianga region, Colombia 
 

Nelson Kevin Sinisterra-Solís1*, Alejandro Corona-Mariscal1, Neus Sanjuan1, Lilian A. Carrillo-
Rodriguez2, Elizabeth Aponte-Jaramillo2, Margot Cajigas Romero3, Gabriela Clemente1 

 
1 Department of Food Technology (ASPA group), Universitat Politècnica de València, València, Spain 
2 GIED group, Universidad Autónoma de Occidente, Cali, Colombia 
3 GICOF group, Universidad Autónoma de Occidente, Cali, Colombia 
 
Keywords: sustainability; coconut; rural development; coconut productive chain 
*Corresponding author. Nelson Kevin Sinisterra-Solís 
 E-mail address: nelsiso@doctor.upv.es 

Introduction 

The concept of sustainable development has been widely worked on since its introduction by the 
Brundtland report (Keeble, 1988), establishing three fundamental pillars: economic viability, social 
equity, and ecological integrity.  Current social and economic imbalances between regions highlight 
that efforts toward sustainable development must focus on increasing the economic and social 
conditions in the poorest and emerging economies while encouraging effective practices that generate 
low environmental damage. 
Sanquianga, located in south-western Colombia, is an agricultural region in the territories prioritized 
by the national government for implementing sectoral plans and programs within an integral rural 
reform framework. These actions intend to mitigate the incidence of armed conflict, poverty, 
institutional weakness, and the rise of illicit economies, which have historically characterized the 
socio-economic conditions of this region (EVA, 2017; DANE, 2020).  
Coconut is a crop culturally rooted in the Sanquianga region and with great economic potential.  
Nevertheless, its productive chain is weak, mainly because of low-tech farming and insufficient pest 
control knowledge, where neither machinery, fertilizer, nor pesticide products are used.  In addition, 
no extensive use of the generated outputs is carried out, since only the edible part of the harvested 
fruit has traditionally been considered valuable output.  
This study is framed in a two-year project that aims to boost the socio-economic context of the 
Sanquianga region by contributing to develop a sustainable coconut supply chain. Specifically, the 
project evaluates the pre-feasibility of a proposal to create a processing plant for products derived 
from coconut fruit to make comprehensive use of this commodity (UPV, 2021).  As a project 
deliverable, a report will be carried out. This report aims to be a basis for seeking funding from the 
government or NGOs to build a coconut processing plant owned by the local community. The pre-
feasibility evaluation refers to both the evaluation of the technical and legal feasibility, as well as the 
viability of the three pillars of sustainability. In this study, a preliminary analysis of the current social, 
economic, and environmental impacts of the coconut production chain in Sanquianga is developed, 
so that it serves as a basis for establishing the incremental factors of the project proposal compared 
to the existing one. 
Materials and methods 

This study has been developed under a life cycle approach.  Specifically, the scope of the system 
ranges from the production of farming inputs to be used in the agricultural stage, to the sale of the 
fruit by the farmer, either in a local market or in the city of Cali. For the presentation of the quantitative 
results, one hectare cultivated in one year is used as functional unit. Data on agricultural practices 
and socio-economic characteristics were obtained from interviews carried out in 2021 to eight 
representative coconut experts from the region. To assess the social dimension of sustainability, two 
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sLCA indicators were used, a qualitative one, the informal labour hiring, and a quantitative one, the 
percentage of participation of family labour in farming.  Climate change, as kg CO2 eq., fossil 
depletion, as kg oil eq., and photochemical ozone formation both to the ecosystem and human health, 
as kg NOx eq. were the environmental indicators chosen. The economic dimension was assessed 
through financial LCC, estimating farmer financial results, expressed as USD·ha-1·year-1, for the most 
popular cultivars in the region. To integrate the results of the economic and natural environmental 
dimensions, the environmental productivity for each impact category was calculated as the ratio 
between the profit and the environmental impact (Heijungs, 2022). 
General aspects of the coconut chain in the Sanquianga region 

The interviewees consider that the economic dynamic of the region is weak, due in large part to the 
lack or low quality of access to public infrastructure (of public services and transportation). However, 
they envisage that there is potential in the region for the current and future population to remain in 
the territory, and this may be materialized through the development, in a sustainable way, of 
agricultural, timber and fishing activities. In particular, coconut, banana, and cocoa crops are 
highlighted as the crops with the most significant economic feasibility in the region. The main features 
of coconut cultivation in Sanquianga are that it is not mechanised and that no agricultural inputs 
(fertiliser, pesticide) are applied. Weevil pest is the main problem in the farming stage, causing a 
decrease in the coconut yield, being palm burning the conventional way to fight this pest. Under this 
context of low yield, and the rise of fruit prices due to the current fruit scarcity, in this study, the most 
common coconut varieties in the region were assessed, namely Enano, Manila, Táparo, and Criollo 
cultivars, as there are usually called in the region. The average yield considered for each cultivar was 
3,834 kg·ha-1 for Enano; 5,110 kg·ha-1 for Manila; 4,657 kg·ha-1 for Táparo; and 5,111 kg·ha-1 for 
Criollo. Coconut produced in Sanquianga is totally marketed without processing and when consumed 
locally only the edible part is used, the rest of the fruit goes to the river and to uncontrolled open 
dumps.  
Results and discussion  
Economic dimension 

Table 1 shows the financial results of the coconut cultivars produced in Sanquianga and marketed 
locally or in the Cali market.  The information was originally in Colombian Pesos (COP), but for a 
better understanding, it was expressed in United State Dollar (USD) using the average of the 
representative rate of both currencies (COP/USD) from 21/06/2021 to 20/06/2022 (BRC, 2022). 
Table 1.  Financial results from coconut production in Sanquianga region in Colombia, USD·ha-1·yr-

1. 
 Coconut cultivar 
Heading Enanoa Manilaa Táparoa Criolloa 
Income for sales in the local market 1,365 1,359 1,292 1,482 
Income for sales in the Cali market 1,820 2,052 2,040 2,100 
Land preparation cost 41 43 43 43 
Sowing cost 4 5 5 5 
Fertiliser cost - - - - 
Pesticide cost - - - - 
Harvesting cost 704 762 762 762 
Other on-field operations cost 185 142 142 142 
Total cost from agriculture activity 934 952 952 952 
Total cost for the local market 1,095 1,071 1,040 1,034 
Post-harvest treatment 161 119 89 82 
Transport cost 277 263 305 365 
Informal tax 62 59 69 82 
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Total cost for Cali market 1,434 1,393 1,415 1,481 
Profit for the local market 271 289 252 448 
Profit for Cali market 387 658 625 619 
a Commonly named in the region   

For the fruit marketed locally, farmer income ranges between 1,292 USD·ha-1·year-1, for Táparo 
cultivar, to 1,482 USD·ha-1·yr-1, for Criollo cultivar., When the fruit is marketed in Cali, the incomes 
tend to be increase (on average 46% greater), being 1,820 USD·ha-1·year-1 for Enano cultivar, and 
2,100 USD·ha-1·year-1 for Criollo cultivar.  Generally, the incomes from the Cali market. As 
differences in the costs are relatively lower than those in the incomes, when the local and Cali markets 
are compared, the profit from the Cali market is 89% greater, on average, that is, coconut fruit is more 
valued in Cali. However, it should be noted that, logistically, this is a difficult market due to the 
transport infrastructure conditions in the region; besides, farmers market their products in isolation, 
without any kind of cooperation. Despite the fact that the analysis is carried out in a context of low 
yield, both coconuts marketed locally and in Cali show a great relative profit, being Tarparo cultivar 
marketed locally the one with the lowest margin of profit (19%). This can be explained because the 
coconut chain in Sanquianga is an informal economic activity in which taxes are not paid to the 
government, a great part of the labour force is familiar (generating a low cost of labour) and financial 
costs are not considered. Another aspect to be highlighted is that to reach the Cali market an informal 
tax must be paid to illegal armed groups in Buenaventura (a city located between Sanquianga and 
Cali) which corresponds, on average, to 3.41% of the incomes. 
Social dimension 

Social indicators of the agricultural stage exhibit a high degree of informality, mainly as concerns the 
commercial agreements, as they are totally verbal, and labour hiring.  In addition, accounting supports 
and operation records are not carried on. As regards labour, in the agricultural stage, around 55% 
corresponds to family labour, and the remaining 45% to people informally hired. At the distribution 
stage, 100% of the personnel for transport and logistics is informally hired. Consequently, the 
workforce employed in the supply chain is not insured. As concerns these social issues, differences 
between coconut cultivars are not found.   
Environmental dimension 

The absence, or non-significant, mechanisation and the fact that no agricultural inputs (fertiliser, 
pesticide, or other products) are used in the agricultural stage, which is common in other regions such 
as the Philippines (Bessou et al., 2013; Hirsinger et al., 1995; Tan el al., 2004), makes the 
environmental impact from this stage of the coconut supply chain in Sanquianga region to be 
irrelevant. A relevant aspect in the agricultural stage is the burning of the palms affected by the weevil, 
which can cause the death of the trees. This is a common practice for pest control that generates CO2 
emissions to air, however, these emissions have not been accounted for as they are biogenic carbon.   
In the post-agricultural stages, the environmental impacts are subject to the market where the fruit is 
sold. As to the fruit marketed locally, and as commented above, only the edible part (endosperm) is 
consumed, the remaining ones (endocarp, mesocarp, and exocarp) are wasted, throw to the river or to 
open land dumps, generating environmental impacts. When the edible part is processed at home (e.g. 
to make coconut milk), a waste is generated that is usually used as animal food.  
Concerning the fruit marketed in Cali, the exocarp and part of the mesocarp are removed from the 
fruit before it is shipped, and have the same end of life than when it is marketed locally. The end of 
life of the shipped fruit after consumption was not evaluated in this study, since it is possible that they 
are used as raw material for industrial and food products, understanding that Cali is a more robust 
market. Due to data lack, the impacts of the coconut waste thrown into the rivers and in open land 
dumps were not assessed quantitatively.   
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The impacts of the transport of the coconut from Sanquianga region to Cali are presented in Table 2. 
It can be observed that the yield is the only differentiating factor among the coconut cultivars, this 
makes that, regardless of the impact category, the scores in the four impact categories analysed have 
the same relative difference when one cultivar is compared to the others. The Enano cultivar is the 
one with the lowest environmental impact, considering the current agricultural and market practices 
in the Saquianga region. Manila and Criollo cultivars show 33% higher impacts than Enano one, 
whereas the Táparo is 21% greater than the Enano one.   
Table 2. Environmental impacts of the transport of the Coconut fruit produced in the Sanquianga 
region and marketed in Cali, Colombia. 
 Coconut Cultivar 
Impact category Enano Manila Táparo Criollo 
Climate change (CC: kg CO2 eq.·ha-1) 86.65 115.49 105.25 115.51 
Fossil depletion (FD: kg oil eq.·ha-1) 28.72 38.27 34.88 38.28 
Photochemical Ozone Formation, Ecosystems (POFe: kg 
Nox eq.·ha-1) 0.56 0.74 0.68 0.74 
Photochemical Ozone Formation, Human Health (POFh: kg 
Nox eq.·ha-1) 0.56 0.74 0.68 0.74 

 

Integrating the sustainability dimension 

 

Fig. 1. Environmental productivity indicator for coconut produced in the Sanquianga region and 
marketed in Cali, Colombia 

To compare the sustainability profile of the coconut cultivars produced in the Sanquianga region and 
sold in Cali market, the quantitative differential of the sustainability issues (namely the economic and 
environmental issues) are integrated. For each coconut cultivar, the normalised scores of the 
economic profit and environmental impacts were calculated by dividing the cultivar score for each 
variable by the sum of the scores for the four cultivars, as well as the environmental productivity for 
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each impact category (Fig. 1). These results suggest that Táparo and Manila cultivars present the best 
environmental productivity. This means that these cultivars show the best marginal economic results 
with respect to the environmental damage generated. From the normalised scores, Táparo and Manila 
cultivars present higher scores in the economic dimension than in the natural environmental one, 
whereas Enano and Criollo cultivars show opposite results. The Enano cultivar shows the lowest 
environmental impact and also the lowest profit, in addition, the gap between the two dimensions is 
the most unfavourable 

Conclusions 

Strengthening the coconut supply chain can be a viable strategy toward endogenous development, 
closing social gaps, and mitigating the incidence of armed conflict and illicit economies in the 
Sanquianga region.  From the results of this analysis, weaknesses at the organizational and technical 
levels are observed. The promotion of cooperatives could drive the development of a coconut-based 
industry in the region, boosting good practices in the hiring processes and in the information and 
resources management. If the fruit continues to be marketed for fresh consumption, without any 
transformation process, from both an economic and an environmental perspective, a good choice is 
to grow Criollo cultivar for the fruit to be consumed locally and the Táparo and Manila ones for the 
fruit to be consumed in the Cali market.  From the agronomical point of view, cooperatives could also 
provide technical advice about sustainable pest control, increasing the yield and thus decreasing the 
environmental load (e.g. carbon footprint) per unit of output. A comprehensive use of the coconut is 
a pertinent strategy to strengthen the coconut chain in the Sanquianga region, diversifying the offer 
of coconut derivatives with greater value-added. 
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The dairy chain of curd-type cheese represents a form of livelihood that is significant for small rural 
communities. Through a life cycle analysis, the environmental impacts were identified for an artisanal process 
that includes everything from the production of animal concentrate to distribution, including the production of 
milk and cheese. 
 
The environmental impacts were evaluated using the NTC-ISO 14044:2017 method. As a main result, it was 
obtained that the production of animal feed represents more than 80% of the total environmental loads in the 
production chain of curd-type cheese, considering the Eco-indicator 99 method, being mainly due to the use 
of fossil fuels and the occupation and transformation of the land. 
 
On the other hand, when the elaboration of curd-type cheese is analyzed in isolation, it presents as critical 
points the use of cleaning agents, the acquisition of inputs, and the distribution of the product to the vendors, 
contributing greatly to the categories of fossil fuel depletion (FFD) and land use (US). 
 
Finally, it was identified that to reduce the environmental impacts of the production of this type of cheese, it is 
necessary to use caustic soda as a degreasing agent and to increase cheese production, reducing between 98% 
in the category of the US and 63% in the ACF, taking into account the OAT (One-at-a-time) method. 
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3RUN� LV� QRZ� WKH�ZRUOG¶V�PRVW�ZLGHO\� HDWHQ�PHDW��ZLWK� FRQVXPSWLRQ� H[SHFWHG� WR� LQFUHDVH� IXUWKHU�
over the coming decades. Brazil is one of the biggest producers, currently the world's third-largest 
producer and exporter (Shahbandeh, 2021). Thus, the pork industry is systematically important to 
the Brazilian agricultural economy, especially in southern states where much of the pork production 
is to be found. Growth in pork production has been largely achieved through intensification over the 
past two decades. However, this has led to a variety of social, economic, and environmental impacts, 
not just for the Southern states, but also more widely in other Brazilian states where feeds are grown 
(Silva and Bassi, 2012). 
 
The intensification of pork production has been driven by capital-intensive, vertical coordination of 
the value chain. As part of this, small family farms (< 50 ha) have become a mainspring used by 
large, integrated enterprises to undertake different stages of the production process, from grain 
cultivation to finishing (IBGE, 2018). The importance of these family farms beyond their role in 
pork production has not always been considered. Family farms are not just economically important, 
but socially and ecologically important as well. Therefore, what has arguably been missing is a 
systematic approach to understanding sustainability (environmental, social, and economic) issues 
related to pork to allow all actors to make intelligent decisions for the Brazilian port industry. 
 
This study aimed to better understand and outline the impacts associated with intensive pig 
production by studying a family farm located in the state of Santa Catarina, in the south of Brazil. 
By doing this, weaknesses (hot spots) of the pig production life cycle were identified using the 
environmental, economic, and social indicators, in a Life Cycle Sustainability Assessment (LCSA) 
framework. The intention was to allow the farmer to understand the different sustainability issues at 
play, isolate opportunities and problems and identify ways forward. The approach can also guide 
and support decision-making processes by a variety of stakeholders and actors, ranging from the pig 
farmers to the large integrators, to academics and LCA practitioners and those governing the system. 
 
The environmental performance of the pig production system (e-LCA) was based on the 
methodology set out by the ISO 14044 standards, which was a cradle-to-farm gate analysis. The set 
of environmental impacts (ReCiPe Methodology) includes Global Warming (GWP), Acidification 
(AP) and Eutrophication (EP), midpoint impact categories covered in the background data 
(upstream processes). The Function Unit (FU) was one Kilogram of Liveweight (kgLW). The 
structure of the LCSA was based on Neugebauer et al. (2015) and Chen and Holden (2018), who 
proposed a tiered LCSA framework to evaluate the impacts on the environmental, social, and 
financial aspects of a product. 
 
The economic dimension or Life Cycle Cost (LCC) focused on farm-level activities, Productivity 
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Cost, Profitability, Labour Productivity and Animal Losses. The LCC followed the general method 
proposed by Hunkeler et al. 2008. The social aspect followed the µ*XLGHOLQHV�IRU�6RFLDO�/LIH�&\FOH�
$VVHVVPHQW� RI� 3URGXFWV¶� �V/&$�� SXEOLVKHG� E\� 81(3�6(7$&� �������� 7KH� VRFLDO� DQDO\VHV� ZHUH�
concentrated on two stakeholders, the farm worker, in terms of Fair Wage, and the farmer, in terms 
of Income Capital, Working Hours Per Year, Educational Level and Age Structure indicators. The 
results of this study were compared to reference values found in national literature. This includes 
environmental indicators from eLCA studies, the 2017 Brazilian Agricultural Census database 
(IBGE, 2018) for social indicators and economic data from the Brazilian Association of Pig 
Breeders (ABCS, 2016).   
 
Overall, considering all the variations in data input, assumptions and methods choice among the pig 
production eLCA studies, the environmental impacts assessed are within the same order of 
magnitude a: GWP varies from 1.84 to 2.55 kg CO2 eq., Acidification potential from 32.2 to 56 g 
SO2 eq., and Eutrophication Potential from 13.1 to 33.81 g PO4-3 eq. These data reflect the pig 
production in southern Brazil, rather than national average production, since all eLCA papers are set 
in the same region of the country. 
 
The Production Cost for the farms was $0.0451 kgLW, which was similar to the literature value of 
$0.0459 kgLW. However, Profitability was lower for the farmer ($0.0126 kgLW) compared to the 
reference value for the state of $0.0169 kgLW, even though the Number of Pig Losses (16x10-5 
pig/kgLW) and the Labour Productivity (14.12 sec/kgLW) were significantly better than the 
benchmarks of 29 x10-5 pig/kgLW and 17.06 sec/kgLW respectively. Therefore, the monetary 
returns for finishing pigs are mainly due to the efforts of the farmer and farm worker to ensure high 
productivity and low animal mortality but come at the cost of very long hours of work. 
 
In terms of social indicators, the fattening farm paid a wage of around $750 per month, practically 
the same as data from the 2017 Census of Agriculture. The Education Level of the farmer, which is 
primary education not concluded, was typical for the farmer cohort aged between 45 and 65 years 
ROG��7KH�IDUPHU�ZRUNHG�ORQJHU�KRXUV�����K�ZHHN��WKDQ�WKH�³VWDQGDUG´���-hour week and receive a 
lower Income Capital, estimated at $ 1133 per month, which was around 14% lower than the 
regional average. 
 
There are a small number of eLCA publications examining pork production systems in Brazil, 
however, none have applied Life Cycle Sustainability Assessment covering economic, social, and 
environmental issues. More such studies would be of great value to all stakeholders in the Brazilian 
pork sector, from farmers to integrating companies to governments. The small family farms that 
represent most pig producers in South Brazil require sustainable livelihoods and wellbeing, which 
will depend on sustainable practices covering all dimensions. Improvements in manure management 
could avoid many environmental impacts associated with pig production at farm levels. There was 
also evidence of a need for more education for small farmers, which is known to have a positive 
correlation with the adoption of new methods. Such actions could improve wellbeing and livelihood, 
thus reducing adverse environmental and social impacts and increasing economic returns leading to 
a slow down or reversal of the rural exodus. 
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Endeavours to integrate biodiversity indicators in LCA are ongoing. One recently published method 
is the biodiversity value method by Lindner, Fehrenbach et al. (2019) based on principles described 
by Fehrenbach, Grahl et al. (2015) and Lindner, Eberle et al. (2021). It uses land use management 
parameters as input and yields a holistic, aggregated biodiversity value as output (contrary to other 
methods that yield more specific information about species disappearance (e.g. Chaudhary & 
Brooks 2018). It is sometimes referred to as the BVI method, for its unit biodiversity value 
increment, or BVI. 
 
Agribalyse is the French food LCA database, provided by ADEME and currently available in 
version 3.01. In a current project, Bochum University of Applied Sciences, ifeu, and Koch 
Consulting are integrating a biodiversity indicator derived from the BVI method into 2,700 
Agribalyse datasets. Apart from the general goal of having a biodiversity indicator in Agribalyse, 
one requirement is to distinguish organic from conventional production. Given how yield-optimized 
conventional agriculture is, addressing organic agriculture in an efficiency-focused assessment tool 
such as LCA can be challenging. 
 
The BVI method can be very detailed, but such applications require correspondingly highly detailed 
inventory data. Such data are not available in existing Agribalyse datasets, and it is out of scope for 
this project to establish detailed inventory data from scratch. A coarse application of the method is 
generally possible (Lindner & Knuepffer 2020). Rather than calculating the index on a continuous 
scale, discrete index values can be determined based on hemeroby classes assigned directly to broad 
land use types. However, some information about land management practices is available in many 
Agribalyse datasets and it should not go unused. 
 
The challenge is to make use of what little (but relevant) information there is in existing Agribalyse 
datasets, yet patch over data gaps with a coarse assessment where information is lacking. It is 
essentially about striking a balance between too high and too low resolution while dealing with data 
gaps. In order to address the challenge, the following work flow is applied: 
 
Aggregated Agribalyse datasets are disaggregated into the main unit processes (those that contribute 
most to the total occupation). Occupation flows are then extracted from the datasets and the link to 
the respective products is maintained. Land use management information is extracted from the 
datasets (some of these data are somewhat spread throughout in the dataset documentation), if 
available. The intermediate result are close to 700 occupation flows arranged in a spreadsheet with 
data on fertilizer input, pesticide application, and tillage as numerical values. 
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A variant of the BVI method with reduced complexity is developed to calculate the biodiversity 
value of each land-using process. The variant uses only three input parameters (fertilizer, pesticides, 
tillage) rather than the full suite of over 10 parameters as described by Lindner, Fehrenbach et al. 
(2019). The occupation flows are sorted into land use classes and those are then matched with 
hemeroby classes. This matching list serves as a default assumption where no input parameters are 
available. In such cases, the biodiversity value is assigned only based on the name of the occupation 
flow. 
 
Ecoregion factors (essentially global weighting factors for local biodiversity values) are calculated 
for countries and geographic regions. Originally assigned to WWF ecoregions (Olson, Dinerstein et 
al. 2001), country-specific factors are calculated as area-weighted averages. Some factors refer to 
the production volume based on FAO statistics instead, if this is possible and meaningful; e.g. for 
large countries which include many different ecoregions with strongly differing factors, and where 
the production of specific crops is not evenly distributed. 
 
Finally, biodiversity values and biodiversity impacts (in BVI) are calculated for 2,700 Agribalyse 
datasets. Organic and conventional agriculture can be distinguished, but there neither practice is 
consistently favored over the other. In some cases, the higher biodiversity value of land under 
organic management makes up for lower efficiency, in other cases the efficiency advantage of 
conventional agriculture overcomes the lower biodiversity value. 
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to assess product biodiversity footprints. Environmental Science & Technology, 52(9), 5094-5104. 
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Journal of Life Cycle Assessment, 20(11), 1511-1527. 
 
Lindner, J. P., Eberle, U., Knuepffer, E., & Coelho, C. R. (2021). Moving beyond land use intensity 
types: assessing biodiversity impacts using fuzzy thinking. The International Journal of Life Cycle 
Assessment, 26(7), 1338-1356. 
 
Lindner, J. P., Fehrenbach, H., Winter, L., Bloemer, J., & Knuepffer, E. (2019). Valuing 
biodiversity in life cycle impact assessment. Sustainability, 11(20), 5628. 
 
Lindner, J. P., Fehrenbach, H., Winter, L., Bloemer, J., & Knuepffer, E. (2020) LC.biodiv.IA 
guideline. Fraunhofer Institute for Building Physics, Dept. Life Cycle Engineering. Available at: 
https://www.ibp.fraunhofer.de/content/dam/ibp/ibp-neu/en/documents/publications/life-cycle-
engineering/guideline-lcidivia.pdf  
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/LIH�&\FOH�,QYHQWRU\�'DWDEDVH�RI�$JULIRRGV��,/&,'$)��LQWHQGV�WR�RYHUFRPH�WKHVH�SUREOHPV�WKURXJK�
WKH�FUHDWLRQ�RI�/LIH�&\FOH� ,QYHQWRU\�GDWDVHWV� IRU� WKH�PRVW� UHSUHVHQWDWLYH�SURGXFWLRQ�FKDLQV� LQ� WKH�
,WDOLDQ�DJUL�IRRG�VHFWRU��6LPLODUO\��WKH�DSSOLFDWLRQ�RI�VFLHQWLILFDOO\�YDOLG�PRGHOV�WR�WKH�,WDOLDQ�WHUULWRU\�
LV�QHFHVVDU\�LQ�RUGHU�IRU�WKH�PRGHO�WR�EH�SURSHUO\�LPSOHPHQWHG�IRU�D�FRUUHFW�HVWLPDWLRQ�RI�HPLVVLRQV��
7KLV�SDSHU�GHVFULEHV�WKH�PHWKRGRORJ\�IROORZHG�IRU�WKH�FUHDWLRQ�RI�GDWDVHWV�RQ�WKH�FXOWLYDWLRQ�RI�,WDOLDQ�
GXUXP�DQG�VRIW�ZKHDW��ZLWK�SDUWLFXODU�UHIHUHQFH�WR�WKH�DGDSWDWLRQ�RI�WKH�6ZLVV�6$/&$�60�PRGHO�
�)UHLHUPXWK��������IRU� WKH�HVWLPDWLRQ�RI�KHDY\�PHWDO�HPLVVLRQV�WR� WKH�,WDOLDQ�WHUULWRU\��,Q�RUGHU�WR�
DVVHVV�WKH�UREXVWQHVV�RI�WKHVH�FKDQJHV��D�FRPSDULVRQ�ZDV�PDGH�RI�WKH�UHVXOWV�REWDLQHG�E\�VXEMHFWLQJ�
H[LVWLQJ�DQG�QHZO\�FRQVWUXFWHG�GDWDVHWV��,/&,'$)��WR�/&,$��ZLWK�DQG�ZLWKRXW�WKH�DSSOLFDWLRQ�RI�WKH�
6$/&$�PRGHO� 
,QWURGXFWLRQ 
7KH�FHUHDO�VHFWRU�LV�SDUWLFXODUO\�LPSRUWDQW�IRU�WKH�,WDOLDQ�HFRQRPLF�V\VWHP��HVSHFLDOO\�IRU�WKH�SDVWD�
LQGXVWU\��,Q�������,WDO\�KDUYHVWHG�DSSUR[LPDWHO\�����PLOOLRQ�WRQV�RI�ZKHDW�RI�ZKLFK�DOPRVW�����ZDV�
GXUXP�DQG�MXVW�RYHU�����ZDV�VRIW��,Q�DGGLWLRQ�WR�WKHVH�TXDQWLWLHV��LPSRUWV�DPRXQWHG�WR�����PLOOLRQ�
WRQV������GXUXP�ZKHDW�DQG�����VRIW�ZKHDW���3DVWD�SURGXFWLRQ�LQ�WKH�VDPH�SHULRG�ZDV�����PLOOLRQ�
WRQV��DFFRUGLQJ�WR�(85267$7���)XUWKHUPRUH��,WDO\�LV�DPRQJ�WKH�ZRUOG�OHDGHUV�LQ�SDVWD�FRQVXPSWLRQ��
IROORZHG�E\�WKH�86$����PLOOLRQ�W���%UD]LO������PLOOLRQ�W��DQG�5XVVLD����PLOOLRQ�W�� 
Currently there are different LCA databases developed for the agri-food sector and very few are 
related to Italy. Among the datasets concerning Italian wheat-based product systems six are from the 
Agri-footprint database and nine from WFLDB (Notarnicola et al., 2022a). These datasets are only 
partially based on Italian site-specific data and often contain data from other European countries or 
global non-specific data. Considering the absence of an Italian LCA database relating to the agri-food 
sector, the Research Project of Relevant National Interest PRIN, entitled "Promoting Agri-Food 
Sustainability: Development of an Italian Life Cycle Inventory Database of Agri-Food Products 
(ILCIDAF)", funded by the Ministry of University and Research (MUR), seeks to overcome this 
limitation with the aim of developing an Italian LCI database of the most significant agri-food 
products. This article describes the methodology followed for the development of ILCIDAF datasets 
concerning the agricultural phase of Italian wheat production, with a focus on the SALCA model 
adapted to the national territory. In order to confirm the robustness of the emissions estimated with 
this model, a comparison of the results obtained by subjecting existing and newly constructed datasets 
(ILCIDAF) to LCIA, with and without the application of the SALCA model, was carried out. The 
outcome of the comparison of the eco-indicators indicates that the adaptation of the SALCA model 
to the Italian soil is in line with the data implemented in the other databases, albeit with some minor 
variations due to the regionalisation of the data necessary, to ensure geographical representativeness 
of heavy metal emissions. 
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$SSURDFK�DQG�PHWKRGRORJ\ 
Among the main features of the ILCIDAF project is data representativeness. For the development of 
the database a six-year time interval (2015 ± 2020) was chosen to consider average values that take 
into account variations in agricultural yield over time. Furthermore, the most productive regions, 
representing at least 80% of national wheat production, were taken into consideration. This procedure 
was followed considering durum and common wheat production, conventional and biological. Input 
data collection is characterised by the combination of statistical, literature and on field data. Statistical 
data (such as yield, cultivated area and quantity harvested) were collected from the national databases 
ISTAT (National Statistical Institute) and SINAB (National Information System on Organic 
Farming). The cultivation of durum wheat is characteristic of central and southern Italy regions: 
Puglia, Sicilia, and Marche are the most significant regions and account for 23.5%, 18.9% and 10.9% 
of national production respectively. Common wheat is mainly cultivated in northern Italy (Po Valley). 
The largest production is in Emilia Romagna (30.6%), Veneto (19.4%), Piemonte (13.9%) and 
Lombardia (11.7%). Field data collection was carried out locally for the durum wheat cultivation (raw 
material for pasta production), considering the province with the highest production as representative 
at national level, i.e. the Foggia province responsible for 17.68% of Italian production. The field data 
ZDV�DFTXLUHG�WKURXJK�WKH�³ILHOG�ORJERRNV´�RI�WKH�IDUPHUV�ZKR�FROODERUDWHG�RQ�WKH�SURMHFW��7KH�PRVW�
cultivated cultivars for the Foggia province are: antalis, iride, saragolla, sfinge, PR22D89, simento, 
quadrato and latinur. The literature data considered in this study were taken from the following 
sources: 

1. regional integrated production guidelines, which are important for defining regional fertilisers 
application limits of N, P2O5 and K2O to be applied to the soil; 

2. agricultural handbook (Ribaudo, 2017) from which the fuel and lubricating oil consumption of 
agricultural operations were taken for different production scenarios distinguished by macro-area 
and elevation land; 

3. agro-pharmaceuticals handbook (Muccinelli, 2011) useful to determine which pesticides are 
supplied to the crop.  

The data were subsequently adapted to the reference region. The territorial configuration, divided into 
plains and hills (mountainous terrain was excluded as it is an impervious territory for wheat 
cultivation) was acquired from the ISTAT database. The outputs of the agricultural system are 
determined by the emissions caused by the consumption of materials (fertilisers, herbicides, 
fungicides and by the types of soil tillage). Soil fertilisers application results in the emissions of the 
following substances, into different environment compartments: nitrous oxide, carbon dioxide, 
nitrogen oxides, ammonia in the air compartment; nitrate and phosphorus in the water compartment. 
Quantities emitted to the environment are determined according to the JRC Technical Report 
(Zampori et al., 2019) and the IPCC methodology (IPCC, 2006 and 2019 refinement). Emissions of 
plant protection products were calculated as described in Zampori et al., 2019. Leaching (into 
groundwater) and erosion (into rivers) were modelled to account for heavy metals emissions. These 
emissions are calculated according to the Swiss SALCA±SM model (Freiermuth, 2006) appropriately 
adapted to the Italian territory (Notarnicola et al., 2022b). Although the method has been used by 
other databases to define national datasets, including the Italian one, the heterogeneity of the Italian 
peninsula requires greater considerations not only on a national, but also on a regional scale. 
Therefore, modelling this method for a more limited area than the whole country is necessary, as a 
larger scale of geographical representativeness allows a more detailed characterisation of the model 
results. 
In substance, the method is based on the fact that agricultural operations such as ploughing, clearing, 
harrowing, sowing, fertilising, weeding, harvesting, in addition to consuming materials in terms of 
fuel, lubricating oil and wear and tear on agricultural equipment, encourage the normal processes of 
leaching and erosion to which the soil is naturally subject. This leads to a consequent increase of 
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heavy metal emissions into the environment. Representative heavy metals in agriculture are 
chromium (Cr), cadmium (Cd), copper (Cu), mercury (Hg), nickel (Ni), lead (Pb) and zinc (Zn). This 
concept, in the SALCA-SM model, is summarised by the determination of a multiplicative factor that 
quantifies the contribution of agriculture to the phenomena of soil erosion and leaching. This 
multiplication factor (Ai), referring to the ith metal, depends on the concentration of the ith metal 
contained in fertilisers (Desaules & Studer, 1993; Manzi & Kessler, 1998), active ingredients (Perkow 
& Ploss, 1994 and FAW & BLW, 2000) and seeds (Schultheiss et al., 2007) multiplied by the amount 
of fertilisers, active ingredients and seeds applied to the soil. It also depends on the amount of heavy 
metals deposited in the soil (ISPRA, 2019). All these parameters vary depending on the geographical 
area and from region to region according to: 

a. the maximum amount of fertilisers applicable in a given region (regional integrated 
production guidelines); 

b. the type of active substance chosen, which depends on a particular cultivar type typical of one 
area rather than another; 

c. the type of cultivation, conventional or organic;  
d. the reference period chosen, because every year many active substances become obsolete, 

non-standard and not applicable by law, and therefore need to be replaced with different active 
substances with different heavy metal concentrations. 

7KH�6$/&$�PRGHO�KDV�VHYHUDO�IRUPXODV�UHIHUULQJ�WR��WKH�DPRXQW�RI�KHDY\�PHWDO�³L´�UHPRYHG�IURP�
WKH�VRLO�E\�HURVLRQ�WKDW�FDQ�EH�DWWULEXWHG�WR�FXOWLYDWLRQ��0(URVLRQ�L���WKH�DPRXQW�RI�HURGHG�VRLO��6(URVLRQ�L���
WKH�HVWLPDWHG�ORDG�RI�KHDY\�PHWDO�³L´�WKDW�LV�UHPRYHG�IURP�WKH�OD\HU�E\�OHDFKLQJ�DQG�FDQ�EH�DWWULEXWHG�
WR�FXOWLYDWLRQ��0/HDFK�L���8VLQJ�GDWD�SXEOLVKHG�RQ�WKH�(XURSHDQ�6RLO�'DWD�&HQWUH��(6&$'��GDWDEDVH��
LW�ZDV�SRVVLEOH�WR�FKDUDFWHULVH�PDQ\�RI�WKH�IDFWRUV�LQ�WKHVH�IRUPXODV�DW�WKH�QDWLRQDO�OHYHO�DQG�IRU�HDFK�
,WDOLDQ�UHJLRQ��,Q�SDUWLFXODU��ZLWK�UHJDUG�WR�WKH�IRUPXOD�IRU�HVWLPDWLQJ�WKH�DPRXQW�RI�HURGHG�VRLO��WKH�
IDFWRUV�5��F���F���3�DQG�/6�ZHUH�FKDUDFWHULVHG�RQ�D�UHJLRQDO�VFDOH��ZKLOH�D�QDWLRQDO�DYHUDJH�YDOXH�ZDV�
DVVXPHG�IRU�WKH�.VWRQLQHVV�IDFWRU��3DQDJRV�HW�DO����������7KH�&727�L�IDFWRU�FRQWDLQHG�LQ�WKH�IRUPXOD�IRU�
HVWLPDWLQJ�WKH�DPRXQW�RI�KHDY\�PHWDOV�UHPRYHG�E\�HURVLRQ�LV�FKDUDFWHULVHG�IRU�IRXU�,WDOLDQ�PDFUR�
DUHDV��QRUWK��FHQWUH��VRXWK�DQG�LVODQGV���7KH�DSSURDFK�JLYHQ�LQ�WKH�6$/&$�60�PRGHO��:ROIHQVEHUJHU�
	�'LQNHO��������ZHUH�IROORZHG�WR�HVWLPDWH�WKH�KHDY\�PHWDO�ORDG�³L´�UHPRYHG�E\�OHDFKLQJ�IURP�WKH�
VRLO� 
0DLQ�UHVXOWV�DQG�GLVFXVVLRQ 
+DYLQJ�GHILQHG�WKH�VFLHQWLILF�PHWKRGRORJ\�DQG�WKH�PRGLILFDWLRQV�PDGH�WR�WKH�6$/&$�PRGHO��LW�ZDV�
SRVVLEOH�WR�FUHDWH����GDWDVHWV�����UHODWLQJ�WR�FRQYHQWLRQDO�FXOWLYDWLRQ�����IRU�GXUXP�ZKHDW�DQG����IRU�
VRIW�ZKHDW������UHIHUULQJ�WR�RUJDQLF�FXOWLYDWLRQ�����IRU�GXUXP�ZKHDW�DQG���IRU�VRIW�ZKHDW��DQG���PRUH�
VSHFLILF�RQHV�WDNHQ�IURP�WKH�GDWD�FROOHFWHG�RQ�ILHOG�UHIHUULQJ�WR�WKH�GLIIHUHQW�FXOWLYDUV�� 
%HORZ��IRU�LOOXVWUDWLYH�SXUSRVHV��LV�D�QDWLRQDO�DYHUDJH�GDWDVHW�RQ�WKH�LQSXWV�RI�FRQYHQWLRQDO�FXOWLYDWLRQ�
RI�RQH�KHFWDUH�RI�GXUXP�ZKHDW��,QSXWV�UHODWHG�WR�DJULFXOWXUDO�RSHUDWLRQV�DUH�SUHVHQWHG�LQ�DJJUHJDWH�
IRUP�GXH�WR�ODFN�RI�VSDFH� 

Table 1: Italian average input dataset for conventional cultivation of one hectare of durum wheat 
,1387 

'HVFULSWLRQ 4XDQWLW\ 8QLWj 'HVFULSWLRQ 4XDQWLW\ 8QLWj 
2FFXSDWLRQ��DQQXDO�KDUYHVW ������ P� )HUWLOLVHUV�3�2� ����� NJ 
6HHGV ������� NJ )HUWLOLVHUV�.�2 ����� NJ 
)XHO ������� NJ %URPR[LOLQ ���� NJ 
(OHFWULFLW\ ��� N:K 0HFRSURS ���� NJ 
/XEULILFDWLQJ�RLO ������ NJ ,RGRVXOIXURQ ���� NJ 
5DLO�WUDQVSRUW ����� WNP )HQSURSLPRUI ���� NJ 
5RDG�WUDQVSRUW ����� WNP 3LUDFORVWURELQ ���� NJ 
:DWHU�WUDQVSRUW ����� WNP (SR[LFRQD]ROR ���� NJ 
)HUWLOLVHUV�1 ������ NJ &ORTXLQWR]HW�PH[\O ���� NJ 
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%\� LPSOHPHQWLQJ� WKH� 6$/&$�60�PRGHO� LQ� WKH� ,/&,'$)� GDWDEDVH�� LW� ZDV� SRVVLEOH� WR� REVHUYH��
WKURXJK�D�/LIH�&\FOH�,PSDFW�$VVHVVPHQW��/&,$���KRZ�LW�DIIHFWV�WKH�UHVXOWV�E\�LQFUHDVLQJ�WKH�YDOXH�RI�
WKH�ILQDO�HFR�LQGLFDWRU��7KH�LPSDFW�DVVHVVPHQW�ZDV�GRQH�E\�LQFOXGLQJ�DQG�H[FOXGLQJ�WKH�HVWLPDWHG�
HPLVVLRQV�RI�KHDY\�PHWDOV��WKXV�REWDLQLQJ�D�SHUFHQWDJH�FKDQJH��ǻ���LQ�WHUPV�RI�WKH�HFR�LQGLFDWRU��
7KH�/&,$�ZDV�FRQGXFWHG�IRU�DOO�,/&,'$)�GDWDVHWV�UHODWHG�WR�FRQYHQWLRQDO�ZKHDW�FXOWLYDWLRQ��7DEOH�
�� VKRZV� WKH� SHUFHQWDJH� GLIIHUHQFHV� IRU�� QDWLRQDO� DYHUDJH� YDOXH� IRU� GXUXP�DQG� VRIW�ZKHDW� DQG� DQ�
RYHUDOO�DYHUDJH�YDOXH� 
Table 2: Percentage difference in terms of the resulting eco-indicator obtained by performing the LCIA with and without the application 
of the SALCA-SM model - using the datasets for the conventional cultivation of one hectare of Italian durum and soft wheat (ILCIDAF 
database) 

 Average Italian durum wheat Average Italian soft wheat Average Italian wheat 
ǻ� ���� ���� ���� 

The same approach was followed for the existing LCI datasets (8 Ecoinvent, 13 WFLDB, 12 Agri-
footprint) and the results (Table 3) were compared with the previous ones illustrated in Table 2. 

Table 3: Percentage difference in terms of eco-indicator values obtained by using the Ecoinvent, WFLDB and Agri-footprint datasets 
for wheat cultivation with and without the application of the SALCA-SM model during LCIA 

 $5 $8 &$ '( (6 )5 +8 ,1 ,7 3/ 58 86 =$ 
(FRLQYHQW  ���� ���� ���� ���� ����  ����    ��� ��� 
:)/'%�  ���� ����  ����    ����     
:)/'%� ���� ���� ���� ����  ���� ����   ��� ��� ���  
$JULIRRWSULQW ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����  

Note: 1 for durum wheat WFLDB processes; 2 for non-irrigated wheat WFLDB processes 

$�PD[LPXP�YDOXH�ZDV�REWDLQHG�IRU�6SDLQ��:)/'%��ZLWK�D�ǻ��YDOXH�RI�����%, while minimum 
YDOXHV�ZHUH�FDOFXODWHG�LQ�6RXWK�$IULFD��(FRLQYHQW��DQG�5XVVLD��:)/'%��ZLWK�D�ǻ��RI����%. The 
ILCIDAF database shows DQ�DYHUDJH�ǻ��YDOXH�IRU�GXUXP�ZKHDW�RI�������KLJKHU�WKDQ�WKH�DYHUDJH�
value for soft wheat of 0.34%. These values are in line with the values in Table 3. Furthermore, the 
WFLDB database allows comparison of processes for non-irrigated wheat cultivation wherH�WKH�ǻ��
is lower than for general cultivation, excluding Australia where an opposite trend is observed. 
,UULJDWLRQ��WKHUHIRUH��IXUWKHU�SURPRWHV�HURVLRQ�DQG�OHDFKLQJ��$QDO\VLQJ�WKH�ǻ��UHODWLYH�WR�WKH�,WDOLDQ�
territory, for ILCIDAF the minimum variation of 0.71%; for WFLDB it corresponds to a value of 
about 3.09%, while for Agri-footprint the maximum variation of 3.64% is recorded. These differences 
can be attributed to the choice of data used for the application of SALCA. 

&RQFOXVLRQV 
,Q�FRQFOXVLRQ��WKH�DGDSWDWLRQ�RI�WKH�6$/&$�PRGHO�WR�WKH�,WDOLDQ�WHUULWRU\�DSSOLHG�IRU�WKH�,/&,'$)�
GDWDEDVH�DOORZV�WKH�JHRJUDSKLFDOO\�UHSUHVHQWDWLYH�HVWLPDWLRQ�RI�KHDY\�PHWDO�HPLVVLRQV�� 
%\�FRPSDULQJ�WKH�HFR�LQGLFDWRUV�REWDLQHG�E\�VXEMHFWLQJ�WKH�H[LVWLQJ�GDWDVHWV��(FRLQYHQW��:)/'%�
DQG�$JUL�IRRWSULQW��DQG� WKH�QHZO\�FRQVWUXFWHG�GDWDVHWV� �/&,'$)�� UHODWLQJ� WR�ZKHDW�FXOWLYDWLRQ� LQ�
GLIIHUHQW�FRXQWULHV�WR�/&,$��ZLWK�DQG�ZLWKRXW�WKH�DSSOLFDWLRQ�RI�WKH�6$/&$�PRGHO��LW�FDQ�EH�VWDWHG�
WKDW� WKH� UHVXOWV� REWDLQHG� IRU� WKH� ,/&,'$)� GDWDEDVH� DUH� LQ� OLQH�ZLWK� WKRVH� IRXQG� IRU� WKH� H[LVWLQJ�
GDWDVHWV��DOEHLW�EHORZ�DYHUDJH��7KH�,WDOLDQ�DYHUDJH�ǻ��IRU�GXUXP�ZKHDW�LV��������ZKLOH�IRU�VRIW�ZKHDW�
LW�LV��������,Q�FRQWUDVW��IRU�WKH�H[LVWLQJ�GDWDVHWV��ǻ�PD[�RI��������ǻ�PLQ�RI������DUH�UHFRUGHG� 
7KH�KLJK�YDULDELOLW\�RI�WKH�ǻ��LV�GXH�WR�WKH�UHJLRQDOLVHG�DSSOLFDWLRQ�RI�WKH�PRGHO��,Q�IDFW��WKH�GDWD�
XVHG� LQ� WKH� ,/&,'$)� GDWDVHWV� DUH� GLIIHUHQW� IURP� WKRVH� LQ� WKH� GHVFULEHG� GRFXPHQWV� RI� WKH� RWKHU�
DQDO\VHG� GDWDEDVHV�� 7KH� IDFWRUV� XVHG� IRU� HVWLPDWLQJ� HURVLRQ� DQG� KHDY\� PHWDO� GHSRVLWLRQ� DUH�
H[FOXVLYHO\�UHODWHG�WR�WKH�,WDOLDQ�WHUULWRU\�DQG�IXUWKHUPRUH�FKDUDFWHULVHG�IRU�HDFK�UHJLRQ��7KLV�PDNHV�
LW�SRVVLEOH�WR�VWDWH�WKDW� WKH�UHJLRQDOLVHG�DSSOLFDWLRQ�RI�WKH�6$/&$�PRGHO�WR� WKH�,WDOLDQ�WHUULWRU\�LV�
QHFHVVDU\� LQ�RUGHU� WR�REWDLQ� UHSUHVHQWDWLYH� VLWH�VSHFLILF� UHVXOWV��)XUWKHUPRUH�� WKLV� LPSOLHV�D�XVHIXO�
GHYHORSPHQW� RI� WKH� /&$� PHWKRGRORJ\� WR� WKH� ,WDOLDQ� DJUL�IRRG� VHFWRU� DQG� LQ� SDUWLFXODU� WR� WKH�
DJULFXOWXUDO�SKDVH� 
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'HYHORSPHQW�DQG�KDUPRQL]DWLRQ�RI�HQYLURQPHQWDO�IRRWSULQW�DVVHVVPHQW�RI�IRRG�
SURGXFWV�LQ�)LQODQG�

�
-XKD�0DWWL�.DWDMDMXXUL��
��,ONND�/HLQRQHQ����6DQQD�+LHWDOD���)UDQV�6LOYHQLXV���.LUVL�8VYD����.DWUL�

-RHQVXX���.DUHWWD�7LPRQHQ��
�

�1DWXUDO�5HVRXUFHV�,QVWLWXWH�)LQODQG��%LRHFRQRP\�DQG�(QYLURQPHQWDO��+HOVLQNL��)LQODQG�
��1DWXUDO�5HVRXUFHV�,QVWLWXWH�)LQODQG��%LRHFRQRP\�DQG�(QYLURQPHQWDO��2XOX��)LQODQG� �
�1DWXUDO�5HVRXUFHV�,QVWLWXWH�)LQODQG��%LRHFRQRP\�DQG�(QYLURQPHQWDO��-RNLRLQHQ��)LQODQG�
�
.H\ZRUGV��/&$��IRRG��KDUPRQL]DWLRQ��FRPSDUDELOLW\��PHWKRG��SURGXFW�FDWHJRU\�UXOH��3()&5��
�

&RUUHVSRQGLQJ�DXWKRU��7HO����������������������
�(�PDLO�DGGUHVV��MXKD�PDWWL�NDWDMDMXXUL#OXNH�IL�
�
$EVWUDFW�
3ROLWLFDO� DQG�EXVLQHVV�GHFLVLRQ�PDNLQJ�DQG�FRPPXQLFDWLRQ� DERXW� WKH� HQYLURQPHQWDO� IRRWSULQWV�RI�
IRRG� SURGXFWV� VKRXOG� EH� XQLIRUP� DQG� FRPSDUDEOH��2XU�ZRUN� DLPV� WR� HQVXUH� WKDW� DW� OHDVW� )LQQLVK�
FRPSDQLHV�DQG�DFWRUV�ZRXOG�DVVHVV�DQG�FRPPXQLFDWH�WKH�HQYLURQPHQWDO�IRRWSULQWV�RI�IRRG�SURGXFWV�
LQ� D� FRPSDUDEOH� ZD\�� HVSHFLDOO\� ZKHQ� EULQJLQJ� LQIRUPDWLRQ� WR� WKH� SXEOLF� GLVFXVVLRQ� DQG�
HQYLURQPHQWDO�FODLPV��7KH�ZRUN�ZLOO�IDFLOLWDWH�DQG�SURPRWH�WKH�DVVHVVPHQW�RI�RWKHU�HQYLURQPHQWDO�
LPSDFWV�LQ�DGGLWLRQ�WR�FDUERQ�IRRWSULQW�DVVHVVPHQW��$OWKRXJK�WKH�IRRG�/&$�PHWKRGV�DQG�GLIIHUHQW�
VWDQGDUGV�DQG�JXLGHV�KDYH�GHYHORSHG��D�FRPPRQ�FKDOOHQJH� LV� VWLOO� WKH� ODUJH�QXPEHU�RI� LQGLYLGXDO�
FKRLFHV� DQG� VROXWLRQ� SRVVLELOLWLHV� RIIHUHG� E\� /&$� DVVHVVPHQW� PHWKRGV� DW� VHYHUDO� SRLQWV� LQ� WKH�
DVVHVVPHQW��ZKLFK�ZHDNHQV�WKH�FRPSDUDELOLW\�RI�WKH�UHVXOWV��,Q�RXU�SURMHFW��D�JHQHUDO�JXLGHOLQH�IRU�
WKH�IRRG�/&$�PHWKRG�ZLOO�EH�FRPSOHWHG��ZKLFK�RXWOLQHV��DPRQJ�RWKHU� WKLQJV��DOORFDWLRQV��V\VWHP�
ERXQGDULHV�� GDWD� TXDOLW\� UHTXLUHPHQWV�� VRLO� FDUERQ� FKDQJHV� DQG� D� QXPEHU� RI� DVVHVVPHQW� DQG�
HTXDWLRQ�IRUPXODV�IRU��IRU�H[DPSOH��DQLPDO�DQG�SODQW�SURGXFWLRQ��,Q�WKLV�UHJDUG��RXU�JXLGHOLQHV�ZLOO�
EH�PRUH�KDUPRQL]HG�WKDQ�WKH�JHQHULF�3()��ZKLFK�GRHV�QRW�DLP�IRU�FRPSDUDELOLW\�EHWZHHQ�SURGXFW�
JURXSV�� ,W� LV� HVVHQWLDO� WR� KDUPRQL]H� WKH�PDLQ� SULQFLSOHV� UHJDUGLQJ� WKH� HQYLURQPHQWDO� IRRWSULQW� RI�
IRRGVWXIIV�VR�WKDW�WKH�DVVHVVPHQW�DUH�FRPSDUDEOH�EHWZHHQ�SURGXFW�JURXSV�DV�ZHOO��$W�WKH�VDPH�WLPH��
RXU�DLP� LV� WR�SUHSDUH� WKH�JXLGHOLQHV�DV�3()�FRPSDWLEOH�DV�SRVVLEOH��+RZHYHU��GHVSLWH�RXU�JRDO�� LW�
GRHV�QRW�PHDQ�WKDW�QXWULWLRQDOO\�GLIIHUHQW�SURGXFWV�FDQ�RU�VKRXOG�EH�GLUHFWO\�FRPSDUHG�WR�HDFK�RWKHU�
DV�VXFK��)URP�WKH�FRPSDQ\�SHUVSHFWLYH��DURXQG����)LQQLVK�FRPSDQLHV�DUH�LQYROYHG�LQ�WKH�SURMHFW��
DQG� WKH� SDUWLFLSDWLRQ� RI� FRPSDQLHV� VSHHGV� XS� WKH� LPSOHPHQWDWLRQ� RI� WKH� KDUPRQL]DWLRQ� DQG�
GHYHORSPHQW�ZRUN�RI�IRRG�/&$V��
�
�
,QWURGXFWLRQ�DQG�EDFNJURXQG�
&DUERQ� DQG� HQYLURQPHQWDO� FODLPV� DQG� ODEHOV� DQG�/&$�EDVHG� HQYLURQPHQWDO� LQIRUPDWLRQ� RI� IRRG�
SURGXFWV�KDYH�ZLGHO\�HQWHUHG�LQWR�SXEOLF�GLVFXVVLRQ�DQG�GHEDWH��$OVR�WKH�,QWHUJRYHUQPHQWDO�3DQHO�
RQ�&OLPDWH�&KDQJH�KDV�UDLVHG�IRRG�DQG�LWV�FRQVXPSWLRQ�DQG�FRQVXPSWLRQ�FKDQJHV�DV�RQH�RI�WKH�NH\�
PHDQV� LQ�WKH�ILJKW�DJDLQVW�FOLPDWH�FKDQJH��)LQQLVK��HVSHFLDOO\�WKH�ODUJHVW�FRPSDQLHV��DUH�FXUUHQWO\�
LQYHVWLQJ�D�ORW�LQ�GHWHUPLQLQJ�DQG�UHGXFLQJ�WKH�HQYLURQPHQWDO�LPSDFW�RI�WKHLU�SURGXFWV�DQG�VXSSO\�
FKDLQ��DOEHLW�ZLWK�DQ�HPSKDVLV�RQ�WKH�FDUERQ�IRRWSULQW��
�
6FLHQWLILF�DUWLFOHV�RQ�/LIH�&\FOH�$VVHVVPHQW��/&$��RI�IRRG�KLJKOLJKW�QHZ�PHWKRGV�DQG�DSSURDFKHV��
FDOFXODWLRQ� PRGHOV� DQG� UHVXOWV� IURP� WKH� SHUVSHFWLYH� RI� ERWK� IRRG� SURGXFWV� DQG� GLHWV� DQG� WKH�
HQYLURQPHQWDO�IRRWSULQWV�RI�SURGXFWLRQ�DQG�FRQVXPSWLRQ��&DUERQ�QHXWUDOLW\�LV�EHLQJ�SXUVXHG�LQ�WKH�
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FRPSDQLHV
�YDOXH�FKDLQV�DQG�HVSHFLDOO\�DWWHPSWV�WR�LQFUHDVH�FDUERQ�VRLO�LQ�SULPDU\�SURGXFWLRQ�LV�LQ�
KHDGOLQHV��7KHUH� LV�D�GHVLUH� WR� UHGXFH� WKH�HQYLURQPHQWDO� LPSDFW�RI� IRRG��+RZHYHU�� WKHUH� LV� VWLOO� D�
ORQJ�ZD\�WR�JR�WR�XQLIRUPO\�PHDVXUH�WKH�FDUERQ�DQG�HQYLURQPHQWDO�IRRWSULQWV�RI�IRRG�SURGXFWV��
�
)LQQLVK� FRPSDQLHV� DUH� DOUHDG\� TXLWH� ZHOO� DZDUH� WKDW� FDUERQ� DQG� HQYLURQPHQWDO� IRRWSULQW�
DVVHVVPHQWV�FDUULHG�RXW�DW�GLIIHUHQW�WLPHV�DQG�SODFHV�DQG�E\�GLIIHUHQW�FRPSDQLHV�DQG�RUJDQL]DWLRQV�
DUH�QRW� DXWRPDWLFDOO\�FRPSDUDEOH��7KH�FKDOOHQJH� LV� WKH� ODUJH�QXPEHU�RI� VROXWLRQ�SRVVLELOLWLHV�DQG�
FKRLFHV� RIIHUHG� E\� WKH� /&$� PHWKRGV�� DSSURDFKHV� DQG� VWDQGDUGV� DW� VHYHUDO� SRLQWV� LQ� WKH� /&$�
SURFHVV��ZKLFK�ZHDNHQV� WKH�FRPSDUDELOLW\�RI� WKH� UHVXOWV��7KHUHIRUH��ZH�VKRXOG�DQVZHU�H�J�� WR� WKH�
IROORZLQJ�TXHVWLRQV�LQ�RXU�FXUUHQW�PHWKRGRORJ\�KDUPRQL]DWLRQ�LQLWLDWLYH��
�
$UH� WKH�VRLO� FDUERQ�VWRFNV�RI� IRRG�SURGXFWV� �DOVR�SRWHQWLDO�FDUERQ�VLQNV�� LQFOXGHG�DQG�KRZ�FRXOG�
WKH\� EH� LQFOXGHG� LQ� WKH� DVVHVVPHQW� LQ� XQLIRUP�ZD\"�+RZ�DUH�&2�� HPLVVLRQV� UHOHDVHG� IURP� SHDW�
ILHOGV� LQWHUSUHWHG� LQ� WKH� FDUERQ� IRRWSULQW� DVVHVVPHQW�� VLQFH� WKLV� LV� HVVHQWLDO� HOHPHQW� HVSHFLDOO\� LQ�
)LQODQG��+RZ�DUH�HPLVVLRQV�DOORFDWHG� LQ� VLGH� VWUHDP�VLWXDWLRQV�RU�DUH� WKH\�FRPSHQVDWHG�DQG�ZLWK�
ZKDW� SULQFLSOHV� LQ� GLIIHUHQW� W\SHV� RI� FLUFXODU� HFRQRP\� VLWXDWLRQV�� UHJDUGLQJ� H�J��PDQXUH� XVH� DQG�
VLGH�VWUHDP�EDVHG� IHHG� UDZ�PDWHULDOV"�:KDW� WLHU� OHYHO�RI�HPLVVLRQ�PRGHOV� VKRXOG�EH�XVHG� IRU� WKH�
ELRORJLFDO�SURFHVVHV�RI�SULPDU\�SURGXFWLRQ�WR�PDNH�WKH�UHVXOWV�FRPSDUDEOH"�:KHWKHU�DQG�KRZ�LV�WKH�
FDUERQ� IRRWSULQW� RI� XVH� VWDJH�� HVSHFLDOO\� IRRG� SUHSDUDWLRQ� DQG� WUDQVSRUWDWLRQ� RI� KRXVHKROGV��
GHWHUPLQHG�DQG�FRPPXQLFDWHG�DV�SDUW�RI�WKH�SURGXFW�/&$�UHVXOWV��VLQFH�WKHUH�DUH�PDQ\�RSWLRQV�WR�
SUHSDUH� IRRG� E\� FRQVXPHUV"� ,V� LW� QHFHVVDU\� DQG� WR� ZKDW� H[WHQW� VKRXOG� WKHUH� EH� DFWXDO� SULPDU\�
DFWLYLW\�GDWD�IURP�SULPDU\�SURGXFWLRQ�IDUPV"�
�
7KH�H[WHQVLYH�)LQQLVK�/&$)RRG3ULQW�ZRUN�DLPHG�DW�KDUPRQL]LQJ�IRRG�/&$V�VWDUWHG�LQ������DQG�
ZLOO�HQG�LQ�WKH�VXPPHU�RI������WR�DQVZHU�WKHVH�FKDOOHQJHV��&RRSHUDWLRQ�ZLWK�DURXQG����FRPSDQLHV�
DQG�DVVRFLDWLRQV�RSHUDWLQJ�LQ�)LQODQG�LV�LQ�WKH�FRUH�RI�WKH�SURMHFW��LQ�DGGLWLRQ�WR�DFWXDO�PHWKRGRORJ\�
GHYHORSPHQW�DQG�KDUPRQLVDWLRQ�ZRUN��7KH�VWDUWLQJ�SRLQW�RI�WKH�QDWLRQDO�KDUPRQLVDWLRQ�ZRUN�LV�WKH�
ZRUN�E\� WKH�(XURSHDQ�&RPPLVVLRQ�RQ� WKH�DVVHVVPHQW�RI� WKH� HQYLURQPHQWDO� IRRWSULQW� RI�SURGXFWV�
�3URGXFW�(QYLURQPHQWDO�)RRWSULQW��3()���,W�KDV�PDQ\�VWUHQJWKV��)XUWKHUPRUH��WKH�&RPPLVVLRQ�ZLOO�
SUREDEO\�SXVK�IRU�WKH�IDFW�WKDW�LQ�WKH�IXWXUH�FRPSDQLHV�PXVW�FDUU\�RXW�WKH�DVVHVVPHQW�LQ�DFFRUGDQFH�
ZLWK�WKH�3()�DVVHVVPHQW��LI�WKH\�ZDQW�WR�ODXQFK�OLIHF\FOH�EDVHG�HQYLURQPHQWDO�IRRWSULQW�FODLPV��7KH�
SDUWLFLSDWLQJ� FRPSDQLHV�ZLOO� JHW� WR� NQRZ� VHYHUDO� IRRG�/&$� UHODWHG� FODVVLF� DQG� QHZHU� FKDOOHQJHV�
DQG�DUHDV�DQG�WKHLU�VROXWLRQV�WKURXJKRXW�WKH�SURMHFW�DQG�RQJRLQJ�PHWKRGRORJLFDO�KDUPRQL]DWLRQ�DQG�
GHYHORSPHQW� HIIRUWV� E\� WKH� UHVHDUFK� WHDP�� 7KH� SDUWLFLSDWLRQ� RI� FRPSDQLHV� VSHHGV� XS� WKH�
LPSOHPHQWDWLRQ� RI�ZRUN� LQ� WKH� ILHOG�� DQG� WKH� FROOHFWLRQ� RI� LQLWLDO� GDWD� RQ� IDUPLQJ� RSHUDWLRQV� DQG�
FKDLQ�SURFHVVHV�EHFRPHV�HDVLHU��
�
)LUVW�)LQQLVK�FOLPDWH�DVVHVVPHQW�SURWRFRO�RI�IRRG�SURGXFWV�ZDV�DOUHDG\�GHYHORSHG�E\�.DWDMDMXXUL�HW�
DO��������DQG� WKH�OHDUQLQJV�� UHVXOWV�DQG�EDFNJURXQG�ZRUN�IURP�WKDW�SURFHVV�ZLOO�EH�XWLOL]HG� LQ� WKH�
FXUUHQW�ZRUN��
�
5DWLRQDOH��REMHFWLYH�DQG�VFRSH�
&RPPRQ�UXOHV�DUH�QHHGHG�IRU�DVVHVVPHQW�DQG�FDOFXODWLRQ�PHWKRGV�WR�HQDEOH�FRQVLVWHQW��KDUPRQL]HG�
DQG�FRPSDUDEOH�FDUERQ�DQG�RWKHU�HQYLURQPHQWDO� IRRWSULQWLQJ�RI�IRRG��SXEOLF�GHEDWH�DQG�GHFLVLRQ�
PDNLQJ�� ,62� ������ VHULHV�� ,62� ������ VWDQGDUGV� DQG� 3URGXFW� (QYLURQPHQWDO� )RRWSULQW� JXLGHV�
�(XURSHDQ�&RPPLVVLRQ�������DQG�QHZHVW�VXJJHVWLRQV�IRU�3()�LPSURYHPHQWV�E\�=DPSRUL�DQG�3DQW�
������� DQG� UHODWHG� IRRG� SURGXFW� FDWHJRU\� UXOHV� �3()&5V�� DOVR� +HOPHV� HW� DO�� ������ SURYLGH� DQ�
H[FHOOHQW�EDVLV�IRU�WKDW��+RZHYHU��WKHUH�DUH�FHUWDLQ�FRQWUDGLFWLRQV�EHWZHHQ�WKHP��VHH�H�J��3HGHUVHQ��
(��DQG�5HPPHQ��$��������DQG�DOVR�3()&5V�RI�GLIIHUHQW�IRRG�SURGXFW�JURXSV�FRQVLVWV�RI�GLIIHUHQW�
W\SH�RI�PHWKRGRORJLFDO�VROXWLRQV�DQG�VXJJHVWLRQV��$V�ZH�VHH�WKDW�3()�VHHPV�WR�EH�HYHQ�VWURQJHU�LQ�
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WKH�IXWXUH��DQG�LW�PLJKW�EH�PDQGDWRU\�WR�PDNH�WKH�/&$V�EDVHG�RQ�WKDW��LI�DLPHG�IRU�SXEOLF�XVH��RXU�
PHWKRGRORJ\�LV�PHDQW�WR�EH�DV�FORVHO\�FRPSDWLEOH�ZLWK�3()�DQG�3()&5V�DV�SRVVLEOH��)XUWKHUPRUH��
VXLWDELOLW\� DQG� DFFHSWDELOLW\� RI� WKH�PHWKRGV� DQG�PRGHOV� LV� LPSRUWDQW� IURP� WKH� FRPSDQ\� SRLQW� RI�
YLHZ�� 7KH� HQYLURQPHQWDO� LPSDFW� FDWHJRULHV� LQFOXGHG� LQ� WKH� ZRUN� DUH� FOLPDWH� LPSDFW� �LH�� FDUERQ�
IRRWSULQW��� ZDWHU� IRRWSULQW� DQG� HXWURSKLFDWLRQ�� ,Q� WKH� IXWXUH�� DOVR� RWKHU� HVVHQWLDO� HQYLURQPHQWDO�
IRRWSULQW�LPSDFW�FDWHJRULHV�VKRXOG�EH�LQFOXGHG��DV�UHTXLUHG�E\�3()��
�
)LUVW�SUHOLPLQDU\�UHVXOWV�±�FRPSDULVRQ�RI�/&$�PHWKRGRORJLHV�RI�FXUUHQW�3()&5V�
$V� WKH� ILUVW� LQWHUQDWLRQDO� RXWSXW� RI�RXU�ZRUN��+LHWDOD� HW� DO�� ����� VXPPDUL]HV� WKH�NH\� GLIIHUHQFHV�
ZLWKLQ� FXUUHQW� DFWXDO� IRRG� 3()&5V� DQG� VRPH� GUDIW� YHUVLRQV� RI� 3()&5V�� 7KH� 3()� DQG� 3()&5�
JXLGHOLQHV�ZHUH�REVHUYHG�LQ�SDUDOOHO�DQG�WKH�FRPSDUDELOLW\�RI�WKH�OLIH�F\FOH�DVVHVVPHQW�UHVXOWV�WKXV�
GHILQHG�ZDV�DOVR�DVVHVVHG�EHWZHHQ�SURGXFW�JURXSV��'XH�WR�WKH�JHQHULF�3()�JXLGHOLQHV��PRVW�3()&5�
JXLGHOLQHV� IROORZ� ODUJHO\� WKH� VDPH�PHWKRGV� DQG� UHTXLUHPHQWV�� EXW� VRPH� FULWLFDO� GLIIHUHQFHV� DOVR�
H[LVW� WR� HQDEOH� FRPSDUDELOLW\�� ,Q� DGGLWLRQ� WR� WKH� IXQFWLRQDO� XQLW�� WKH�PRVW� VLJQLILFDQW� GLIIHUHQFHV�
ZHUH�REVHUYHG�LQ�DOORFDWLRQ��V\VWHP�ERXQGDULHV��HVSHFLDOO\�LQ�WKH�GHILQLWLRQ�RI�WKH�XVH�SKDVH��DQG�LQ�
WKH� KLHUDUFK\� OHYHOV� RI� WKH� PRGHOOLQJ�� ,W� VKRXOG� EH� QRWHG� WKDW� WKLV� FRPSDULVRQ� ZDV� NHSW� DW� D�
UHODWLYHO\�JHQHUDO�OHYHO��$�PRUH�GHWDLOHG�H[DPLQDWLRQ�FRXOG�UHILQH�WKHVH�UHVXOWV�DQG�WKH�GLIIHUHQFHV�
EHWZHHQ� WKH� 3()&5� FRXOG� EH� EHWWHU� LGHQWLILHG�� 2XU� FRPSDULVRQ�ZDV� FKDOOHQJHG� E\� WKH� IDFW� WKDW�
3()&5V�YDU\�LQ�TXDOLW\�DQG�GRFXPHQWDWLRQ��%DVHG�RQ�RXU�DQDO\VLV��LW�LV�FOHDU�WKDW�FXUUHQW�3()&5V�
GRHV�QRW�DLP�WR�PDNH�/&$V�RI�GLIIHUHQW�IRRG�SURGXFW�FDWHJRULHV�FRPSDUDEOH�DW�DOO�DV�VWDWHG�LQ�WKH�
3()�GRFXPHQWDWLRQ�DV�ZHOO�� DQG� IURP� WKDW� UHDVRQ� LW�ZRXOG�EH� LPSRUWDQW� WR�KDYH�RQH�³IRRG�3()´�
FRYHULQJ�DOO�WKH�IRRG�SURGXFWV�ZLWK�XQLIRUP�UHTXLUHPHQWV��
�
$GGLWLRQDOO\�� WKH� VRLO� FDUERQ� VWRFN� FKDQJHV� KDYH� EHHQ� WDNHQ� LQWR� DFFRXQW� LQ� RQO\� D� IHZ�3()&5�
JXLGHOLQHV�� ZKLFK� LV� RQH� RI� WKH� PRVW� FUXFLDO� µQHZHU¶� FKDOOHQJHV� LQ� IRRG� /&$V� DQG� PRVWO\� VRLO�
FDUERQ� FKDQJHV�KDYH�EHHQ�GLVFDUGHG� LQ�SUHYLRXV� LQGLYLGXDO� IRRG�/&$V�� RU� FDUULHG�RXW�ZLWK� ODUJH�
PHWKRGRORJLFDO� YDULDWLRQ� �H�J�� -RHQVXX� HW� DO�� ������ +LHWDOD� HW� DO�� ������� ,W� VKRXOG� EH� QRWHG� WKDW�
DFFRUGLQJ�WR�WKH�JHQHUDO�JXLGHOLQHV�RI�3$6������������FKDQJHV�LQ�VRLO�FDUERQ�VWRFNV�VKRXOG�QRW�EH�
WDNHQ� LQWR�DFFRXQW�ZKHQ� WKH\�DUH�QRW�GXH� WR�GLUHFW� ODQG�XVH�FKDQJHV� �%6,��������$V�D� UHVXOW�� IRU�
H[DPSOH�� WKH�HIIHFWV�RI�FXOWLYDWLRQ�PHDVXUHV�RQ�FDUERQ�VWRFNV�VKRXOG�EH�GLVUHJDUGHG�DFFRUGLQJ� WR�
WKH� 3$6����� JXLGHOLQH�� ,Q� FRQFOXVLRQ�� WKH� UHTXLUHPHQWV� IRU� WKH� WUHDWPHQW� RI� ELRJHQLF� FDUERQ� LQ�
VHYHUDO�3()&5V�DUH�ORRVH��7KH�LQFUHDVH�LQ�VRLO�FDUERQ�VWRFNV�KDV�EHHQ�WDNHQ�LQWR�DFFRXQW�LQ�RQO\�D�
IHZ� 3()&5� JXLGHOLQHV� DQG� WKH� 3()� JHQHUDO� JXLGHOLQH� LV� EDVHG� RQ� WKH� 3$6������ ����� JXLGHOLQH�
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Introduction  

The food system is responsible for significant environmental impacts, among others on climate 
change, land use and biodiversity. Many studies reveal how an increasing global population, 
changes in consumption models, and a considerable generation of food waste pose serious 
challenges to the overall sustainability of food production and consumption [1] European 
Commission. 2021. Commission Recommendation (EU) 2021/2279 of 15 December 2021 on the 
use of the Environmental Footprint methods to measure and communicate the life cycle 
environmental performance of products and organisations, OJ L 471, 2021 

[2]. Life cycle thinking and assessment, and their analytical power in assessing supply chains, have 
been advocated as reference methodologies for assessing those impacts (Notarnicola, Sala, et al. 
2016) [11]. A major criticality lies in the coexistence of different and non-harmonized 
methodologies and guidelines for assessing and labelling the environmental performance of food 
products, which can create confusion among consumers and other stakeholders involved in the food 
supply chains. Furthermore, it poses an unnecessary burden on those organizations requested to 
evaluate the environmental performance of their product according to several different 
methodologies. The European Commission and its science and knowledge service, the Joint 
Research Centre (JRC), are committed to address this issue, developing the Environmental 
Footprint (EF) methods as a commonly-agreed and science-based framework to ensure that 
environmental assessments are scientifically reliable, transparent, and consistent in supporting 
informed choice. 

This presentation aims at providing an overview on the principles, characteristics and opportunities 
underlying the EF methods and on the effort that is being made by the European Commission and 
other international organizations to harmonise these methods with other methodologies 
internationally recognized for the life cycle assessment applied to food sector. 

 

General framework and current status of the Environmental Footprint methods 
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A company wishing to market its product as environmentally friendly in different EU Member 
States faces a confusing range of choices of methods and initiatives for quantifying and 
communicating its environmental performance. Sometimes, they have to use different methods for 
different markets. This results in additional costs for companies and confusion for consumers. 
The European Commission developed the Product Environmental Footprint (PEF) and Organisation 
Environmental Footprint (OEF) methods as a common way of measuring the environmental 
performance of products and organizations, adopting in December 2021 the revised 
Recommendation on the use of Environmental Footprint methods [1]. 

The overarching purpose of PEF and OEF information is to enable reducing the environmental 
impacts of goods, services and organisations taking into account supply chain activities (from 
extraction of raw materials, through production and use to final waste management). This purpose is 
achieved through the provision of detailed requirements for modelling the environmental impacts of 
the flows of material/energy and the emissions and waste streams associated with a product or an 
organisation throughout the life cycle. 

A systemic perspective is needed to support decisions that have effects on the sustainability of 
policies, production systems and services, i.e. the environmental, social and economic spheres in 
which the concept of sustainability is articulated. Life Cycle Assessment (LCA) represents the 
practical realisation of this concept, aiming to analyse comprehensively potential environmental 
implications of a decision-making process. LCA forms the scientific and methodological foundation 
of the PEF and OEF methods (JRC, 2021) [6]. Following the framework standardised by ISO 
14040-44 [9] [10], the EF is structured in similar steps, yet providing further specifications 
necessary to achieve a higher degree of robustness, consistency, reproducibility, and comparability.  

Figure 1: Timeline of the Environmental Footprint methods development 

 
 
The methods were tested between 2013-2018 by more than 280 volunteering companies and 
organisations �PDLQO\�LQGXVWU\�DVVRFLDWLRQV�� ODUJH�2(0¶V� from EU and globally). This pilot phase 
resulted in 19 PEF Category Rules (PEFCRs) and 2 OEF Sector Rules (OEFSRs), which 
complement the PEF and OEF methods by providing additional guidelines for specific product 
categories/sectors [5]. Among them, several dedicated to the evaluation of value chains in the food 
sector ± dairy products, feed for food producing animals, pet food, pasta, beer, wine, packed water ± 
including one for retailing activities.  
 
In the light of the results of the pilot phase, the European Commission is now implementing a 
transition phase (2019 ± 2024) to include new methodological developments in PEF and OEF, to 
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monitor and further develop PEFCRs and OEFSRs as well as to explore how to incorporate them in 
upcoming policies and initiatives.  

Five new PEFCRs are currently under development.  

 

The environmental footprint methods in the food sector 

The food sector demonstrated a strong interest in the process of EF methods development, with 
several stakeholders contributing to the development of PEFCRs during the pilot phase. Overall, 11 
PEFCR projects on food products were initiated, of which seven came to a successful output. Other 
three product groups, namely coffee, meat and olive oil were discontinued during the pilot phase, 
due to various reasons. The PEFCR for marine fish will be finalized during the transition phase. 

The revised methodology published in 2021 [1] also provides detailed guidance and requirements 
on how to model specific life-cycle stages, processes and other aspects of the life cycle, among 
which agricultural production and biogenic carbon. 

During the pilot and transition phase a Technical Advisory Board (TAB) was created with the aim of 
providing technical advice and expertise to the Commission. The issues to be discussed include, but 
are not limited to, analysis of the content of newly developed PEFCRs/OEFSRs, consistency of 
approaches among different PEFCRs/OEFSRs, and new methodological developments deemed 
necessary within the EF context. Given the interest demonstrated by stakeholders from the food 
sector to the EF methods, a working group on agriculture (AWG) was set up to deal with issues 
related to EF applied to the food sector. The objective of the group is to build consensus between 
government, academia, and industry on inventory modelling and impact assessment of relevant 
aspects of agricultural production activity. The main topics addressed by the AWG relate to the 
modelling of pesticides, fertilizers, manure management, water use, impacts on biodiversity, and 
data collection at farm level. After presentation to the TAB, the Commission may consider the 
inclusion of AWG recommendations in the PEF and OEF methods. 

 

Methodological harmonisation efforts 

The PEFCRs for food products set common rules for realizing PEF studies and provide 
environmental footprint benchmarks for the average representative products sold on the EU market. 
Many of these products involve in their supply chains agriculture and ingredient productions 
occurring in emerging economies, therefore having a potential future impact on these production 
patterns. 

Given the interconnection between EU and Extra EU economies in relation to food products supply 
chain, the European Commission has built partnerships to implement common initiatives towards a 
more sustainable production of food and to ensuring interoperability of the EF methods at global 
level. Relevant examples of these partnerships are: 

x UNEP-Life Cycle Initiative ± Global Guidance on Environmental Life Cycle Impact 
Assessment Indicators (GLAM): the aim of this initiative, under the United Nations 
Environmental Programme umbrella, is to enhance global consensus on environmental life 
cycle impact assessment indicators, providing practical recommendations for different 
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environmental indicators and characterization factors for Life Cycle Impact Assessments 
(LCIA). This is done through the joint effort of an international expert task force who 
prepares recommendations on the individual topic areas. Building on the recommendations 
from the first two phases, the ongoing GLAM Phase 3 aims to advance methodological 
development on important aspects of the impact assessment on human health, ecosystem 
quality, natural resources and ecosystem services [8]. 
The European commission is a funding partner of the Life cycle Initiative, and the Joint 
Research Centre (JRC) is supporting GLAM at different levels, participating in meetings 
and providing scientific inputs, documentation and technical support, in order to follow 
possible alignment with the International Life Cycle Data system (ILCD) [4] and EF 
metKRGV¶�GHYHORSPHQW� 

x LEAP ± Livestock Environmental Assessment and Performance Partnership: it is a multi-
stakeholder initiative that is committed to improving the environmental performance of 
livestock supply chains, whilst ensuring its economic and social viability. Farmers, 
consumers and other livestock stakeholders are increasingly in need of more information 
about the environmental performance and the sustainability of livestock supply chains. 
Although a wide range of environmental assessment methods have been developed, there is 
a need for comparative and standardized indicators in order to switch focus of dialogue with 
stakeholders from methodological issues to improvement measures. LEAP develops 
comprehensive guidance and methodology for understanding the environmental 
performance of livestock supply chains, in order to shape evidence-based policy measures 
and business strategies. [7] 

This presentation is part of a set of EF capacity building and information events that the partnership 
Green Soluce - Studio Fieschi & soci - ALDA are implementing on behalf of the Directorate-
General for the Environment of the European Commission, aiming at raising awareness on the 
principles, characteristics and opportunities underlying the EF methods. 
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Introduction 
Primary agricultural production plays a significant role in supplying the population with food, but 
also causes various desirable and undesirable environmental impacts. Agricultural systems are 
located at the interface of environment, nature and technology, are characterised by numerous 
interactions with these areas and are thus complex and stochastic. Estimating the environmental 
impacts of these systems therefore requires a large amount of data, specific models for calculating 
direct emissions and characterising environmental impacts as well as high-quality background 
databases. In order to be able to manage these elements together, efficient calculation tools are 
needed. We have been working on the development of such a tool over the last years, which we 
present herewith. This article describes: i), the process of development of an expert system for 
conducting life cycle assessments for agricultural products and farms in the context of research 
projects (SALCAfuture) and ii) the main goals and implemented functionalities. 
 
Rationale and objective of the work 
The main goal of the SALCAfuture project was to develop an IT-supported expert system for life 
cycle assessments of agricultural products and farms that allows collection of primary data and 
precise inventory modelling and assessments at different levels of agricultural production (farm, 
animal husbandry, plot, crop). Another important goal was to cover all relevant environmental 
aspects, viz. the use of natural resources (energy, land, water) and numerous environmental impacts 
(climate change, acidification, eutrophication, human toxicity, biodiversity, soil quality). 
Furthermore, a high level of scientific quality, transparency and reproducibility shall be reached.  
 
Approach and methodology 
SALCAfuture was designed as a project involving experts from different disciplines: i) experts 
from IT and data management for the implementation of the software solution; ii) experts from 
different agronomic and natural science disciplines (e.g. carbon and nitrogen cycle, crop production, 
animal husbandry, agricultural engineering, soil science, pesticides etc) for the implementation of 
the models for calculating direct emissions and iii) experts in agricultural LCA for developing the 
data collection interface, calculation workflow and quality control procedure. 
 
Results and discussion 
The resulting software has been designed as a combination of two significantly different parts 
interacting with each other. The first part is a flexible framework that enables data collection, 
emission calculation and the compilation of calculation results for a wide range of applications. The 
second part contains the necessary background data, modules for data preparation, plausibility 
check and emission calculation. Support from IT-specialists is needed to manage the framework,  
whereas the second part can be self-managed by the research team. 
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Figure 1: Schematic representation of the modular approach for data collection, processing, and emission 
calculation of SALCAfuture 
 
Figure 1 shows a schematic representation of the modular approach as well as of theworkflow 
implemented in SALCAfuture. As first step of the workflow, a LCA specialist creates project-
specific data entry forms, which can be accessed via a web application. Afterward, the IT system 
validates the entered data according to predefined rules to ensure high data quality. The collected 
data is then available for calculations and analyses via a programming interface. Modules specially 
developed by LCA experts calculate the direct emissions of the production system under 
consideration. The calculation models used in the modules are essentially updated versions of the 
SALCA emission models (Gaillard and Nemecek 2009). Different procedures are applied to 
allocate inputs and outputs at different stages of assessment. The IT system also provides various 
interfaces for importing resp. exporting data into resp. from the system. The export is used, among 
other things, to transfer the calculated values to SimaPro, where life cycle inventories (LCI) are 
completed by linking them to Ecoinvent V3.8 (Wernet et al 2016) as background database and 
finally calculating the environmental impacts.  
 
Conclusion 
SALCAfuture is an expert tool for the preparation of life cycle assessments for agricultural products, 
food and farms in the context of research projects. SALCAfuture makes it possible to efficiently 
calculate the environmental impacts. The main strength of SALCAfuture lie, in its flexibility and in 
the possibility to map different hierarchical levels of agricultural production precisely and 
differentiated with regard to their environmental impacts (farm, field, crop, livestock) while 
considering all relevant emissions.  
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Figure 1. Principles of the dynamic modelling approach 

�)$2�ILVKLQJ�DUHD�����������DV�WKH�ILUVW�VWHS�WRZDUGV�UHJLRQDOLVHG��JOREDO�FKDUDFWHULVDWLRQ�RI�WKH�KROLVWLF��
HFRV\VWHP�VFDOH�LPSDFW�RI�ELRPDVV�UHPRYDO�E\�ILVKHULHV��XVLQJ�WKH�GDWD�WKDW�LV�FXUUHQWO\�DYDLODEOH��
7KH�$GULDWLF�6HD� LV� D� VXE�UHJLRQ�RI� WKH�0HGLWHUUDQHDQ�DQG�%ODFN�6HD�)$2�ILVKLQJ�DUHD�� D� UHJLRQ�
FXUUHQWO\� H[SHULHQFLQJ�GLVSURSRUWLRQDOO\�KHDY\�H[SORLWDWLRQ� OHYHOV�� ,W� LV� DOVR�ZHOO� VWXGLHG� IURP�DQ�
HFRORJLFDO�SHUVSHFWLYH��PDNLQJ�LW�D�VXLWDEOH�FKRLFH�IRU�D�SURRI�RI�FRQFHSW�LQ�WHUPV�RI�GDWD�DYDLODELOLW\�
DQG�VWXGLHV�IRU�FRPSDULVRQ��DV�ZHOO�DV�EHLQJ�D�PDQDJHDEOH�VL]H�LQ�WHUPV�RI�SUHOLPLQDU\�GDWD�FROOHFWLRQ�
DQG�PRGHOOLQJ�JURXQGZRUN� 
� 
0HWKRGRORJ\ 
(FRSDWK�ZLWK�(FRVLP��(:(���D�VXLWH�RI�PRGHOV�EDVHG�RQ�WURSKLF�IRRG�ZHE�LQWHUDFWLRQV�� LV�ZLGHO\�
FLWHG�DV�RQH�RI�WKH�PRVW�UREXVW�DQG�FRPPRQO\�LPSOHPHQWHG�HFRV\VWHP�PRGHOV��,W�KDV�EHHQ�DSSOLHG�DW�
D�EURDG�UDQJH�RI�VFDOHV�ERWK�LQ�ILVKHULHV�PDQDJHPHQW�DQG�HFRORJLFDO�VWXGLHV�DQG�HYHQ�LQ�FRQMXQFWLRQ�
ZLWK�/&$��WR�DFKLHYH�PRUH�KROLVWLF�DVVHVVPHQW�RI�V\VWHPV�DQG�VXSSO\�FKDLQV�RI�VHDIRRG�SURGXFWV�
�$YDGt�HW�DO����������:KLOVW�WKH�FKRLFH�RI�PRGHO�LWVHOI�LV�QRW�D�QRYHO�IXVLRQ�ZLWK�/&$��WKH�DLP�RI�WKLV�
ZRUN� LV� WR� EXLOG� D� JHQHULF�PRGHOOLQJ� IUDPHZRUN� WKDW� FDQ� EH� IHG�ZLWK� UHJLRQ�VSHFLILF� ILVKHU\� DQG�
ELRSK\VLFDO�LQIRUPDWLRQ�LQ�RUGHU�WR�DFKLHYH�D�JOREDOO\�FRQVLVWHQW�DSSURDFK�WR�WKH�HQGSRLQW��:KLOVW�
SUHYLRXV�HIIRUWV�KDYH�SURYLGHG�LQWHJUDWLRQ�RI�D�UDQJH�RI�PLG�SRLQW�LQGLFDWRUV�IRU�RYHU�ILVKLQJ��WURSKLF�
OHYHO� LPSDFWV� �+RUQERUJ�HW� DO��� ������� SRWHQWLDOO\� ORVW� \LHOG� �(PDQXHOVVRQ�HW� DO��� ������ DQG�PRVW�
UHFHQWO\�GLVWDQFH�WR�WDUJHW�LQGLFDWRUV��%DFK�HW�DO����������WKHVH�SUHGRPLQDQWO\�UHODWH�WR�LPSDFWV�RQ�WKH�
5HVRXUFHV�$R3��/DQJORLV�HW�DO���������DQG�DUH�QRW�FXUUHQWO\�RSHUDWLRQDO�� 
 
8VLQJ�DQ�DGDSWDWLRQ�RI�WKH�WLPH�G\QDPLF�PRGXOH�RI�(:(��3DXO\��&KULVWHQVHQ�DQG�:DOWHUV���������
WHPSRUDO�FKDQJHV� LQ� WKH�ELRPDVV�RI�VSHFLHV�DQG�RU�IXQFWLRQDO�JURXSV�DUH� VLPXODWHG� LQ� UHVSRQVH� WR�
ILVKLQJ�SUHVVXUH�DQG�VSHFLHV�LQWHUDFWLRQV��7KLV�DOORZV�WKH�HIIHFWV�RI�SUHGDWLRQ�DQG�RWKHU�PHGLDWLQJ�
IDFWRUV�RFFXUULQJ�LQ�WKH�PDULQH�HFRV\VWHP�WR�EH�LQWHJUDWHG��(DFK�\HDU�RI�WKH�VLPXODWLRQ�LV�IHG�E\�WKH�
ELRPDVV�SURGXFHG�DV�D�UHVXOW�RI�WKHVH�LQWHUDFWLRQV�GXULQJ�WKH�SUHYLRXV�\HDU��)LJXUH���HPSKDVLVHV�WKH�
PDLQ�SKHQRPHQD�HQFRPSDVVHG�E\�WKH�PRGHOOLQJ� 
 
 
 
 
 
 
 
 
 
 
 
 
7KH�$GULDWLF�6HD�PRGHO�FRQVLVWV�RI�����PDULQH�VSHFLHV�DQG����)XQFWLRQDO�*URXSV�UHSRUWHG�LQ�)$2�
FDWFK�GDWD�IRU�WKH�DUHD��DQG�IRU�ZKLFK�ELRORJLFDO�GDWD�LV�DYDLODEOH�RQOLQH�LQ�)LVKEDVH�DQG�6HDOLIHEDVH�
GDWDEDVHV��:LWK�WKLV�GDWD�LW�LV�SRVVLEOH�WR�KDYH�WZR�DSSURDFKHV��RQH�PDNLQJ�XVH�RI�LQGLYLGXDO�VSHFLHV�
OHYHO�GHWDLO�SURYLGHG�E\�)$2�)LVK6WDW-�GDWDEDVH�RI�DQ\�VSHFLHV�LQFOXGHG�LQ�FDWFK�UHSRUWHG�E\�ILVKHULHV�
RSHUDWLQJ�WKDW�WKDW�DUHD��$�VHFRQG�YDULDWLRQ��FRPPRQO\�LPSOHPHQWHG�LQ�(:(�PRGHOV��LV�WKH�XVH�RI�XS�
WR����)XQFWLRQDO�*URXSV��ZKLFK�FDWHJRULVH�PDULQH�VSHFLHV�EDVHG�RQ�HFRORJLFDO�DQG�SK\VLFDO� WUDLWV�
LQFOXGLQJ�KDELWDW�SUHIHUHQFHV�DQG�VL]H��DQG�DQ�DYHUDJH�YDOXH�LV�GHULYHG�IRU�HDFK�LQSXW�SDUDPHWHU� 
� 
'\QDPLF�LQWHU�VSHFLHV�LQWHUDFWLRQV�DUH�VLPXODWHG�WKURXJK�D�V\VWHP�RI�RUGLQDU\�GLIIHUHQWLDO�HTXDWLRQV��
,QWHUDFWLRQV�DUH�LQWURGXFHG�DV�SUHGDWLRQ�SUHVVXUH�RQ�HDFK�SUH\�W\SH��EDVHG�RQ�D�YHUVLRQ�RI�D�JHQHULF�
GLHW�PDWUL[� GHILQHG� E\�&KULVWHQVHQ� HW� DO� �������ZKHUH� HDFK� VSHFLHV� LV� ERWK� SUHGDWRU� DQG� SUH\� DV�
GHILQHG�E\�FROXPQ�RU�URZ��UHSUHVHQWHG�DV�D�SURSRUWLRQ�RI�WKH�ELRPDVV�PDNLQJ�XS�WKH�GLHW�RI�HDFK�

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

Figure 2. Possibilities to derive endpoint Characterisation Factor consistent with PDF metric.  
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ZLWK�JOREDO�FRYHUDJH��GDWD�DYDLODELOLW\�DQG�FRQVLVWHQF\�EHFRPHV�D�NH\�FKDOOHQJH��GXH�WR�GLIIHUHQFHV�
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LQ�UHSRUWLQJ�TXDOLW\��IRUPDWV�DQG�UHJXODULW\�EHWZHHQ�UHJLRQV��'XH�WR�WKH�VL]H�RI�WKH�PRGHO��WKHUH�DUH�
LQVWDQFHV�ZKHUH�GDWD�LV�QRW�DYDLODEOH�UHTXLULQJ�DQ�HVWLPDWLRQ�WR�EH�LQWURGXFHG�LQ�RUGHU�WR�PDLQWDLQ�D�
JOREDOO\�FRQVLVWHQW�DSSURDFK��LQFOXGLQJ�WKH�XVH�RI�D�JHQHULF�GLHW�PDWUL[�ZKLFK�FDQ�EH�DGDSWHG�WR�UHIOHFW�
WKH�FRQVWLWXHQWV�RI�HDFK�HFRV\VWHP��7KH�UHTXLUHPHQW�RI�FHUWDLQ�LQSXW�GDWD�WR�EH�HVWLPDWHG�UDWKHU�WKDQ�
FRPLQJ�IURP�UHDO�ZRUOG�GDWD�DOVR�LQWURGXFHV�DQ�DGGLWLRQDO�VRXUFH�RI�XQFHUWDLQW\��7KH�QHHG�WR�VWULNH�D�
EDODQFH�GHVFULELQJ�D�V\VWHP�DV�FRPSOH[�DV�WKH�RFHDQ�ZLWK�WKH�VLPSOLILFDWLRQ�UHTXLUHG�E\�PRGHOOLQJ��
LV�WKHQ�IXUWKHU�UHGXFHG�GRZQ�WR�RQH�LQGLFDWRU�PHWULF�LQ�WKH�/&$�IUDPHZRUN�� 
 
&RQFOXVLRQ 
7KH� DELOLW\� WR� LQFOXGH� D� PRUH� KROLVWLF� UHSUHVHQWDWLRQ� RI� ILVKLQJ� LPSDFWV� LPSURYHV� WKH�
FRPSUHKHQVLYHQHVV�RI�LPSDFW�DVVHVVPHQWV�UHODWLQJ�WR�WKH�OLIHF\FOH�RI�VHDIRRG�SURGXFWV��7KLV�LQ�WXUQ�
LPSURYHV�WKH�LQIRUPDWLYH�FDSDELOLW\�RI�/&$�DV�D�WRRO�IRU�JXLGLQJ�GHFLVLRQ�PDNLQJ�DQG�WDQJLEOH�DFWLRQ�
WRZDUGV� DFKLHYLQJ� WKH� JRDOV� GHILQHG� E\� WUHDWLHV� DQG� FRQVHUYDWLRQ� WDUJHWV�� LQFOXGLQJ� 6'*�����
$SSOLFDWLRQ�RI�WKH�DSSURDFK�JOREDOO\�XVLQJ�)$2�0DMRU�ILVKLQJ�DUHDV�IRU�UHJLRQDOLVDWLRQ�UHSUHVHQWV�
WKH�QH[W�VWHS��7KLV�SURRI�RI�FRQFHSW�SUHVHQWV�DQ�DSSURDFK�WR�LPSURYH�WKH�DFFXUDF\�RI�ILVKHULHV�/&,$�
XVLQJ� G\QDPLF� HFRV\VWHP� PRGHOOLQJ�� WKXV� SURYLGLQJ� D� VWHS� WRZDUGV� PRUH� UHDOLVWLF�� UHJLRQDOLVHG�
XQGHUVWDQGLQJ�RI� LPSDFWV� WR�EH� IDFHG� LQ� WKH� IXWXUH�RI� JOREDO� VHDIRRG� VXSSO\��7KLV� DGYDQFH��ZKHQ�
DSSOLHG�JOREDOO\�FDQ�JXLGH� WKH�GHYHORSPHQW�RI�PRUH�VXVWDLQDEOH� ILVKHULHV�SROLF\��7KXV�IDFLOLWDWLQJ�
LPSURYHG�VWRFN�PDQDJHPHQW�LQ�LQGLYLGXDO�HFRUHJLRQV�WR�D�PRUH�XQLIRUP�VWDQGDUG��WRZDUGV�WKH�JRDO�
RI�FUHDWLQJ�D�VXVWDLQDEOH�LQGXVWU\�FDSDEOH�RI�IHHGLQJ�WKH�ZRUOG�ZKLOVW�FRQVHUYLQJ�DQG�LPSURYLQJ�RFHDQ�
KHDOWK�� 
 
5HIHUHQFHV 
$KUHQV�� 5�� 1��0���:DOWHUV�� &�� -�� DQG� &KULVWHQVHQ�� 9�� ������� µ)RUDJLQJ� DUHQD� WKHRU\¶��)LVK� DQG�
)LVKHULHV���������SS����±����GRL����������M����������������������[� 
$YDGt��$���)UpRQ��3��DQG�7DP��-���������µ&RXSOHG�HFRV\VWHP�VXSSO\�FKDLQ�PRGHOOLQJ�RI�ILVK�SURGXFWV�
IURP�VHD�WR�VKHOI��7KH�3HUXYLDQ�DQFKRYHWD�FDVH¶��3/R6�21(��������GRL����������MRXUQDO�SRQH��������� 
%DFK��9��HW�DO���������µ$VVHVVLQJ�RYHUILVKLQJ�EDVHG�RQ�WKH�GLVWDQFH�WR�WDUJHW�DSSURDFK¶��,QWHUQDWLRQDO�
-RXUQDO�RI�/LIH�&\FOH�$VVHVVPHQW���������SS�����±�����GRL����������V����������������]� 
(PDQXHOVVRQ��$�� HW� DO�� ������� µ$FFRXQWLQJ� IRU� RYHUILVKLQJ� LQ� OLIH� F\FOH� DVVHVVPHQW�� QHZ� LPSDFW�
FDWHJRULHV� IRU�ELRWLF�UHVRXUFH�XVH¶��7KH�,QWHUQDWLRQDO�-RXUQDO�RI�/LIH�&\FOH�$VVHVVPHQW���������SS��
����±������GRL����������V���������������]� 
)ULVFKNQHFKW��5�� DQG� -ROOLHW��2�� �HGV�� �������*OREDO�*XLGDQFH� IRU� /LIH�&\FOH� ,PSDFW�$VVHVVPHQW�
,QGLFDWRUV��9ROXPH����3DULV��81(3�6(7$&�/LIH�&\FOH�,QLWLDWLYH� 
+pOLDV��$��DQG�%DFK��9���������µ$�1HZ�,PSDFW�3DWKZD\�WRZDUGV�(FRV\VWHP�4XDOLW\�LQ�/LIH�&\FOH�
$VVHVVPHQW��&KDUDFWHULVDWLRQ�)DFWRUV�IRU�)LVKHULHV¶��8QGHU�5HYLHZ��SS���±��� 
+pOLDV��$���/DQJORLV��-��DQG�)UpRQ��3���������µ)LVKHULHV�LQ�OLIH�F\FOH�DVVHVVPHQW��2SHUDWLRQDO�IDFWRUV�
IRU�ELRWLF�UHVRXUFHV�GHSOHWLRQ¶��)LVK�DQG�)LVKHULHV���������SS�����±�����GRL����������IDI������� 
+RUQERUJ��6��HW�DO���������µ7URSKLF�LQGLFDWRUV�LQ�ILVKHULHV��$�FDOO�IRU�UH�HYDOXDWLRQ¶��%LRORJ\�/HWWHUV��
������GRL����������UVEO����������� 
,3%(6� ������� 6XPPDU\� IRU� SROLF\PDNHUV� RI� WKH� JOREDO� DVVHVVPHQW� UHSRUW� RQ� ELRGLYHUVLW\� DQG�
HFRV\VWHP� VHUYLFHV�� ,QWHUJRYHUQPHQWDO� 6FLHQFH�3ROLF\� 3ODWIRUP� RQ� %LRGLYHUVLW\� DQG� (FRV\VWHP�
6HUYLFHV��$YDLODEOH�DW��KWWSV���]HQRGR�RUJ�UHFRUG����������<IP<7HU0,�Z� 
/DQJORLV��-��HW�DO�� �������µ1HZ�PHWKRGV�IRU� LPSDFW�DVVHVVPHQW�RI�ELRWLF�UHVRXUFH�GHSOHWLRQ�LQ�OLIH�
F\FOH�DVVHVVPHQW�RI�ILVKHULHV��WKHRU\�DQG�DSSOLFDWLRQ¶��-RXUQDO�RI�&OHDQHU�3URGXFWLRQ������SS����±����
GRL����������M�MFOHSUR������������� 
3DXO\�� '��� &KULVWHQVHQ�� 9�� DQG�:DOWHUV�� &�� ������� µ(FRSDWK�� (FRVLP�� DQG� (FRVSDFH� DV� WRROV� IRU�
HYDOXDWLQJ�HFRV\VWHP�LPSDFW�RI�ILVKHULHV¶��,&(6�-RXUQDO�RI�0DULQH�6FLHQFH���������SS�����±�����GRL��
��������MPVF����������� 
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6XVWDLQDEOH�ILVKHULHV��WRZDUGV�RSHUDWLRQDOL]DWLRQ�RI�GHFLVLRQ�PDNLQJ�DFFRXQWLQJ�
IRU�ELRGLYHUVLW\�WKURXJK�/&$�LQGLFDWRUV�

*UpJRLUH�*DLOOHW��
��$QQH�$VVHOLQ���$XURUH�:HUPHLOOH�
�

��6FRWWLVK�2FHDQV�,QVWLWXWH��8QLYHUVLW\�RI�6W�$QGUHZV��.<����/%��8.�
��6D\DUL����UXH�&DUQRW��������)RXUTXHX[��)UDQFH� �
�
.H\ZRUGV��/&$��2YHUILVKLQJ��0D[LPXP�6XVWDLQDEOH�<LHOG��0DULQH�%LRGLYHUVLW\��6HDIRRG�HFR�GHVLJQ��
�

&RUUHVSRQGLQJ�DXWKRU��7HO���������������������
�(�PDLO�DGGUHVV��JUHJRLUH�JDLOOHW#SRO\WHFKQLTXH�RUJ��
�
$EVWUDFW�
5DWLRQDOH��2YHUH[SORLWDWLRQ� RI� ELRWLF� UHVRXUFHV� FRQVWLWXWHV� D�PDMRU� WKUHDW� RQ�PDULQH� ELRGLYHUVLW\�
ZKLOH�GHPDQG� IRU� VHDIRRG�ZLOO� ULVH� LQ� WKH�QH[W�GHFDGHV��$SSOLFDWLRQ�RI�/LIH�&\FOH�$VVHVVPHQW� WR�
PDULQH�HFRV\VWHPV�QHHGV�IXUWKHU�UHVHDUFK�WR�DOORZ�D�TXDQWLWDWLYH�FKDUDFWHULVDWLRQ�RI� WKH� LPSDFW�RI�
VHD�EDVHG�SURGXFWV�RQ�ELRGLYHUVLW\��0RUHRYHU�� WKHUH� LV�D� ULVLQJ�GHPDQG�IRU�SURGXFW�HFR�GHVLJQ��DV�
LOOXVWUDWHG�LQ�%XVLQHVV�#�%LRGLYHUVLW\�VWXGLHV��SUHVHQWO\��FRUSRUDWHV�DQG�SROLF\�PDNHUV�GR�QRW�KDYH�
SURSHU�WRROV�WR�GHFLGH�IRU�VXVWDLQDEOH�SUDFWLFHV�UHJDUGLQJ�VHDIRRG�SURGXFWLRQ���
,QWURGXFWLRQ�DQG�PHWKRGV��7KLV�VWXG\�DLPV�WR�DSSO\�H[LVWLQJ�DVVHVVPHQW�PHWKRGV�RI�WKH�LPSDFW�RI�
RYHUH[SORLWDWLRQ�RQ�ELRWLF�UHVRXUFHV��/DQJORLV�HW�DO�������DQG�(PDQXHOVVRQ�HW�DO��������WR�����PDULQH�
VWRFNV�ILVKHG�LQ�WKH����PDULQH�DUHDV�GUDZQ�E\�WKH�)$2��:H�SUHVHQW�KRZ�WKH�UHVXOWV�FDQ�EH�UHSURGXFHG��
LQFOXGLQJ�ZKDW�NLQG� RI� GDWDEDVH� FDQ�SURYLGH� IRU� WKH�GDWD�QHHGHG��:H�GLVFXVV�KRZ� UHVXOWV� FDQ�EH�
LQWHUSUHWHG�DV�D�SUR[\�IRU�ELRGLYHUVLW\�DVVHVVPHQW�DQG�WKH�HFRORJLFDO�OLPLWV�RI�WKH�PHWKRGV��)LQDOO\��
ZH�SURSRVH�RSHUDWLRQDO�JXLGHOLQHV�IRU�VXVWDLQDEOH�SURGXFWLRQ�DQG�HIILFLHQW�FRQVHUYDWLRQ�SROLFLHV���
5HVXOWV��:H�VKRZ�WKDW�XQVXVWDLQDEOH�ILVKLQJ�LV�UHVSRQVLEOH�IRU�D�ORVV�RI�XS�WR����WLPHV�WKH�SRWHQWLDO�
\LHOG�RI�PDMRU�ILVK�VWRFNV�VXFK�DV�$WODQWLF�FRG��UHG�VQDSSHU�DQG�EOXHILQ�WXQD��:H�LGHQWLI\�GHSOHWHG�
ILVK�VWRFNV�IRU�ZKLFK�ELRPDVV�LV�XS�WR����WLPHV�ORZHU�WKDQ�LW�VKRXOG�EH��\HOORZQRVH�VNDWH�ILVKHG�LQ�
6RXWK�$PHULFD��DQG�VWRFNV�IDFLQJ�ILVKLQJ�PRUWDOLW\�XS�WR����
����WLPHV�KLJKHU�WKDQ�WKH�PD[LPXP�
UHTXLUHG�WR�DOORZ�VXVWDLQDEOH�UHFRYHU\��3DFLILF�2FHDQ�SHUFK�ILVKHG�RII�WKH�86�:HVW�&RDVW���5HJDUGLQJ�
LQWULQVLF� ELRGLYHUVLW\�� RXU� VWXG\� VKRZV� WKDW� ZH� DUH� QRW� DEOH� WR� XQGHUVWDQG� WKH� FRQVHTXHQFHV� RI�
RYHUILVKLQJ�WKURXJK�D�FDXVH�HIIHFWV�FKDLQ�GXH�WR� ODFN�RI�VFLHQFH�NQRZOHGJH��+RZHYHU��ZH�GLVSOD\�
KRZ�WR�OLPLW�WKH�LPSDFWV�RQ�ELRGLYHUVLW\�E\�XVLQJ�FRPSOHPHQWDU\�LQGLFDWRUV�DW�VSHFLHV�DQG�HFRV\VWHP�
OHYHO���
5HFRPPHQGDWLRQ��:KLOH�PHWKRGV�VHHPHG�WR�FRPSHWH�DJDLQVW�HDFK�RWKHU�LQ�WKH�LPSDFW�DVVHVVPHQW�
RI�PDULQH�VWRFN�RYHUH[SORLWDWLRQ�RQ�ELRGLYHUVLW\��WKLV�VWXG\�VKRZV�WKHLU�FRPSOHPHQWDULW\��+HQFH��LQ�
WKH�DLP�RI�PDNLQJ�VHDIRRG�PRUH�VXVWDLQDEOH��D�FRPELQDWLRQ�RI�WKH�LQGLFDWRUV�WKH\�SURYLGH�VKRXOG�EH�
XVHG��7KH� FRPSOH[LW\� RI�PDULQH� HFRV\VWHPV� DQG� WKH� UHPDLQLQJ� OLPLWV� RI�PHWKRGV� DUH� GLVFXVVHG��
VKRZLQJ�WKH�FRPSHOOLQJ�QHHG�IRU�IXUWKHU�GDWD�FROOHFWLRQ�DQG�DQDO\VLV��DQG�RSHQLQJ�ZD\V�IRU�WDUJHWHG�
UHVHDUFK��
�
,QWURGXFWLRQ�
7KH�ODWHVW�UHSRUW�RI�WKH�,3%(6�LQGLFDWHV�WKDW�GLUHFW�H[SORLWDWLRQ�RI�ELRWLF�UHVRXUFHV�VHWV�WKH�PDLQ�WKUHDW�
RQ�PDULQH�ELRGLYHUVLW\�DQG�HFRV\VWHP�VHUYLFHV��,3%(6���������7KLV�GULYHU�LPSDFWV�QDWXUDO�UHVRXUFHV�
DW�VSHFLHV�DQG�HFRV\VWHP�OHYHO��,W�HQGDQJHUV�WD[D�OLNH�VKDUNV��UD\V��DQG�FKLPDHUDV�JOREDOO\��VRPH�EHLQJ�
DOUHDG\�H[WLQFW� �'XOY\�HW�DO����������2Q� WKH�RWKHU�KDQG��PDULQH�HFRV\VWHPV�SURYLGH�YLWDO� VHUYLFHV�
LQFOXGLQJ�VRXUFH�RI�SURWHLQ�IRU�PDQ\�FRDVWDO�SRSXODWLRQV�DFURVV�WKH�ZRUOG��%RWK�IRU�WKH�LQWULQVLF�YDOXH�
RI�ELRGLYHUVLW\�DQG�IRU�LWV�FRQWULEXWLRQ�WR�KXPDQ��D�VXVWDLQDEOH�PDQDJHPHQW�RI�PDULQH�UHVRXUFHV�DQG�
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ILVKHULHV� LV�QHHGHG�WR�UHDFK�WKH�FKDOOHQJHV�RI� WKH�QH[W�GHFDGHV��)$2���������$OWKRXJK�/LIH�&\FOH�
$VVHVVPHQW� �/&$�� FRQVLVWHQF\� DQG� UHOLDELOLW\� LV� JDLQLQJ� UREXVWQHVV� RQ� WHUUHVWULDO� HFRV\VWHP�
DVVHVVPHQW��LW�VWLOO�GLVSOD\V�PDMRU�VKRUWFRPLQJV�IRU�PDULQH�HFRV\VWHPV��$VVHOLQ�HW�DO����������6HYHUDO�
VWXGLHV�SURSRVHG�IUDPHZRUNV�WRZDUGV�WKH�LQFOXVLRQ�RI�ELRWLF�UHVRXUFHV�H[SORLWDWLRQ�LQWR�/LIH�&\FOH�
$VVHVVPHQW��*XLQpH�DQG�+HLMXQJV��������(PDQXHOVVRQ�HW�DO���������/DQJORLV�HW�DO���������7DHOPDQ�
HW�DO���������6RQGHUHJJHU�HW�DO���������&UHQQD�HW�DO���������+pOLDV�HW�DO����������,Q�WKLV�VWXG\��WKH�WZR�
PHWKRGV� PHQWLRQHG� E\� �:RRGV� HW� DO��� ������ DUH� UHYLHZHG�� L�� (PDQXHOVVRQ� HW� DO�� ������� DQG� LL��
/DQJORLV� HW� DO�� �������� %RWK� DUH� EDVHG� RQ� WKH� FRQFHSW� RI� 0D[LPXP� 6XVWDLQDEOH� <LHOG� �06<��
LQWURGXFHG�E\�6FKDHIHU���������FRPPRQO\�XVHG�WR�DVVHVV�WKH�VXVWDLQDELOLW\�RI�ILVKHULHV��7KH�JRDO�RI�
WKLV�ZRUN�LV�WR��L��DSSO\�ERWK�RI�WKHVH�PHWKRGV�WR�PRUH�VWRFNV�RQ�D�ZRUOGZLGH�XSGDWHG�GDWDEDVH��5$0�
/HJDF\�6WRFN�$VVHVVPHQW�'DWDEDVH���������LL��XQGHUVWDQG�PHWKRGV�DQG�WKHLU�OLPLWV�EDVHG�RQ�UHVXOWV�
RI�WKLV�DSSOLFDWLRQ�DQG�LLL��SURSRVH�D�JXLGHOLQH�IRU�GHFLVLRQ�PDNHUV�LQ�WKH�FRQWH[W�RI�HFR�GHVLJQ�RI�ILVK�
SURGXFWV�DQG�FRQVHUYDWLRQ�RI�PDULQH�HFRV\VWHPV��:H�DLP�WR�DQVZHU��,V� LW�SRVVLEOH�WR�HYDOXDWH�WKH�
LPSDFW�RI�ILVKLQJ�RQ�LQWULQVLF�ELRGLYHUVLW\�DQG�LPSURYH�WKH�VXVWDLQDELOLW\�RI�VHDIRRG�EDVHG�SURGXFWV�
DV�ZHOO�DV�PDULQH�FRQVHUYDWLRQ�SROLFLHV"�&RQVLGHULQJ�WKH�FRPSOH[LW\�RI�PDULQH�HFRV\VWHPV�DQG�RI�
WKHLU�DVVHVVPHQW��LW�LV�QRW�H[SHFWHG�WR�DFFXUDWHO\�HYDOXDWH�LPSDFW�RI�ILVKLQJ�RQ�LQWULQVLF�ELRGLYHUVLW\�
ZLWK� DQ\� RI� WKHVH� WZR� PHWKRGV�� +RZHYHU�� WKH� PHWKRGV� DUH� H[SHFWHG� WR� GHWHUPLQH� LI� D� VWRFN� LV�
WKUHDWHQHG�DQG�FRQVHTXHQWO\�WR�KHOS�GHFLVLRQ�PDNLQJ�WR�EXLOG�PRUH�VXVWDLQDEOH�VWRFN�PDQDJHPHQW�
WKURXJK�SURGXFW�HFR�GHVLJQ�DQG�FRQVHUYDWLRQ�SROLFLHV��
�
0DWHULDO�DQG�PHWKRGV�
7ZR� PHWKRGV� ZHUH� VHOHFWHG� WR� GHWHUPLQH� D� PLGSRLQW� LPSDFW� RI� RYHUH[SORLWDWLRQ�� L�� $� PHWKRG�
UHIOHFWLQJ�WKH�GLIIHUHQFH�EHWZHHQ�FXUUHQW�DQG�WDUJHW�ILVKHULHV�PDQDJHPHQW�GHYHORSHG�E\�(PDQXHOVVRQ�
HW�DO����������DQG�LL��D�PHWKRG�TXDQWLI\LQJ�WKH�LPSDFW�RI�VWRFN�H[SORLWDWLRQ�DW�VSHFLHV�DQG�HFRV\VWHP�
OHYHOV� GHYHORSHG� E\� /DQJORLV� HW� DO�� ��������7KHLU� YDOXHV� IRU� HDFK� VWRFN� VWXGLHG�ZHUH� FRPSDUHG��
$PRQJ� WKH� GULYHUV� RI� ELRGLYHUVLW\� ORVV�� RYHUH[SORLWDWLRQ� RI� ELRWLF� UHVRXUFHV� LPSDFWV� HFRV\VWHPV�
WKURXJK� WKH� GHFUHDVH� LQ� H[SORLWHG� VWRFN� DW� L�� VSHFLHV� OHYHO� DQG� LL�� HFRV\VWHP� OHYHO� GXH� WR� WURSKLF�
LQWHUDFWLRQV��(PDQXHOVVRQ�HW�DO���������IRFXVHV�RQ�WKH�ILUVW�LPSDFW�SDWKZD\�DQG�/DQJORLV�HW�DO����������
SURSRVHV�LQGLFDWRUV�RQ�ERWK�LPSDFW�SDWKZD\V��7KH�LPSDFW�RI�E\�FDWFK�LV�QRW�LQFOXGHG�LQ�WKLV�ZRUN�VR�
IDU��7KH�PHWKRGRORJ\�XVHG�WR�GHWHUPLQH�RYHUH[SORLWDWLRQ�LPSDFW�RQ�ELRGLYHUVLW\�LV�SUHVHQWHG�LQ�)LJXUH�
���

)LJXUH����*RDO�DQG�VFRSH�RI�RXU�ZRUN�WR�DVVHVV�LPSDFW�RI�ILVKHULHV�RQ�ELRGLYHUVLW\��
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$FFHVV�WR�GDWD�ZDV�RQH�RI�WKH�PDMRU�FKDOOHQJHV�RI�WKLV�VWXG\��6HYHUDO�GDWDEDVHV�KDYH�EHHQ�FRQVLGHUHG�
WR�FRQGXFW�WKLV�VWXG\��7KH\�ZHUH�SURYLGHG�E\���L��UHJLRQDO�RUJDQLVPV��1($)&��12$$��&&$0/5���
�LL�� VSHFLHV�VSHFLILF� RJDQLVPV� �&&6%7�� ,3+&�� RU� �LLL�� JOREDO� DQG�PXOWL�VSHFLHV� RUJDQLVPV� �)$2�
)LVK6WDW��5$0�/HJDF\�6WRFN�$VVHVVPHQW�'DWDEDVH��([LR%DVH��)LVK%DVH��6HD$URXQG8V���2XU�ILQDO�
VHOHFWLRQ�ZDV�EDVHG�RQ�WKH�QHFHVVLW\�WR�LQFOXGH�ILVKLQJ�GDWD��DV�ZHOO�DV�ELRORJLFDO�WLPHVHULHV�DQG�06<�
SDUDPHWHUV��,W�QHHGHG�WR�EH�DYDLODEOH�RQ�D�ZRUOGZLGH�VFDOH��WDNLQJ�VWRFN�LQ�DOO�VHDV�DQG�RFHDQV�LQWR�
DFFRXQW�� 7KXV�� WKH� 5$0� /HJDF\� 'DWDEDVH� ZDV� VHOHFWHG� DV� PDLQ� VRXUFH� RI� GDWD�� FRPSOHWHG� E\�
ELRORJLFDO�DQG�HFRV\VWHP�LQIRUPDWLRQ�IURP�)LVK%DVH�DQG�6HD$URXQG8V��
�
5HVXOWV�
5HVXOWV�IURP�µ/RVW�3RWHQWLDO�<LHOG��/3<�¶�DQG�LWV�FRPSOHPHQWDU\�LQGLFDWRUV�OHG�XV�WR�GLVFULPLQDWH�
EHWZHHQ�IRXU�FDWHJRULHV�LOOXVWUDWLQJ�ZK\�SRWHQWLDO�\LHOG�ZDV�ORVW�DQG�GLUHFWLQJ�ZKDW�NLQG�RI�GHFLVLRQ�
VKRXOG�EH�WDNHQ��

�� ³2YHUH[SORLWHG´��VXFK�DV�µ$WODQWLF�FRG��(XURSHDQ�8QLRQ¶�
�� ³2YHUH[SORLWDWLRQ�ULVN´��VXFK�DV�µ.LQJ�PDFNHUHO��86�6RXWKHDVW�DQG�*XOI¶�
�� ³5HFRYHULQJ´��VXFK�DV�µ%LJH\H�WXQD��3DFLILF�2FHDQ¶�
�� ³/RVV�RI�RSSRUWXQLW\´��VXFK�DV�µ$UJHQWLQH�DQFKRLWD��6RXWK�$PHULFD¶�

5HVXOWV� IURP� WKH� µ,QGLFDWRU� RI� %LRWLF� 1DWXUDO� 5HVRXUFHV� DW� HFRV\VWHP� OHYHO� �,%15HFR�¶� DOORZ�
FRPSDULVRQV�RI�WKH�HFRORJLFDO�LPSDFW�RI�ILVKLQJ�WKURXJK�WKH�UDWH�RI�1HW�3ULPDU\�3URGXFWLRQ��133��
XSWDNH��$OWKRXJK� LQGLYLGXDO� YDOXHV� RI� WKLV� LQGLFDWRU� GRQ¶W� SURYLGH� LQIRUPDWLRQ��ZH� VKRZ� WKDW� WKH�
KLJKHU�WKH�LQGLFDWRU�LV��WKH�PRUH�133�LW�UHTXLUHV��
7KH�DSSOLFDWLRQ�RI�WKHVH�LQGLFDWRUV�WR�����VWRFNV�DPRQJ����)$2�DUHDV�DOORZHG�XV�WR�EXLOG�D�GHFLVLRQ�
PDNLQJ�JXLGHOLQH��VHH�)LJXUH����WKH�IXOO�JXLGHOLQH�LV�DYDLODEOH�LQ�*DLOOHW�HW�DO�����������,W�FDQ�EH�XVHG�
E\�GLIIHUHQW�VWDNHKROGHUV��LQ�RUGHU�WR�UHGXFH�WKHLU�LPSDFW�RQ�ELRGLYHUVLW\�WKURXJK�RYHUH[SORLWDWLRQ��E\�
VHOHFWLQJ�ZKLFK�LQGLFDWRU�FRUUHVSRQGV�WR�WKHLU�JRDO�DQG�VFRSH�DQG�KRZ�WR�LQWHUSUHW�UHVXOWV�RU�FRPSOHWH�
WKHP�ZLWK�DQRWKHU�LQGLFDWRU�LQ�FDVH�RI�D�ERUGHUOHVV�VFRUH��
�
�

�

�

�

�

�

�

WƌŽĚƵĐƚ�ĚĞǀĞůŽƉŵĞŶƚ�
ĂŶĚ�ŝŵƉƌŽǀĞŵĞŶƚ�

�ŵĂŶƵĞůƐƐŽŶ͛Ɛ��ǀĂůƵĂƚŝŽŶ�
ĨŽƌ�Ăůů�ƐĞůĞĐƚĞĚ�ƐƚŽĐŬƐ�

^ĞĂƌĐŚ�ĂŶĚ�ůŝƐƚ�
ĂůƚĞƌŶĂƚŝǀĞƐ� K���ǀĂůƵĂƚŝŽŶ� ݋ǡܴ݁ܿܰܤܫ �

^ĞůĞĐƚ�ƚŚĞ�ƐƚŽĐŬ�
ǁŝƚŚ�ƚŚĞ�ůŽǁĞƐƚ�

ǀĂůƵĞ�

K��ф�Ϭ�

K��х�Ϭ�

^ƚŽĐŬ�ŝƐ�ĂďƵŶĚĂŶƚ��
K&��ǀĂůƵĂƚŝŽŶ�

^ƚŽĐŬ͛Ɛ�ďŝŽŵĂƐƐ�ŝƐ�ĚĞƉůĞƚĞĚ͕�
ĚŽ�ŶŽƚ�ƵƐĞ�ƚŚŝƐ�ƐƚŽĐŬ�

K&�х�Ϭ�

K&�ф�Ϭ�

^ƚŽĐŬ�ŝƐ�ŽǀĞƌĨŝƐŚĞĚ͕�
ĚŽ�ŶŽƚ�ƵƐĞ�ƚŚŝƐ�ƐƚŽĐŬ�

^ƚŽĐŬ�ŝƐ�ŶŽƚ�
ŽǀĞƌĨŝƐŚĞĚ�

>ĂŶŐůŽŝƐ͛Ɛ��ŽŵƉĂƌŝƐŽŶ�ĨŽƌ�
ƵŶĚĞƌĞǆƉůŽŝƚĞĚ�ƐƚŽĐŬƐ�

)LJXUH����3DUWLDO�GHFLVLRQ�WUHH�IRU�WKH�XVH�RI�LQGLFDWRUV�RI�RYHUILVKLQJ�LPSDFW�RQ�ELRGLYHUVLW\��%RWK�
LQGLFDWRUV�VKRXOG�EH�XVHG�LQ�HFR�GHVLJQ�RI�VHDIRRG�EDVHG�SURGXFWV���
�

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV�������
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´�
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH��
�
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�
�

�

�
'LVFXVVLRQ�
7KH� DSSOLFDWLRQ�RI� WKHVH� LQGLFDWRUV� WR����� VWRFNV� DPRQJ����)$2�DUHDV�PDGH�XV�XQGHUVWDQG� WKHLU�
VWUHQJWKV��DV�ZHOO�DV�WKHLU�OLPLWDWLRQV��7ZR�PDLQ�OLPLWDWLRQV�RI�WKH�LQGLFDWRUV�DURVH�IURP�WKH�VWXG\��
7KH�HFRORJLFDO�VLJQLILFDQFH�RI�WKH�LQGLFDWRUV�LV�OLPLWHG��7KHUH�LV�DQ�RYHUZKHOPLQJ�LPSRUWDQFH�RI�WRS�
SUHGDWRUV��DQG�WKH�HFRV\VWHP�FRPSOH[LW\�LV�QRW�FRQVLGHUHG��UHIOHFWLQJ�IRU�H[DPSOH�LQ�WKH�DVVXPSWLRQ�
WKDW�PDULQH�SRSXODWLRQV�DEXQGDQFH�DUH�DW� WKHLU�HTXLOLEULXP��%HFDXVH�RI�VXFK� OLPLWDWLRQV��NH\VWRQH�
VSHFLHV�RI�ORZ�WURSKLF�OHYHO�ZRXOG�QRW�UHFHLYH�WKH�ZDUQLQJ�WKH\�GHVHUYH��,W�LV�WKH�FDVH�RI�$QWDUFWLF�
NULOO� �(XSKDXVLD�VXSHUED��� UHSUHVHQWLQJ�����RI�FDWFKHV�RI�)$2�DUHD�$WODQWLF��$QWDUFWLF�� ,W�ZDVQ¶W�
FDOFXODWHG�KHUH�EHFDXVH� LW�GRHVQ¶W�DSSHDU� LQ� WKH�GDWDEDVH�EXW� LW�ZRXOG� UHFHLYH�D� ORZ� µLQGLFDWRU�RI�
%LRWLF�1DWXUDO�5HVRXUFHV�DW�HFRV\VWHP�OHYHO¶��GXH�WR�LWV�ORZ�WURSKLF�OHYHO��+RZHYHU�LW�LV�D�NH\VWRQH�
VSHFLHV�RI�WKH�$QWDUFWLF�HFRV\VWHP��EHLQJ�WKH�PDLQ�VRXUFH�RI�IRRG�IRU�DLU�EUHDWKLQJ�DQLPDOV��0XUSK\�
HW�DO�����������
7KH�LQGLFDWRUV�IRFXV�RQO\�RQ�D�VLQJOH�VSHFLHV�ILVKHULHV��)LVKHULHV�FDQ�EH�PRUH�FRPSOH[��PRVW�ILVKLQJ�
FDPSDLJQV�DUH�QRW�IXOO\�VSHFLILF�DQG�LQFOXGH�WKH�FDWFK�RI�VHYHUDO�VSHFLHV��7KHVH�VLPXOWDQHRXV�FDWFKHV�
FDQ� KDYH� GLIIHUHQW� YXOQHUDELOLW\� DQG� FRPH� IURP� VWRFNV� RI� GLIIHUHQW� VWDWXVHV�� +pOLDV� HW� DO�� �������
SURSRVHG�D�IUDPHZRUN�WR�EHWWHU�DVVHVV�PXOWL�VSHFLHV�VWRFNV��H[WHQGLQJ�RQH�RI�WKH�LQGLFDWRUV�DQDO\VHG�
KHUH��/DQJORLV�HW�DO����������,W�DOVR�LPSURYHV�WKH�DVVHVVPHQW�WKURXJK�WKH�LQFOXVLRQ�RI�PXOWL�KDELWDW�
VWRFNV� DQG� KDV� D� UHODWLYHO\� ORZ� GDWD� UHTXLUHPHQW�� +RZHYHU�� HFRORJLFDO� FRQVLGHUDWLRQV� DUH� VWLOO�
XQFRPSOHWH�� DV� VKRZQ� E\� WKH� ORZ� &KDUDFWHUL]DWLRQ� )DFWRU� RI�$QWDUFWLF� NULOO� ZKLFK� H[SORLWDWLRQ�
GLVWXUEV�WKH�6RXWKHUQ�2FHDQ¶V�HFRV\VWHP�JUHDWO\��0DQJHO�DQG�6ZLW]HU��������0XUSK\�HW�DO����������
)LQDOO\��WKH�LPSDFW�SDWKZD\�RI�E\FDWFK�LV�QRW�\HW�DFFRXQWHG�IRU��GHVSLWH�LWV�SRWHQWLDO�VHULRXV�WKUHDW�RQ�
VSHFLHV�DQG�HFRV\VWHPV��%\FDWFK�RI�QRW�FRPPHUFLDOLVHG�VSHFLHV�VXFK�DV�DLU�EUHDWKLQJ�PDPPDOV��ELUGV��
DQG�UHSWLOHV�KDV�D�JUHDW�LPSDFW�RQ�HFRV\VWHP�DV�WKH\�RIWHQ�SOD\�D�UROH�LQ�RFHDQ¶V�SURGXFWLYLW\�WKURXJK�
QXWULHQW�F\FOLQJ�DQG�FRPPXQLWLHV�VWUXFWXUH��(SSHUO\�HW�DO���������)UDQNLVK�HW�DO���������3HOWLHU�HW�DO���
�������,Q�DGGLWLRQ�WR�WKLV�VKRUWFRPLQJ��WKHVH�LQGLFDWRUV�GRQ¶W�WDNH�LQWR�DFFRXQW�WKH�SRWHQWLDO�GDPDJH�
RQ� KDELWDW� RI� YDULRXV� ILVKLQJ� WHFKQLTXHV� OLNH� JKRVW� ILVKLQJ� DQG� VHDEHG� WUDZOLQJ��$OO� WKHVH� LPSDFW�
SDWKZD\V�ZLOO�EH�DVVHVVHG�LQ�ODWHU�ZRUNV�RI�WKH�WHDP���
'HVSLWH� DOO� WKHVH� VKRUWFRPLQJV�� WKH� LQGLFDWRUV� DQDO\VHG� KHUH� FRQWULEXWH� WR� D� EHWWHU� DVVHVVPHQW� RI�
HQYLURQPHQWDO� LPSDFW� RI� ILVKLQJ�� 7KH\� SURYLGH� LQLWLDO� WRROV� IRU� LQIRUPHG� (FRV\VWHP�%DVHG�
0DQDJHPHQW�RI�ILVKHULHV��ZKLFK�VKRXOG�EH�GHYHORSHG�IXUWKHU��
�
&RQFOXVLRQV�
$SSOLFDWLRQ�RI�LQGLFDWRUV�RI�ERWK�PHWKRGV�RQ�D�ZLGH�UDQJH�RI�VWRFNV�DOORZHG�XV�WR�SURYLGH�DQ�XS�WR�
GDWH�VWRFN�VWDWXV�HYDOXDWLRQ�DQG�WR�XQGHUVWDQG�WKHLU�LPSOLFDWLRQV��FRQFOXVLRQV�DQG�OLPLWDWLRQV��%RWK�
PHWKRGV�VWLOO�KDYH�OLPLWV�SUHYHQWLQJ�WKHLU�DSSOLFDWLRQ�WR�DOO�NLQG�RI�VWRFNV�DQG�ILVKHULHV��,PSDFW�RQ�
ELRGLYHUVLW\�FDOFXODWHG�E\�LQGLFDWRUV�LV�SDUWLDO�DQG�PXVW�EH�GHYHORSHG�EXW�LW�KHOSV�GHWHUPLQLQJ�LI�D�
VWRFN� LV� WKUHDWHQHG� DQG� FRQVHTXHQWO\� KHOS� GHFLVLRQ� PDNLQJ� WR� EXLOG� PRUH� VXVWDLQDEOH� VWRFN�
PDQDJHPHQW� WKURXJK� SURGXFW� HFR�GHVLJQ� DQG� FRQVHUYDWLRQ� SROLFLHV�� 7KH� PDLQ� REVWDFOH� DJDLQVW�
DFFXUDF\�DQG�UHOLDELOLW\�RI�WKH�PHWKRGV�UHPDLQV�WKH�ODFN�RI�GDWD��7KH�VSHFLILF�DQG�XS�WR�GDWH�ELRORJLFDO�
DQG�VWDWLVWLFDO�GDWD�UHTXLUHG�RQO\�HQDEOHG�XV�WR�SURYLGH�WKHP�IRU�VRPH�RI�WKH�ZRUOGZLGH�ILVKHULHV��%\�
KHOSLQJ� WKH� DVVHVVPHQW� RI� RYHUH[SORLWDWLRQ� RI� ILVKHG� VWRFNV�� WKLV� ZRUN� PDNHV� D� VWHS� WRZDUGV� D�
PDQDJHPHQW�RI�ILVKHULHV�FRQVHUYLQJ�ELRGLYHUVLW\��,W�ZLOO�EH�HQKDQFHG�DQG�GHYHORSHG�IXUWKHU�WR�LQFOXGH�
QHZ�LQGLFDWRUV��&UHQQD�HW�DO���������+pOLDV�HW�DO���������DQG�RWKHU�LPSDFWV�RI�ILVKLQJ�DFWLYLWLHV��PDLQO\�
E\FDWFK� DQG� KDELWDW� GDPDJH�� 'DWD� DQDO\VLV� ZLOO� EH� LPSURYHG� E\� WKH� ZRUNV� RQ� HFRV\VWHP�ZLGH�
DVVHVVPHQW�LQ�SURJUHVV�LQ�WKH�(FRSDWK�ZLWK�(FRVLP�SURMHFW��&KULVWHQVHQ�HW�DO����������
�

���
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5HIHUHQFHV�
$VVHOLQ��$��HW�DO���������µ3URGXFW�%LRGLYHUVLW\�)RRWSULQW�±�$�QRYHO�DSSURDFK�WR�FRPSDUH�WKH�LPSDFW�
RI� SURGXFWV� RQ� ELRGLYHUVLW\� FRPELQLQJ� /LIH�&\FOH�$VVHVVPHQW� DQG�(FRORJ\¶�� -RXUQDO� RI� &OHDQHU�
3URGXFWLRQ�������S����������$YDLODEOH�DW��KWWSV���GRL�RUJ���������M�MFOHSUR��������������

&KULVWHQVHQ��9���:DOWHUV��&�-��DQG�3DXO\��'���������µ(FRSDWK�ZLWK�(FRVLP��$�8VHU¶V�*XLGH¶��S�������

&UHQQD�� (��� 6R]]R�� 6�� DQG� 6DOD�� 6�� ������� µ1DWXUDO� ELRWLF� UHVRXUFHV� LQ� /&$��7RZDUGV� DQ� LPSDFW�
DVVHVVPHQW�PRGHO�IRU�VXVWDLQDEOH�VXSSO\�FKDLQ�PDQDJHPHQW¶��-RXUQDO�RI�&OHDQHU�3URGXFWLRQ�������
SS������±������$YDLODEOH�DW��KWWSV���GRL�RUJ���������M�MFOHSUR��������������

'XOY\��1�.��HW�DO���������µ2YHUILVKLQJ�GULYHV�RYHU�RQH�WKLUG�RI�DOO�VKDUNV�DQG�UD\V�WRZDUG�D�JOREDO�
H[WLQFWLRQ� FULVLV¶�� &XUUHQW� %LRORJ\�� �������� SS�� ����������H��� $YDLODEOH� DW��
KWWSV���GRL�RUJ���������M�FXE��������������

(PDQXHOVVRQ��$�� HW� DO�� ������� µ$FFRXQWLQJ� IRU� RYHUILVKLQJ� LQ� OLIH� F\FOH� DVVHVVPHQW�� QHZ� LPSDFW�
FDWHJRULHV� IRU�ELRWLF�UHVRXUFH�XVH¶��7KH�,QWHUQDWLRQDO�-RXUQDO�RI�/LIH�&\FOH�$VVHVVPHQW���������SS��
����±������$YDLODEOH�DW��KWWSV���GRL�RUJ���������V���������������]��

(SSHUO\�� 6�� HW� DO�� ������� µ$QDO\VLV� RI� VHD� WXUWOH� E\FDWFK� LQ� WKH� FRPPHUFLDO� VKULPS� ILVKHULHV� RI�
6RXWKHDVW�8�6��ZDWHUV�DQG�WKH�*XOI�RI�0H[LFR¶��KWWS���DTXDWLFFRPPRQV�RUJ�LG�HSULQW������>3UHSULQW@��
$YDLODEOH�DW��KWWSV���DTXDGRFV�RUJ�KDQGOH�������������$FFHVVHG����0DUFK��������

)$2��������7KH�VWDWH�RI�ZRUOG�ILVKHULHV�DQG�DTXDFXOWXUH�������VXVWDLQDELOLW\�LQ�DFWLRQ��5RPH��)$2��

)UDQNLVK��&�.��HW�DO���������µ7UDFNLQJ�MXYHQLOHV�FRQILUPV�ILVKHULHV�E\FDWFK�KRWVSRW�IRU�DQ�HQGDQJHUHG�
DOEDWURVV¶�� %LRORJLFDO� &RQVHUYDWLRQ�� ����� S�� �������� $YDLODEOH� DW��
KWWSV���GRL�RUJ���������M�ELRFRQ��������������

*DLOOHW�� *��� $VVHOLQ�� $��&�� DQG� :HUPHLOOH�� $�� ������� µ6XVWDLQDEOH� ILVKHULHV�� 7RZDUGV�
RSHUDWLRQDOL]DWLRQ�RI�GHFLVLRQ�PDNLQJ�DFFRXQWLQJ�IRU�ELRGLYHUVLW\¶��-RXUQDO�RI�&OHDQHU�3URGXFWLRQ��
�����S����������$YDLODEOH�DW��KWWSV���GRL�RUJ���������M�MFOHSUR��������������

*XLQpH��-�%��DQG�+HLMXQJV��5���������µ$�SURSRVDO�IRU�WKH�GHILQLWLRQ�RI�UHVRXUFH�HTXLYDOHQF\�IDFWRUV�
IRU�XVH�LQ�SURGXFW�OLIH�F\FOH�DVVHVVPHQW¶��(QYLURQPHQWDO�7R[LFRORJ\�DQG�&KHPLVWU\���������SS�����±
�����$YDLODEOH�DW��KWWSV���GRL�RUJ���������HWF�������������

+pOLDV��$���/DQJORLV��-��DQG�)UpRQ��3���������µ)LVKHULHV�LQ�OLIH�F\FOH�DVVHVVPHQW��2SHUDWLRQDO�IDFWRUV�
IRU� ELRWLF� UHVRXUFHV� GHSOHWLRQ¶�� )LVK� DQG� )LVKHULHV�� ������� SS�� ���±����� $YDLODEOH� DW��
KWWSV���GRL�RUJ���������IDI��������

,3%(6� ������� *OREDO� DVVHVVPHQW� UHSRUW� RQ� ELRGLYHUVLW\� DQG� HFRV\VWHP� VHUYLFHV� RI� WKH�
,QWHUJRYHUQPHQWDO� 6FLHQFH�3ROLF\� 3ODWIRUP� RQ� %LRGLYHUVLW\� DQG� (FRV\VWHP� 6HUYLFHV�� =HQRGR��
$YDLODEOH�DW��KWWSV���GRL�RUJ���������]HQRGR����������

/DQJORLV��-��HW�DO�� �������µ1HZ�PHWKRGV�IRU�LPSDFW�DVVHVVPHQW�RI�ELRWLF�UHVRXUFH�GHSOHWLRQ�LQ�OLIH�
F\FOH�DVVHVVPHQW�RI�ILVKHULHV��WKHRU\�DQG�DSSOLFDWLRQ¶��-RXUQDO�RI�&OHDQHU�3URGXFWLRQ������SS����±����
$YDLODEOH�DW��KWWSV���GRL�RUJ���������M�MFOHSUR��������������

0DQJHO��0��DQG�6ZLW]HU��3�9���������µ$�PRGHO�DW�WKH�OHYHO�RI�WKH�IRUDJLQJ�WULS�IRU�WKH�LQGLUHFW�HIIHFWV�
RI�NULOO��(XSKDXVLD�VXSHUED��ILVKHULHV�RQ�NULOO�SUHGDWRUV¶��(FRORJLFDO�0RGHOOLQJ����������SS�����±�����

���
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�
�

�
�

�

$YDLODEOH�DW��KWWSV���GRL�RUJ���������6����������������������

0XUSK\��(�-��HW�DO���������µ'HYHORSLQJ�LQWHJUDWHG�PRGHOV�RI�6RXWKHUQ�2FHDQ�IRRG�ZHEV��,QFOXGLQJ�
HFRORJLFDO� FRPSOH[LW\�� DFFRXQWLQJ� IRU� XQFHUWDLQW\� DQG� WKH� LPSRUWDQFH� RI� VFDOH¶�� 3URJUHVV� LQ�
2FHDQRJUDSK\�������SS����±����$YDLODEOH�DW��KWWSV���GRL�RUJ���������M�SRFHDQ��������������

3HOWLHU��+��HW� DO�� ������� µ,Q� WKH�:URQJ� 3ODFH� DW� WKH�:URQJ�7LPH�� ,GHQWLI\LQJ�6SDWLRWHPSRUDO�&R�
RFFXUUHQFH�RI�%\FDXJKW�&RPPRQ�'ROSKLQV�DQG�)LVKHULHV�LQ�WKH�%D\�RI�%LVFD\��1(�$WODQWLF��)URP�
����� WR� ����¶�� )URQWLHUV� LQ� 0DULQH� 6FLHQFH�� ��� S�� �������� $YDLODEOH� DW��
KWWSV���GRL�RUJ���������IPDUV��������������

5$0�/HJDF\�6WRFN�$VVHVVPHQW�'DWDEDVH��������µ5$0�/HJDF\�6WRFN�$VVHVVPHQW�'DWDEDVH�Y����¶��
=HQRGR��$YDLODEOH�DW��KWWSV���GRL�RUJ���������]HQRGR����������

6FKDHIHU��0���������µ6RPH�DVSHFWV�RI�WKH�G\QDPLFV�RI�SRSXODWLRQV�LPSRUWDQW�WR�WKH�PDQDJHPHQW�RI�
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Background  
There is a plethora of challenges for future global seafood supply from capture fisheries. Fishery 
management need to consider an increasingly broader set of ecological objectives, including 
rebuilding of overexploited fish stocks, altered ecosystem structure and function, climate change 
adaptation, conservation of sensitive species and habitats, and more – in essence referred to as the 
ecosystem approach to fisheries (Garcia et al. 2003; Pikitch et al. 2004). Concurrently, it is 
increasingly important to consider our interference with vital planetary processes beyond aquatic 
ecosystems, such as land use and climate change mitigation (IPBES 2018; IPCC 2022).  
 
Sustainable use of the ocean is also seen as a facilitator to solve many societal challenges through 
the development of a Blue Economy (United Nations 2021). Consumers may also be advised by 
national dietary guidelines to eat more seafood for planet and health – but may be uncertain on what 
to choose and whom to trust (Richter & Klöckner 2017). This uncertainty is in part an effect of the 
globalization of the seafood market; seafood is delivered on demand through complex trade routes, 
making it difficult for a consumer to observe and understand the different pressures seafoods may 
have on distant and local ecosystems (Crona et al. 2016). As a results, market-based sustainability 
assessments have been developed to guide consumers, such as eco-certification and seafood 
consumer guides. Still, no seafood assessment exists today that is complete – even if limiting the 
concept to environmental sustainability – i.e., comprehensively addressing pressures spanning from 
global (e.g., greenhouse gas emissions) to local (e.g., ecosystems).  
 
To this end, to define sustainable seafood systems from capture fisheries has become increasingly 
complex for management, industry, practitioners, and consumers. Complexity calls for a systems 
perspective where different tools exist (Ness et al. 2007). Recent years have seen an increasing 
interest in combining elements of life cycle assessment (LCA) and risk assessments, both used as 
decision-support in environmental management (Peña et al. 2022; Muazu et al. 2021; Guinée et al. 
2017; Harder et al. 2015; Linkov et al. 2017) – but capture fisheries remain absent in these reviews 
and perspectives. The application of the tools varies for capture fisheries where LCAs are generally 
more industry-oriented, with quantitative assessments of products, whereas various forms of 
ecological risk assessment (ERA) are utilized as decision-support in fishery management and eco-
certification, offering a more semi-quantitative or qualitative assessments on a fishery basis (Ziegler 
at el. 2016). Given the combined application of the tools seen in other areas, what may the two tools 
offer when jointly considered for seafood from capture fisheries?   
 
Objective and methodology 
The objective is to present insights related to seafood sustainability from applying LCA and ERA to 
capture fisheries. Findings of a three-year research project are here summarized and discussed to 
provide perspectives on the future landscape of sustainability assessments of seafood production 
based on capture fisheries.  
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Results and discussion  
Fisheries assessed 
ERAs of capture fisheries have predominantly been developed and applied by researchers based in 
the USA and Australia, while LCAs are mainly published by European researchers, respectively. 
Studies on fisheries outside of Europe and North America are rarer for LCAs compared to ERAs; 
ERA has to a larger extent been applied to data-limited and non-industrial fisheries than LCAs. 
 
LCAs have to a large extent been centered around gadoids, pelagic species and crustaceans. ERAs 
have generally been focused on data-deficient target species, sensitive species complexes such as 
elasmobranchs and by-catch risks in particular for seabirds. There are no LCA of elasmobranch 
fisheries, but several ERAs addressing these species. Both LCA and ERA fall short on assessments 
of freshwater fisheries.  
 
Assessment approaches and applications 
ERA is focused on assessments of local pressures from fisheries on the marine ecosystem. There are 
many forms of ERAs with different methodologies and coverage, spanning from qualitative to fully 
quantitative. Grey literature includes many full assessments of fisheries, i.e., covering a broad set of 
ecosystem components such as target species, by-catch, sensitive species, habitats and ecological 
communities (Smith et al. 2007), while the peer-review literature is centered around various forms 
of Productivity Susceptibility Analysis (for recent overview see Hordyk and Carruthers 2018). This 
analysis is semi-quantitative and combines a species’ life history traits that determines sensitivity to 
fishing pressure (such as size and age for maturity) with metrics indicating susceptibility to the 
specific fishery (such as encounterability and selectivity) to derive at a single score for relative 
vulnerability of a species to a certain fishery indicating low, medium or high risk. The purpose of 
ERAs is decision-support to spark targeted management actions to decrease risks either by more 
data collection or implementation of measures to reduce risks to species and habitats. 
 
Standard LCA methods applied on capture fisheries cover global pressures such as greenhouse gas 
emissions, but method development for fisheries-specific impacts in LCA is ongoing and 
occasionally applied (e.g., Woods et al. 2016; Ruiz-Salmón et al. 2021). LCAs of fisheries focus on 
fuel use intensity, which is the driver behind greenhouse gas emissions from capture fisheries, i.e., 
addressing global challenges that may seem out of scope for local fishery management. It has 
however been found that these emission levels are strongly depending on management measures 
(e.g., Farmery et al. 2014; Hornborg & Smith 2020). Even so, LCAs do not inform fishing policy.  
 
The two tools also differ in terms of how impacts are assessed, i.e. absolute values (emissions of a 
product, quantified by LCA) versus relative risks for ecosystem components to a fishery (ecosystem 
perspective, considered by ERA). Addressing fisheries-specific impacts in LCA thus entails simple 
quantitative metrics that can be attributed to a product (such as discard quantity per tonne fish) but 
they do not convey ecosystem implications, such as associated risks from a specific fishery. 
However, ERA places the local fishing pressures in a context, e.g., habitat impact risks from a 
fishery in a specific ecosystem, or risks for different by-catch species in a specific fishery.   
 
Comparable and/or common indicators 
Trophic indices such as Primary Production Required/Biotic Resource Use are relatively easy to use 
and may also allow for comparisons with land-based production (e.g., Pelletier et al. 2009). 
However, even if indices related to trophic levels are used in both LCAs and ERAs, studies 
evaluating robustness of how the metrics are used in both tools show little support for their ability 
to inform on sustainability in current format (Duffy & Griffiths 2019; Hornborg et al. 2013a).  
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Both tools have approaches to address impacts on threatened and/or protected species. ERA may 
assess them separately (Hobday et al. 2011) and there have been suggestions on how to include this 
impact also in seafood LCAs (Hornborg et al. 2013b). A common challenge is by which criteria 
these species should be defined, data availability and frequency or methodology of assessments 
behind a species being categorized as threatened (e.g., the IUCN Red List of Threated Species). 
 
Pressure on habitats from fishing activities have in LCAs, when included, mainly been addressed as 
an area measure, although approaches are emerging to consider recovery rates (e.g., Woods and 
Verones 2019). The future development of habitat assessment in LCA may benefit from looking at 
the ERA literature (e.g., Pitcher et al. 2017).  
 
Combined use 
Four studies on fisheries have combined ERA with LCA-related results (Table 1). No study has 
fully integrated the two tools but rather focused on separate assessments and integration of results. 
Full integration has also been seen as challenging in in general in other areas of combined use due 
to lack of data and differences in model structure (Linkov et a. 2017; Muazu et al. 2021; Luca Peña 
et al. 2022). However, since examples of combined assessments in fisheries are few, it would be of 
interest to provide more case study examples combining results of stand-alone assessments of the 
same fisheries to be able to draw more conclusions; still, there is a scarcity of fisheries being 
assessed with both tools although opportunities exist (e.g., many tuna fisheries).  
  
Table 1 Studies with combined use of ERA and LCA-related assessment.  
Reference Fishery How integration was done 
Gilman et 
al. 2014 

Marshall Islands 
longline bigeye tuna 
Thunnus obesus fishery 

Semi-quantitative ERA results of bycatch risks (for fish, 
turtles, mammals and birds) were combined with fuel use 
data to consider opportunities for improved efficiencies. 

Hornborg 
et al. 2018 

Australian fisheries for 
Patagonian toothfish 
Dissostichus 
eleginoides  

Results from existing ERAs (assessing target species, 
bycatch, protected species and ecological communities) 
were combined with assessment of greenhouse gas 
emissions and seafloor area swept per tonne.  

Hornborg 
& 
Främberg 
2020 

Fisheries for cyprinid 
species in freshwater 
lakes in Sweden  

An ERA was developed for assessing risks for data-limited 
freshwater species and combined with assessment of 
greenhouse gas emissions of the fisheries. 

Gephart 
et al. 2021 

Various fisheries in 
Central America and 
Europe. 

ERA results of bycatch risks for marine mammals for 
specific gear types and regions were integrated with 
greenhouse gas emission estimates for the same fisheries. 

 
Mixed messages on sustainability were conveyed from the four combined studies, indicating 
tradeoffs and improvement potentials for different actors (Table 2). Comparing outcomes between 
different LCAs and ERAs, i.e., to be able to say if a product is more sustainable than another, is 
complicated since methodological choices differs between studies and have strong implication on 
results (Ziegler et al. 2022; Piet et al. 2017). Both assessments also have a strong temporal 
component to consider; changes in a fishery over time in terms of stock status and management 
measures enforced have strong implications for the outcome of both assessments. 
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Table 2 Outcome of combined use of ERA and LCA perspectives.  
Study LCA ERA 
Gilman et 
al. 2014 

Fuel use was in the range of similar 
fisheries but could be reduced through 
more frequent maintenance and upgrading 
vessel equipment and materials. 

Highest relative risk to turtles, followed 
by elasmobranchs while seabird bycatch 
was likely not problematic. Risks for 
mammals and fish were not assessed 
due to lack of information.  

Hornborg 
et al. 2018 

Fuel intensity was in the higher range and 
had increased over time from a 
combination of market drivers (targeting 
pattern optimizing for size) and fishery 
management regulations (gears used). 

Risks have decreased over time through 
targeted management actions including 
data collection.  

Hornborg 
& 
Främberg 
2020 

Fuel use was exceptionally low and could 
be further reduced from landing more of 
the otherwise discarded cyprinids.  

Risks were high or medium high for 
most of the species, increasing if more 
where landed that are today discarded, 
calling for development of management 
objectives and improved monitoring.  

Gephart 
et al. 2021 

Greenhouse gas emissions per ton differs 
between different gear types and target 
species, e.g., higher for bottom trawls 
compared to gillnets. 

Risks for marine mammal differs 
between gear types and regions, e.g., 
gillnets are associated with higher risk 
compared to bottom trawls.  

 
Conclusions and future perspectives 
A future sustainable seafood supply from capture fisheries – as for all food systems – would benefit 
from supply chains incorporating indicators on local biodiversity pressures and local fishery 
management considering greenhouse gas emissions from management actions. Thus, a combination 
of ERA and LCA methods has the potential to be beneficial for both management and product 
assessments due to the complementary perspectives provided.  
 
Benefits from application of both tools on a capture fisheries production system includes more 
holistic decision support. While local ecological risks such as fishing pressure on vulnerable species 
may be decreased through implementing different management measures (e.g., selective gears, 
fishing restrictions), an add-on LCA-perspective on the anticipated effects on the overall 
sustainability of the product from introduction of different measures can quantify potential trade-
offs between the options, such as the potential effect on fuel use. For consumers, combining 
information on greenhouse gas emissions with local ecosystem risk level may allow for more 
informed decisions, but a disadvantage is the potentially increased complexity unless aggregated 
indices are used (e.g., certification including both aspects).   
 
Further research on understudied seafood production systems and methodological aspects on how to 
make the most out of a combination of the tools are needed. To spark this effort, stronger societal 
incentives are arguably needed in the form of e.g. interest from fishery policy agencies in 
decreasing greenhouse gas emissions from capture fisheries, or for certification of seafood to 
expand the scope of sustainability assessment by setting a cap to what are acceptable emissions 
from a fishery to be certified.  
 
At last, ERAs and LCAs have also been used to assess seafood from aquaculture systems (Holmen 
et al. 2018; Bohnes and Laurent 2019). Comparing these outcomes and studying potential for 
integration of the tools also for these production systems offers opportunities for the future.  
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Making food systems more sustainable is one of humanity’s largest challenges. Over two decades of 
life cycle assessment (LCA) research on the environmental performance of food systems has helped 
to inform efforts to address this challenge. Recently, attention has shifted to scaling up insights gained 
from individual food LCA studies to assess contributions to global-scale challenges that arise from 
specific diets or aggregate national- to global-level patterns of production or consumption (Tilman 
and Clark 2014; Clark and Tilman 2017; Clune et al. 2017; Poore and Nemecek 2018; Springmann 
et al. 2018; Willett et al. 2019; Clark et al. 2019). These efforts have sought to combine, or aggregate, 
results from individual food LCAs to identify broader impact patterns and impact reduction 
opportunities. Importantly, such efforts to aggregate and scale-up from individual LCAs are 
necessarily limited by the scope, coverage, representativeness, and methods used in the underlying 
studies (Henriksson et al. 2021). As importantly, however, how results of individual food system 
studies are combined to yield larger insights also varies widely, but has received little attention. Here 
we suggest three ‘best practices’ that address widely occurring, but easily avoided, pitfalls when 
aggregating results of individual food LCAs to the scale of diets or population-level production or 
consumption patterns.  
 
Best Practice #1: Define and populate groups on 
the basis of impact drivers that align with the 
goal(s) of the study. To date, most studies that 
combine results of extant food system LCA 
research define the groups that they base their 
analyses on using familiar class or group 
delimiters. This often includes defining groups in 
terms of taxonomically related species or locale 
where production occurs despite these attributes 
often having little relevance to the phenomena 
being modelled (e.g. estimating GHG emissions 
of a diet, eutrophying emissions of a country’s 
production, etc.). Our suggested best practice is 
to identify the main drivers of the impact being 
studied based on available literature and then 
define the groups in terms of these drivers (Fig 
1). Doing so should result in fewer groups 
(increasing the number of useful observations 
within each group), lower within-group variance 
and greater between-group differences where 
these actually exist.  
 

Figure 1. Conceptual demonstration of how food groups 
can be organized according to the drivers of the impact 
being assessed, here applied to seafood products from 
fisheries and aquaculture and their respective drivers of 
greenhouse gas emissions. While absolute emissions 
within each group vary widely depending on rates of inputs 
and outputs, groups share common drivers, improvement 
opportunities, and policy recommendations. 
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Best Practice #2: Select studies that are relevant and whose underlying methods are consistent or 
can be aligned. Frequently, studies building on food system LCA research appear to overlook relevant 
existing research while at the same time including results of studies whose methods are at odds with 
others used (Tilman and Clark 2014, Clark and Tillman 2017). While familiar to food LCA 
practitioners, fundamental differences in the methods employed by original study authors that can 
affect study results (e.g. attributional or consequential approach, system boundaries, co-product 
allocation, treatment of land use change), are often overlooked in aggregation studies. Similarly, 
marginal or emergent systems, which are disproportionately assessed in food LCA literature, are often 
included in aggregation studies alongside results of commercial-scale enterprises. Our suggested best 
practice in this regard is to define relevant inclusion/exclusion criteria, reflective of the goals of the 
aggregation, and apply those criteria to all available studies. Where possible, important 
methodological differences can be overcome by adapting, converting or re-calculating results based 
on inventory data to better align original study methods.  
 
Best Practice #3: Reflect the representativeness and distribution of data points within each group. 
Often, results of existing studies of food systems deemed relevant to an aggregation study are simply 
averaged despite the frequent existence of substantial differences in scale of contribution to the 
aggregate system of interest (e.g. characterizing the average Canadian diet). Separately, given the 
positive skew associated with many impact contributions from a given food system (Poore and 
Nemecek 2018), reliance on a simple arithmetic mean, or a min-max range to represent some 
aggregate systems of interest will tend to over-estimate aggregate emissions. Our suggested best 
practices in this regard are to either apply appropriate production- or consumption-based weighting 
factors to relevant food LCA study results, to consider excluding unrepresentative, experimental or 
niche systems altogether via the exclusion process above, and to use median values over arithmetic 
means to represent each group when weightings are not applied. 
 
Applying these best practices when aggregating data from the rapidly growing body of food LCA 
research should improve our understanding of actual impacts of aggregate food systems at all scales 
and settings. Not applying them risks sending unclear, inconsistent, or poorly representative messages 
to decision-makers tasked with guiding the transformation of food systems.  
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Objective and background 
Seaweed cultivation is resource efficient regarding materials, energy and water and can mitigate 
local eutrophication (Thomas et al., 2020). As a result, seaweed has been brought forward as a 
promising alternative source of food and biomaterials to mitigate environmental impacts (European 
Commission, 2021). As an example, seaweed is currently used in the form of dry flakes in cooking 
and baking, as a food additive for texture, for printing in the textile industry, and for bioethanol 
(Nilsson et al., 2022). As the water content after harvest is around 85 %, seaweed is often preserved 
through sun drying or air cabinet drying to reach a more appropriate moisture level for storage and 
subsequent use, as well as to facilitate transportation. The Life Cycle Assessment (LCA) studies on 
seaweed that have applied a system boundary beyond farm gate have concluded that post-harvest 
processing e.g. by drying is a major environmental hot spot (Thomas et al., 2020; van Oirschot et al., 
2017). Here we evaluated how the environmental performance of a seaweed value chain was 
affected by post-harvest drying as well as processing into a range of products in a biorefinery. In 
addition, we discuss other seaweed processing methods evaluated in LCA literature. This study 
aims to bring attention to the importance of including post-harvest activities when evaluating the 
environmental performance of seaweed. 
 
Methodology and studied system 
An LCA was conducted with a system boundary including collection of parent seaweed of the 
brown algae Saccharina latissima, cultivation in nursery and sea, harvest, post-harvest drying and 
ending after processing into final products in a biorefinery. The final products of the biorefinery 
were alginate for food, biomaterials for packaging, biogas for electricity and fertilizer. The 
functional unit used was 1 kg dry weight seaweed. We assessed the 19 impact categories included in 
the Life Cycle Impact Assessment method EF 3.0 but mainly focus on climate change. For the 
biorefinery a system expansion approach was applied. Primary data were collected for seaweed 
cultivation, alginate production and production of biomaterials for packaging. Biogas for electricity 
and fertilizer was partly based on literature. Brown algae seaweed was cultivated using long lines at 
a farm in Ireland. The biorefinery used dried seaweed as input material. Cellulosic residues after 
extraction of alginate were used for production of films that can be used as a packaging material. 
Residues that remain after the production of film were then sent to anaerobic digestion to achieve a 
no-waste concept. 
 
Results and Discussion 
At farm gate, just after harvest, the cultivated seaweed in its wet form had a climate impact of 0.16 
kg CO2 equivalents (CO2 eq.) per kg, equaling 1.28 CO2 eq. in dry weight (Nilsson et al., 2022). 
The dried seaweed material had a considerably higher climate impact of 6.12 kg (CO2 eq.) per kg 
dry seaweed at post-harvest drying. Drying stood for 75 % of the climate impact and the drying 
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process contributed to 38-95 % of total impacts for the 18 environmental impacts assessed, in 
addition to climate change. One kg of dried seaweed generated 0.3 kg alginate, 0.1 kg cellulosic 
film, 0.3 kWh electricity and 0.07 kg fertilizer (Nilsson et al., 2022). For alginate extraction in the 
biorefinery, the yield and purification after extraction are environmental hot spots. The climate 
impact from the modelled biorefinery was 12.94 kg CO2 eq. per kg dry seaweed going into the 
processing when some assumed process optimizations are applied. The drying step could be 
excluded as long as the quality of the seaweed is preserved until further processing and the 
economic and environmental costs of transportation are reasonable.  
 
Although the large environmental impact from post-harvest preservation by drying and freezing has 
been reported repeatedly in sustainability assessment studies of seaweed (Thomas et al., 2020; van 
Oirschot et al., 2017), it is rarely mentioned when the potential of seaweed products is described. A 
clear example are communications from the European Union (EU) on the role of algae in the EU 
Blue Economy (European Commission 2020; European Commission 2021). They describe how the 
cultivation of seaweed it efficient in comparison to other biomass cultivation and how algae 
products will reduce environmental pressures and contribute eg. to a more sustainable food sector. 
The resource intensive processing after harvest is however not mentioned as a problem to tackle, or 
listed among the 18 proposed targeted EU activities to support the sustainable growth of the algae 
sector. 
 
The benefits of seaweed uptake of CO2 and nutrients have here been left out. It is however, an 
additional way that post-harvest activities highly influences the environmental footprint of seaweed. 
The uptake has been shown to considerably mitigate eutrophication and climate change when 
applying a short time perspective or when the carbon and nutrients removed from the atmosphere 
and marine environment are prevented from reentering them (Seghetta et al., 2017; Thomas et al., 
2020). For products like food, packaging and biogas, the captured carbon naturally does reenter the 
atmosphere and therefore the uptake can not be credited for such products. 
 
Conclusions and recommendations 

x Excluding post-harvest activities when evaluating environmental performance of seaweed 
risks leading to false conclusions of seaweeds potential to mitigate environmental pressures. 

x As seaweed biomass offers new unique properties and functions and the cultivation is highly 
resource effective, efforts should be focused on lowering impacts from the later steps in 
seaweed production chains. 

x In addition to changing from drying as a seaweed preservation method to more resource 
efficient preservation methods like hang-drying and ensiling, environmental performance 
would improve if preservation for storing in between production steps could be avoided e.g. 
by having geographical and temporal closeness between seaweed harvesting and end 
processing. 
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Abstract 
Algae omega-3 fatty acids, the original source of long chain omega-3s, are an alternative to fish oil, 
the traditional source of omega-3s in nature. To understand the environmental impacts of omega-3s 
produced by heterotrophic algae, a comprehensive Life Cycle Assessment (LCA), assessing six 
impact categories, was conducted for two algae omega-3 DHA (docosahexaenoic acid) products, in 
powder and liquid suspension formats. These products are manufactured at industrial scale using 
sugarcane for both feedstock and a renewable energy source. A comparison with fish oil, using data 
publicly available in LCA databases, indicated that the climate change impact of commercial algae 
omega-3 DHA product is about 30-40% lower than fish oil. 
 
Introduction 
Fish oil has traditionally been the primary source of long chain omega-3 fatty acids, which are 
essential nutrients for human diets as well as many aquaculture and animal feeds. The demand for 
fish oil is growing rapidly, due to an expanding aquaculture sector as well as rising demand in pet 
and livestock feeds, while the availability of fish oil from wild caught fish has levelled off over the 
past decade. Algae omega-3 fatty acids, the original source of long chain omega-3s, have been used  
now for a few years and are a sustainable alternative to fish oil.  
 
This study aims at providing cradle-to-gate LCA information on commercially produced omega-3 
DHA, from heterotrophically grown microalgae, by Corbion, as published in (Davis et al 2021). 
Additionally, the LCA results are compared with the environmental impact of producing omega-3s 
from fish oil, based on publicly available data.  
 
Methodology 
This LCA was performed according to the standard methodology described in ISO 14040 series by 
the International Organization of Standardization. The LCA model was created in SimaPro version 
9.1.The functional unit was defined as 1 kg omega-3 fatty acids. The scope of the LCA is cradle-to-
gate, the boundaries of the study are described in Fig. 1. 
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Fig 1. System boundaries for the LCA 

 
The Economic allocation is applied, based on the EU product environmental footprint category 
rules (PEFCR) for 'Feed for food producing animals' (European commission, 2018), for the 
sugarmill co-products and  for the different products from the fishmeal and oil plant. The LCA 
included the six most relevant impact categories defined by the same PEFCR. 
 
Results and discussion 
The algae omega-3 DHA products is 30-40% lower impacts for climate change compared to fish oil. 
The reason for the lower carbon footprint of algae omega-3s DHA is that its production is integrated 
with the neighboring  sugar mill which uses a very efficient crop, sugarcane, to product both sugar 
and energy (steam and electricity) to the algae plant. 
 
For the algae omega-3 DHA products, sugarcane cultivation has the largest contribution for most of 
the impact categories. The LCA results for the fish oil, based on datasets publicly available 
(Ecoinvent 3.6 and Agri-footprint 5) showed a large variability augmented by the wide range of  the 
omega-3 content in fish oil (14-24%). As expected, agriculture related impacts such as 
eutrophication, particulate matter and land use  impact categories are lower for fish oil then for 
algae omega-3 DHA.  
 
One limitation of the current LCA impact methods is that the impacts on marine ecosystems of 
fisheries are not considered, therefore the reduced pressure on marine resource cannot yet be 
quantified.  
 
Conclusion  
In conclusion, the use of algae omega-3 DHA in feed contributes positively to maintaining or 
improving omega-3 levels in feed, reduces pressure on marine resources, and plays a role in 
improving the carbon footprint of feed formulations. 
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)OXYLF�&DPELVROV��FDOFDULF��LQ�IDUPV�$�DQG�%�DQG�+DSOLF�&DPELVROV��FDOFDULF��LQ�IDUP�&��DV�UHSRUWHG�
LQ�WKH�6RLO�UHJLRQDO�PDS��KWWSV���DPELHQWH�UHJLRQH�HPLOLD�URPDJQD�LW���7KH�YLQH\DUG�WUDLQLQJ�V\VWHPV�
DUH��XSVLGH�GRZQ�FRUGRQ�LQ�IDUP�$��*X\RW�DQG�*HQHYD�'RXEOH�&RXUWLQ��*'&��LQ�IDUP�%�DQG�*X\RW�
LQ� IDUP� &�� ,Q� DOO� WKUHH� YLQH\DUGV� WKH� LQWHU�URZ� VSDFH� LV� JUDVVHG�� &KHPLFDO� ZHHGLQJ� DQG� PLFUR�
LUULJDWLRQ�DUH�FDUULHG�RXW�RQ�IDUPV�$�DQG�%�LQ�WKH�XQGHU�URZ�VSDFH��ZKLOH�PHFKDQLFDO�ZHHGLQJ�DQG�QR�
LUULJDWLRQ�DUH�DFFRPSOLVKHG�RQ�IDUP�&���7DEOH���VXPPDUL]HV�WKH�PDLQ�DJURQRPLFDO�LQWHUYHQWLRQV�LQ�
HDFK�IDUP� 

 
7DEOH����0DLQ�GLVWLQJXLVKLQJ�IHDWXUHV�UHODWHG�WR�WKH�DQWKURSLF�PDQDJHPHQW�RI�WKH�WKUHH�YLQH\DUG�IDUPV� 

)DUP 
3HVWLFLGH�WUHDWPHQWV )HUWLOL]DWLRQ 

,UULJDWLRQ :HHG�FRQWURO 
)XQJLFLGHV ,QVHFWLFLGHV +HUELFLGHV &KHPLFDO 2UJDQLF�

�FRPSRVW� 

$ <HV <HV <HV <HV <HV <HV &KHPLFDO 
% <HV <HV <HV <HV 1R <HV &KHPLFDO 
& <HV���� 1R 1R 1R 1R 1R 0HFKDQLFDO 

�����RQO\�FRSSHU��DQG�YHQWLODWHG�VXOIXU�EDVHG�SURGXFWV�    

 
7KH�/&$�V\VWHP�ERXQGDULHV�DUH��IURP�FUDGOH�WR�JDWH���L�H��IURP�WKH�UDZ�PDWHULDO�SURGXFWLRQ�SKDVH�

WR�WKH�KDUYHVWLQJ�RI�WKH�SURGXFW��H[FOXGLQJ�WKH�SKDVHV�RI�YLQH\DUG�SODQWLQJ�DV�ZHOO�DV�WKH�SURGXFWLRQ�
DQG�PDLQWHQDQFH�RI�WKH�LQIUDVWUXFWXUH�DQG�PDFKLQHU\�XVHG�LQ�WKH�FXOWLYDWLRQ�SKDVH��7KH�IXQFWLRQDO�
XQLW�LV������NJ�RI�JUDSHV���7KH�LQYHQWRU\�GDWD�UHODWLQJ�WR�WKH�JUDSH�JURZLQJ�SURFHVV�ZHUH�FROOHFWHG�
GLUHFWO\� RQ� WKH� IDUPV� DQG� UHSUHVHQW� WKH� DYHUDJH� RI� FRQVXPSWLRQV� DQG� \LHOGV� RI� \HDUV� �����������
6HFRQGDU\�GDWD�LV�IURP�GDWDEDVHV�*D%L��SURIHVVLRQDO�Y�������DQG�(FRLQYHQW�YHUVLRQ�������������:KHQ�
SHVWLFLGHV�DQG�IHUWLOL]HUV�ZHUH�QRW�DYDLODEOH�LQ�WKRVH�GDWDEDVHV��GDWDVHWV�RI�VXLWDEOH�SUR[\�ZHUH�XVHG��
3HVW/&,� VRIWZDUH� �'LMNPDQ� HW� DO�� ������ ZDV� XVHG� WR� TXDQWLI\� HPLVVLRQV� GXH� WR� WKH� SHVWLFLGH�
DSSOLFDWLRQ�LQ�WKH�YDULRXV�HQYLURQPHQWDO�FRPSDUWPHQWV�EDVHG�RQ�VRLO�W\SH��FOLPDWH�DQG�VHDVRQDOLW\�LQ�
WKH� VWXG\� DUHD�� ,Q� RUGHU� WR� FDOFXODWH� WKH� HPLVVLRQV� GXH� WR� IHUWLOL]HU� DSSOLFDWLRQ�� WKH� 3()&5�ZLQH�
JXLGHOLQHV�ZHUH�IROORZHG��(XURSHDQ�&RPPLVVLRQ���������7KH�LPSDFW�FDWHJRULHV�UHFRPPHQGHG�LQ�WKH�
,/&'�3()&5�UHFRPPHQGDWLRQ�Y�������KDYH�EHHQ�VHOHFWHG��IRU�VSDFH�UHDVRQV��LQ�WKLV�SDSHU�RQO\�WKH�
LPSDFW�FDWHJRU\�&OLPDWH�&KDQJH��H[FOXGLQJ�ELRJHQLF�FDUERQ��DUH�UHSRUWHG�� 
7KH� 5RWK&� PRGHO� VLPXODWHV� WKH� WXUQRYHU� RI� RUJDQLF� FDUERQ� LQ� QRQ�ZDWHUORJJHG� VXUIDFH� VRLOV��

DSSO\LQJ�D�PRQWKO\� WLPH�VWHS� WR�FDOFXODWH�62&��LQ� W�&�KD����RQ�D�FKRVHQ� WLPHVFDOH� IURP�\HDUV� WR�
FHQWXULHV��&ROHPDQ�DQG�-HQNLQVRQ���������5RWK&�UHTXLUHV�LQSXW�RQ�VRLO�GHSWK��FOD\�DQG�62&�FRQWHQW��

���
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��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

WHPSHUDWXUH��SUHFLSLWDWLRQ��HYDSRWUDQVSLUDWLRQ��YHJHWDWLRQ�FRYHU�DQG�&�LQSXW�IURP�FURS�UHVLGXHV�DQG�
RUJDQLF�IHUWLOL]HUV��7R�WKLV�UHJDUG����VRLO�VDPSOHV�ZHUH�WDNHQ�LQ�IDUP�$�DQG���LQ�IDUPV�ERWK�%�DQG�&�DW�
����� FP� GHSWKV�� UHSUHVHQWDWLYH� RI� WKH� LQWHU�URZ� DQG� XQGHU�URZ� VSDFH� RI� HDFK� YLQH\DUG�� )RU� HDFK�
VDPSOH��WH[WXUH�DQG�62&�ZHUH�DQDO\]HG���7KH�WKUHH�IDUPV�$��%�DQG�&�KDG�PHDQ�FOD\�FRQFHQWUDWLRQV�
RI������������DQG��������DQG�PHDQ�62&�FRQWHQWV�RI�������������DQG������W�&�KD����UHVSHFWLYHO\��
&DUERQ�LQSXWV�RI�RUJDQLF�IHUWLOL]HUV�DQG�YLQH\DUG�DERYH�JURXQG�ELRPDVV�UHVLGXHV��SUXQLQJ�DQG�JUDVV��
ZHUH� GLUHFWO\� PHDVXUHG�� ZKLOH� EHORZ�JURXQG� ELRPDVV� UHVLGXHV� �URRW� H[XGDWHV�� ZHUH� HVWLPDWHG�
IROORZLQJ�)DULQD�HW�DO�����������,Q�5RWK&�LQSXW��WKH�XQGHU�URZ�VRLO�ZDV�DVVXPHG�EDUH�IRU�IHZ�PRQWKV�
IROORZLQJ�ZHHGLQJ��ZKLOH�LQWHU�URZ�VRLO�SHUHQQLDO�YHJHWDWHG�ZDV�FRQVLGHUHG��$�����\HDU�VLPXODWLRQ�
ZDV�SHUIRUPHG�IRU�HDFK�VDPSOLQJ�SRLQW��7KH�QHW�HPLWWHG�&2��HT���ǻ&2��HT���ZHUH�FDOFXODWHG�IURP�
WKH� DQQXDO� YDULDWLRQ� LQ� 62&� RQ� ���� \HDUV�� 7KH� VLQJOH� YDOXHV� ZHUH� DYHUDJHG� IRU� HDFK� IDUP� DQG�
FRPELQHG�ZLWK�WKH�UHVSHFWLYH�&OLPDWH�&KDQJH��H[FO��ELRJHQLF�FDUERQ������\HDUV�DVVHVVHG�E\�/&$�
PHWKRG� 

 
5HVXOW�DQG�GLVFXVVLRQV 
3RWHQWLDO�LPSDFWV�RQ�&OLPDWH�&KDQJH��H[FO��ELRJHQLF�FDUERQ��RI�)DUPV�$��%�DQG�&�DUH������������

DQG������NJ�&2��HT��T����UHVSHFWLYHO\��)LJXUH���SUHVHQWV�WKH�SHUFHQWDJH�FRQWULEXWLRQV�RQ�WKH�WRWDO�*+*�
HPLVVLRQV� RI� WKH� OLIH�F\FOH� SURFHVVHV� FRQVLGHUHG� LQ� WKH� V\VWHP�ERXQGDULHV� IRU� HDFK� IDUP��$V� LW� LV�
SRVVLEOH� WR� REVHUYH�� WKH� PDLQ� FRQWULEXWLRQV� DUH� GXH� WR� GLHVHO� FRQVXPSWLRQ� IRU� PDFKLQHULHV� DQG�
HPLVVLRQV�LQ�DLU�IURP�IHUWLOL]HUV��RQO\�IDUPV�$�DQG�%���7KH�*+*�HPLVVLRQV�GXH�WR�WKH�XVH�RI�IHUWLOL]HUV�
DUH�PDLQO\�1�2�DQG�&2���7KH�SURGXFWLRQ�RI�IHUWLOL]HUV�KDV�DOVR�D�VLJQLILFDQW�UROH�LQ�IDUPV�$�DQG�%� 

 
)LJXUH����&RQWULEXWLRQ�WR�*+*�HPLVVLRQV�RI�WKH�FUDGOH�WR�JDWH�OLIH�F\FOH�SURFHVVHV�RI�����NJ�RI�JUDSHV�� 
 

)LJXUH��$�VKRZV�62&�WUHQGV�LQ�WKH�WKUHH�YLQH\DUGV�GXULQJ�WKH�����\HDU�5RWK&�VLPXODWLRQ��)RU�HDFK�
IDUP�WKH�PRVW�VLJQLILFDQW�LQWHU�URZ�DQG�XQGHU�URZ�VFHQDULRV�DUH�VKRZQ��$OWKRXJK�LQ�HDFK�IDUP�ERWK�
LQWHU�URZ�DQG�XQGHU�URZ�VSDFHV�UHFHLYH�WKH�VDPH�LQSXW�RI�RUJDQLF�&�IURP�FURS�UHVLGXHV�DQG�RUJDQLF�
IHUWLOL]HUV��LQ�WKH�LQWHU�URZ�62&�LQFUHDVHV�VLJQLILFDQWO\��IDUP�$�DQG�%��RU�DW�PRVW�GHFUHDVHV�VOLJKWO\�
�IDUP�&���ZKLOH� LQ� WKH� XQGHU�URZ� VSDFH�� 62&�GHFUHDVHV� FRQVLGHUDEO\� LQ� DOO� IDUPV�� ,Q� IDFW��ZKHQ�
FRQVLGHULQJ�EDUH�VRLO�LQ�GU\�SHULRGV��5RWK&�VLPXODWHV� OHVV�VRLO�PRLVWXUH�ORVV�E\�HYDSRWUDQVSLUDWLRQ�
DOORZLQJ�PLFURELDO�ELRPDVV�WR�PLQHUDOL]H�PRUH�RUJDQLF�&��)DULQD�HW�DO���������LQ�WKH�XQGHU�URZ��,Q�
IDUP�$�DQG�%��DOVR�PLFUR�LUULJDWLRQ�SURPRWHV�WKHVH�FRQGLWLRQV��$V�UHSRUWHG�LQ�7DEOH����VLPXODWLRQV�
FDPH�RXW�DV�PHDQ�UHVXOWV�D�PDUNHG�SRVLWLYH�DQQXDO�62&�YDULDWLRQ��ȴ62&��IRU�IDUP�$��������W�&�KD�
���DQG�VOLJKWO\�SRVLWLYH�LQ�IDUP�%��������W�&�KD�����ZKLOH�RQO\�LQ�IDUP�&�WKH�DQQXDO�62&�YDULDWLRQ�LV�
QHJDWLYH���������W�&�KD�����7KHVH�WUHQGV�DUH�PDLQO\�UHODWHG�WR�WKH�GLIIHUHQW�DQQXDO�&�LQSXW�IRU�HDFK�
IDUP��7KLV� WUHQG� LQ�VRLO�FDUERQ�WUDQVODWHV� LQWR�D�GLIIHUHQW�QHW�HPLVVLRQ�RI�&2���ǻ&2�HT�� IURP�VRLO��
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2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

FRQWULEXWLQJ�IRU�IDUP�$�DQG�%�ZLWK�VHTXHVWUDWLRQ�RI������DQG�������NJ�&2��HT��T���UHVSHFWLYHO\��ZKLOH�
IRU�IDUP�&�WR�DQ�HPLVVLRQ�RI�������NJ�&2��HT��T����7DEOH����� 

 

 
)LJXUH����$��62&�WUHQGV�LQ�WKH�WKUHH�YLQH\DUGV�GXULQJ�WKH�����\HDU�5RWK&�VLPXODWLRQ��IRU�HDFK�IDUP�WKH�
PRVW�VLJQLILFDQW�LQWHU�URZ��VROLG�OLQH��DQG�XQGHU�URZ��GDVKHG�OLQH��VFHQDULRV�DUH�VKRZQ��%��&OLPDWH�FKDQJH�
�H[FO��ELRJHQLF�FDUERQ��UHVXOWV�LQWHJUDWHG�ZLWK�WKH�ǻ&2��HT��UHVXOWV�REWDLQHG�WKURXJK�WKH�5RWK&�PRGHO� 

 
7DEOH����)RU�HDFK�IDUP�DUH�VKRZQ��WKH�QXPEHU�RI�5RWK&�VLPXODWHG�VFHQDULRV��WKH�LQLWLDO�DQG�WKH�ILQDO�62&��WKH�
DQQXDO�YDULDWLRQ�LQ�62&��WKH�HTXLYDOHQW�&2��HPLWWHG�IURP�VRLO�IRU�SURGXFLQJ�����NJ�RI�JUDSHV��WKH�*:3�DQG�
WKH�*+*�WRWDO�HPLVVLRQV�DV�&2��HT� 

Farm Simulated 
scenarios 

SOC at 0 
years 

SOC at 
100 years ǻ62& ǻ&22 eq. Climate 

change 

GHG 
total 

emission 
   Mean (1) Mean (1) Mean (1) Mean (1) St. dev. (1)     

  Number t C haí� t C haí��
yí� kg CO2 eq. q-1 kg CO2 eq. q-1 

A 8 41.1 56.7 0.156 -1.71 2.51 6.02 4.31 
B 6 44.1 45.6 0.002 -0.029 1.902 8.95 8.92 
C 6 44.0 32.0 -0.139 10.17 5.38 4.75 14.92 

(1): mean and standard deviation were weighted on the inter-row and under-row area into the vineyards 
 
,I�/&$�UHVXOWV�RI�&OLPDWH�&KDQJH�DUH� LQWHJUDWHG�ZLWK� WKH�ǻ&2��HT�� UHVXOWV�REWDLQHG�YLD�5RWK&�

PRGHOOLQJ��RXWFRPHV�FKDQJH�FRQVLGHUDEO\�LQ�)DUP�$�DQG�&�ZKLOH�LW�GRHV�QRW�DIIHFW�)DUP�%��ILJXUH�
�%���)DUP�$�SUHVHQWV�WKH�KLJKHVW�FDUERQ�VHTXHVWUDWLRQ��OHDGLQJ�WR�D�VLJQLILFDQW�UHGXFWLRQ�RI�WKH�RYHUDOO�
HPLVVLRQV�RI�&2��HT��)DUP�%�H[ELELWV�D�YHU\�OLPLWHG�FDUERQ�VHTXHVWUDWLRQ�ZKLFK�GRHV�QRW�FKDQJH�
VLJQLILFDQWO\� WKH�&OLPDWH�&KDQJH� UHVXOW��)DUP�&�KDV� D� WRWDOO\�GLIIHUHQW�EHKDYLRU�� LQ� WKLV� FDVH� VRLO�
FRQVLGHUDEO\� GHFUHDVHV� LWV� RUJDQLF� FDUERQ� FRQWHQW� DQG� WKHUHIRUH� WKH� RYHUDOO� HPLVVLRQV� RI�&2�� HT��
LQFUHDVH�QRWDEO\�� 
6SHFLILFDOO\��LJQRULQJ�WKLV�LQWHJUDWLRQ�ZRXOG�KDYH�UHVXOWHG�LQ�D�VLJQLILFDQW�RYHUHVWLPDWLRQ�RI�WRWDO�&2��
HT��HPLWWHG�E\�����IRU�IDUP�$��DQG�D�VLJQLILFDQW�XQGHUHVWLPDWLRQ�RI�WRWDO�&2��HT��HPLWWHG�E\�����IRU�
IDUP�&�� 
,Q�FRQFOXVLRQ��WKLV�VWXG\�LQGLFDWHV�WKDW�HYDOXDWLQJ�WKH�FDUERQ�G\QDPLFV�LQ�VRLO�DQG�LQWHJUDWLQJ�WKHP�

ZLWK�WKH�*:3�VFRUH�RI�WKH�/&$�FDQ�UHSUHVHQW�D�FUXFLDO�DVSHFW�LQ�GHWHUPLQLQJ�WKH�DFWXDO�&2��HPLVVLRQV�
DVVRFLDWHG�WR�WKH�SURGXFWLRQ�RI�JUDSHV��,W�LV�QRWHZRUWK\�WKDW�WKH�XVH�RI�WKH�5RWK&�PRGHO�UHTXLUHV�GDWD�
DQG�H[SHUWLVH�LQ�DGGLWLRQ�WR�WKDW�RI�WKH�JHQHULF�/&$�DQDO\VW��0RUHRYHU��WKH�LQWHJUDWLRQ�RI�WKH�5RWK&�
PRGHO�LQ�/&$�VWXGLHV�QHHGV�RI�VSHFLILF�JXLGHOLQHV�LQ�RUGHU�WR�DYRLG�VXEMHFWLYH�FKRLFHV�� 
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������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

5HIHUHQFHV 
%RVFR��6���'L�EHQH��&���*DOOL��0���5HPRULQL��'���0DVVDL��5���%RQDUL��(�� ������6RLO�RUJDQLF�PDWWHU�
DFFRXQWLQJ�LQ�WKH�FDUERQ�IRRWSULQW�DQDO\VLV�RI�WKH�ZLQH�FKDLQ��,QW��-��/LIH�&\FOH�$VVHVV���������±���� 
&DOYR�GH�DQWD��5���/XtV��(���)HEUHUR�EDQGH��0���*DOLxDQHV��-���0DFtDV��)���2UWt]��5���&DViV��)��������
6RLO�2UJDQLF�&DUERQ�LQ�3HQLQVXODU�6SDLQ��,QIOXHQFH�RI�(QYLURQPHQWDO�)DFWRUV�DQG�6SDWLDO�'LVWULEXWLRQ��
*HRGHUPD������������ 
&ROHPDQ��.��DQG�-HQNLQVRQ��'�6��������5RWK&�����²$�0RGHO�IRU�WKH�WXUQRYHU�RI�FDUERQ�LQ�VRLO��,Q�
(YDOXDWLRQ� RI� 6RLO� 2UJDQLF� 0DWWHU� 0RGHOV�� 1$72�$6,� 6HULHV� �6HULHV� ,�� *OREDO� (QYLURQPHQWDO�
&KDQJH���3RZOVRQ��'�6��� 6PLWK�� 3��� 6PLWK�� -�8��(GV��� 6SULQJHU/LQN��%HUOLQ�+HLGHOEHUJ��*HUPDQ\��
9ROXPH�����SS�����±����� 
&ROHPDQ��.���-HQNLQVRQ��'�6��������µ5RWK&�����²$�0RGHO�IRU�WKH�WXUQRYHU�RI�FDUERQ�LQ�VRLO��0RGHO�
GHVFULSWLRQ�DQG�XVHU�JXLGH��:LQGRZV�YHUVLRQ�¶��5RWKDPVWHG�5HVHDUFK��+DUSHQHG�+HUWV�$/���-4��8.��
$YDLODEOH�DW���KWWSV���ZZZ�URWKDPVWHG�DF�XN�VLWHV�GHIDXOW�ILOHV�5RWK&BJXLGHB:,1�SGI�>$FFHVVHG�RQ�
��-DQXDU\�����@� 
'
DPPDUR��'���&DSUL��(���9DOHQWLQR��)���*ULOOR��6���)LRULQL��(���/DPDVWUD��/��������%HQFKPDUNLQJ�RI�
FDUERQ�IRRWSULQW�GDWD�IURP�WKH�,WDOLDQ�ZLQH�VHFWRU��$�FRPSUHKHQVLYH�DQG�H[WHQGHG�DQDO\VLV��6FL�7RWDO�
(QYLURQ������������ 
'LMNPDQ��7�-��� %LUNYHU�� 0��� +DXVFKLOG��0�=�� ������ 3HVW/&,� �����$� VHFRQG� JHQHUDWLRQ�PRGHO� IRU�
HVWLPDWLQJ�HPLVVLRQ�RI�SHVWLFLGHV�IURP�DUDEOH�ODQG�LQ�/&$��7KH�,QWHUQDWLRQDO�-RXUQDO�RI�/LIH�&\FOH�
$VVHVVPHQW������������ 
(XURSHDQ�&RPPLVVLRQ��������3URGXFW�(QYLURQPHQWDO�)RRWSULQW�&DWHJRU\�5XOHV��3()&5��IRU�VWLOO�DQG�
VSDUNOLQJ� ZLQH�� $YDLODEOH� DW��
KWWSV���HF�HXURSD�HX�HQYLURQPHQW�HXVVG�VPJS�GRFXPHQWV�3()&5���BZLQH�SGI� >$FFHVVHG� RQ� ���
-XQH�����@ 
(XURSHDQ�3DUOLDPHQWDU\�5HVHDUFK�6HUYLFH��������(8�DJULFXOWXUDO�SROLF\�DQG�FOLPDWH�FKDQJH� 
$YDLODEOH� DW��
KWWSV���ZZZ�HXURSDUO�HXURSD�HX�5HJ'DWD�HWXGHV�%5,(�������������(356B%5,������������B(1�
SGI�>$FFHVVHG�RQ����-XO\�����@ 
(XURVWDW�� ������ 3URGXFWLRQ� RI� JUDSHV� IRU� ZLQH�� ����� ��� VKDUH� RI� (8���� WRWDO��� � $YDLODEOH� DW��
KWWSV���HF�HXURSD�HX�HXURVWDW�VWDWLVWLFV�
H[SODLQHG�LQGH[�SKS"WLWOH )LOH�3URGXFWLRQBRIBJUDSHVBIRUBZLQH�B����B����BVKDUHBRIB(8�
��BWRWDO�B$))�����SQJ�>$FFHVVHG�RQ����)HEUXDU\�����@ 
)DQWLQ��9���%XVFDUROL��$���%XWWRO��3���1RYHOOL��(���6ROGDWL��&���=DQQRQL��'���=XFFKL��*��5LJKL��6��������
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This study investigated the effect of cropping practices, including nitrogen, tillage and stubble 
management, on the cradle-to-farm-gate carbon footprint (CFP) of a dryland grain production 
system in Australia including measured soil carbon change. Data from agronomic simulations were 
also used to evaluate the effect of nitrogen management more generally across all Australian 
cropping regions. 
 
Activity data for the CFP assessments were sourced from a long-term agronomic experiment 
conducted on a commercial farm in south-eastern Australia near the town of Harden (Kirkegaard et 
al. 1994). The experiment, conducted between 1990 and 2020, assessed the effects of tillage and 
stubble management on soil fertility, and growth and yield of wheat in a continuous, annually 
cropped system, as reported previously (Kirkby et al., 2016; Kirkegaard et al., 2020; Kirkegaard et 
al., 1994). In this study, six separate treatments were evaluated for the effect on CFP of the grains 
produced. The continuity of treatments and long-term records of field operations, nutrient 
application, crop protection, crop yield and soil organic carbon measurements provided a unique 
opportunity to assess the impact of agronomic practices on the CFP of this farm using a lifecycle 
assessment (LCA) approach. 
 
The farm activity data were structured into annual accounts of inputs and outputs. Nitrogen rates 
(kg N/ha) were established using known nitrogen contents for the various fertiliser types used. All 
direct and indirect emissions that are part of the IPCC “agricultural soils” category were calculated 
applying methods and default values as used in Australia’s national inventory (NIR 2019). For fuel 
and embedded emissions, process data from the Australian Life Cycle Inventory (AusLCI) was used. 
Greenhouse-gas (GHG) balances included the net emissions of soil-carbon change based on 
measurements, for three soil depths. For the reference assessment the 0-30cm soil layer was used, 
and in addition 0-90cm and 0-150cm were used by way of sensitivity assessment. 
 
In addition to those based on real-farm data, GHG accounts were constructed using recent 
modelling of grain production across all Australian cropping regions (Sevenster et al. 2022a) with 
the Agricultural Production Systems sIMulator (APSIM, Holzworth et al. 2014). Direct emissions 
of nitrous oxide, indirect emissions from leaching, as well as changes in soil organic carbon (0-
30cm) were calculated using 30-year average simulation results. Indirect emissions from 
volatilization were derived from simulation results. Other emission sources including embedded 
emissions were calculated using life cycle inventory data (AusLCI). For details on methodology, 
see Sevenster et al. (2022b). The GHG accounts for the Harden experiments and those derived from 
the simulations cover the same emission sources. They use the same background data and inventory 
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calculations, except for the emission sources that are simulated by APSIM.  
 
Results for the farm GHG accounts indicate that losses of soil carbon may double carbon footprints 
when accounted for in the calculations. Low rates of N application may suggest low traditional 
carbon footprints but can also lead to “N-mining” linked to a considerable loss of soil carbon. On 
the other hand, the results for the higher-N treatment, with rates calculated to maximise 
humification of the C-rich crop residue (Kirkby et al. 2016), decreased the carbon footprint of the 
grains produced in these Australian dryland conditions by increasing soil organic carbon 
sequestration.  The additional nitrous oxide emissions due to higher nitrogen application were more 
than offset by the carbon dioxide removed through sequestration in the soil.  
 
While the high-N treatment did not result in significantly higher yield in the Harden experiment, in 
general in the Australian grains industry, insufficient N application is considered to be the largest 
cause of the gap between potential (water-limited) yield and yields achieved by farmers (Hochman 
et al. 2016; Hochman and Horan 2018). In the simulations reported in Sevenster et al. (2022a), 
applying nitrogen fertilizer to meet full nitrogen demand of the crop growing maximally with 
available water (rain) resulted in an increase in total production across the Australian cropping 
region of around 50% compared to the baseline definition (Figure 1). This scenario also led to 
increased absolute total GHG emissions (~30%), but near-constant on-farm emissions and a 
decrease in GHG intensity per tonne of grain produced. The increase in field emissions of nitrous 
oxide, plus carbon dioxide due to application of urea, is almost exactly offset by a decrease in soil 
carbon losses, in some regions resulting in net sequestration. The increase in total emissions is due 
to the embedded emissions of fertilisers and crop protection products.  
 

 
Figure 1 Results for two simulated scenarios (baseline and baseline with full nitrogen demand “high N” met) 
showing the change in production, total GHG emissions divided in on-farm and embedded, and the resulting 
GHG intensity in kg CO2-equivalent per tonne of grain (source: Sevenster et al. 2022a).  
 
 
The farm data and the simulations resulted in the same finding that increasing nitrogen application 
in these rainfed cropping systems is likely to result in a decrease in net GHG emissions intensity. 
Based on a 40-year trial in Southern Queensland, Wang and Dalal (2015) find a similar trend, with 
higher nitrogen application resulting in considerable decrease in soil carbon losses in experiments 
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with residue retained. The net GHG intensity is not reduced with higher nitrogen application 
according to Wang and Dalal (2015), but there are a number of differences between that study and 
the Harden experiments which limit comparability of the overall results.  
 
There are also some crucial differences between the Harden experiments and the grain cropping 
simulations, in that the farm experiments showed little to no yield effect but a much stronger effect 
on reducing soil carbon losses. The simulations cover a wide variety of soil and climate types, while 
the experiments were in one location only, but the main factor is likely to be the difference in timing 
of application of additional nitrogen. In the farm experiment, the additional nitrogen was applied 
after harvest and aimed at improving humification of the crop residue, further aided by mechanical 
incorporation. This is not a common strategy applied in real grain farming. In the simulations, 
additional nitrogen application was modelled to take place throughout the growing season. This also 
resulted in a much higher overall increase in nitrogen application rate in the simulations, with 
around a factor 3 compared to approximately 1.5 in the farm experiments.  
 
To conclude, N-mining in dryland cropping may lead to losses in soil carbon that have a significant 
contribution to the carbon footprints of grains. Ignoring these effects of “N-mining” in GHG 
assessments could lead to perverse incentives, with international market players increasingly 
orienting procurement toward low-GHG products. Emissions and removals due to soil carbon 
change should be included in LCA, preferably using soil layers of at least 100cm depth, although 
there is still some debate about the best way to do this in absolute CFP (see e.g. Sevenster et al. 
2019). It is also important to recognize the role of nitrogen in certain environments in enhancing 
soil natural capital (soil carbon stocks, e.g. Sevenster et al. 2020) and in lowering net GHG 
emissions, at least during the transition to that higher natural capital state. Improved fertiliser 
application can result in a decrease in GHG intensity per tonne grain of up to 20%. Hence, 
incentives to de-risk nitrogen management decisions in the Australian low-rain environment will 
have double positive effect of increasing both yield and soil carbon stocks.  
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1. Introduction 
Diversification of agricultural systems is a key policy to respond to challenges such as soil 
degradation, food security and climate change. The intensification of agriculture activities and their 
high input consumption leads to multiple environmental issues, such as depletion of non-renewable 
energy resources, biodiversity reduction, water pollution, and greenhouse gas emissions (González-
García et al., 2021). The introduction of legumes into cereal-based rotation systems has been 
presented as an environmentally sustainable strategy to improve soil nutrient levels and reduce the 
environmental impacts of agricultural systems. Legumes can fix atmospheric nitrogen, reducing the 
need for this nutrient for the next crop in the rotation (Schwenke et al., 2015). Moreover, they can 
increase the yield and protein content of the following cereal crop, improving the rheological 
behaviour of the dough in bread production (MacWilliam et al., 2014).  

In Galicia (North-Western Spain), native wheat grain can be classified into the "Caveeiro" 
and "Callobre" varieties with more starch and less gluten compared to durum wheat. Galician 
autochthonous wheat grain is the source of the bread product, a national quality reference for its 
flavour, texture, and aroma, whose production is expected to double in the coming years (Câmara-
Salim et al., 2020). The relevance of evaluating the introduction of a legume, such as the lupin crop, 
in Galician winter wheat rotation systems is to determine new environmentally friendly alternatives 
for fodder production, avoiding dependence on imported soybeans. In addition, organic production 
of native wheat faces problems related to weed control due to the impossibility of using herbicides, 
which can be addressed by introducing a legume. Thus, this study aims to evaluate and compare the 
environmental performance of two wheat-based rotation systems in conventional (RC) and organic 
(RE) regimes. 

2. Methodology 
The life cycle assessment (LCA) methodology (ISO 14040, 2006) was used to estimate the 
environmental impacts of the rotation systems over a six-year period. The rotation systems consider 
the Galician winter wheat as the main product, while potato and lupin crops represent co-products. 
Therefore, the sequence in both rotations is lupin ĺ potato ĺ wheat. 

2.1. Crops cultivation under organic regimen 
The organic cultivation of wheat follows a strict dose application of mineral fertilisers and synthetic 
pesticides. The cultivation starts with a chisel ploughing, followed by organic fertilisation with 
poultry manure (5 m3·ha-1). Then, a combined tillage with sowing (150 kg seeds·ha-1) is performed. 
A mechanical treatment is applied to reduce weeds, subsequently, a foliar fertilisation (Nitromyel 
30-0-0, 3 L·ha-1) is supplied to the leaves of the plants, which is allowed in organic regime. Finally, 
the grain is harvested (2.7 t·ha-1), leaving all the straw in the field. 
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Regarding lupin cultivation, the process starts with mouldboard ploughing, followed by 
mineral fertilisation (Physalg® 0-8-15), which is authorised in organic regime (CAAE, 2020). Then, 
a combined tillage and sowing (150 kg seeds·ha-1) are performed, and lupin is harvested with a 
yield of 2.7 t·ha-1, leaving the straw completely in the field. On the other hand, the potato 
cultivation starts with mouldboard and chisel ploughing, followed by organic and mineral 
fertilisation. The potato is harvested with a yield of 20 t·haí1. 

 
2.2. Crops cultivation under conventional regimen 

To compare the organic regime, information concerning the conventional rotation is obtained from 
Rebolledo-Leiva et al. (2022). Briefly, the wheat cultivation starts with mouldboard ploughing and 
milling before sowing (150 kg seeds·haí1). This is followed by agrochemical application and 
harvesting. Potato crop involves multiple soil preparation activities, the application of mineral 
fertilisers and other agrochemicals. Finally, lupin cultivation starts with mouldboard ploughing 
followed by combined tillage and sowing (120 kg seed·haí1). Subsequently, phosphate and 
potassium fertilisers as well as a pre-emergence herbicide treatment are employed. Lupin seeds are 
harvested (3.5 t·haí1) and all straw is left in the field as a nutrient supplier for the next rotation crop. 

2.3. Life Cycle Inventory 
The system boundaries of the crop cultivation consider a cradle to farm-gate approach. Moreover, 
the life cycle inventory is derived from primary data (i.e., farmer surveys) and secondary data for 
the background processes from the Ecoinvent® database 3.6v (Wernet et al., 2016). As suggested 
by Goglio et al. (2018), the rotation systems should be considered as a complete cropping system. 
Thus, the comparison of the environmental profiles of the rotations was based on a land 
management approach. The functional unit (FU) was defined in terms of ha (i.e., 1 ha). Field direct 
and indirect emissions from the agrochemical applications were considered for the environmental 
assessment where applicable. Thus, dinitrogen monoxide emissions were estimated according to the 
Intergovernmental Panel on Climate Change (IPCC, 2019). Nitrogen dioxide and ammonia 
emissions were determined according to the European Monitoring and Evaluation Program and the 
European Environmental Agency (EMEP/EEA, 2019). In addition, phosphorus leaching and runoff 
(Prasuhn, 2006), as well as, nitrate leaching (Faist Emmenegger et al., 2009) were considered. 
Pesticides emissions were estimated based on the Product Environmental Footprint Category Rule 
(European Commission, 2018). 

2.4.  Life Cycle Impact Assessment 
The environmental impact categories were obtained following the ReCiPe 2016 v1.04 Hierarchist 
midpoint world method (Huijbregts et al., 2016). Therefore, the impact categories evaluated were 
global warming (GW), freshwater eutrophication (FE), marine eutrophication (ME), terrestrial 
ecotoxicity (TET), freshwater ecotoxicity (FET), fossil resource scarcity (FRS), and water 
consumption (WC). The Simapro® software version 9.1. (PRé Consultants, 2020) was used to 
model the rotation systems. 
 

3. Results and Discussion 
The environmental profiles of both rotation systems are presented in Table 1. The results show that 
the conventional regime presents the highest environmental impacts in six out of the seven 
categories evaluated. The organic regime shows a 55% reduction in the GW category compared to 
the conventional regime. A notable difference occurs in the toxicity-related categories, where an 
average reduction of about 89% is obtained. In the FRS category, the impacts of the organic regime 
are half those of the conventional system and 60% less in water consumption. The exception occurs 
in FE category due to the fertilisation activities (poultry manure and mineral fertiliser). 
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Table 1: Environmental profiles of RC and RE systems (based on FU: 1 ha) 
Impact category Unit RC system RE system 

GW kg CO2 eq 6,991 3,119 
FE kg P eq 2.8 3.4 
ME kg N eq 124 38 
TET kg 1,4-DCB 54,657 6,990 
FET kg 1,4-DCB 359 35 
FRS kg oil eq 1,274 633 
WC m3 72 29 

Regarding crops contribution in the rotations evaluated (see Fig. 1), the potato is the key 
crop that represent the highest contribution in all impact categories of both systems. This is mainly 
due to the field emissions, as consequence of the high consumption of agrochemicals. In the GW 
category, this crop accounts for 67% and 56% of the total impacts in the RC and RE systems, 
respectively. Meanwhile, a contribution of around 80% and 57% is obtained in the toxicity-related 
categories and water consumption in both regimes. Otherwise, wheat and lupin crops do not play a 
significant role in the impacts, with exception of wheat for FE and lupin in WC in organic regimen, 
which represent about 51% and 40%, respectively. Moreover, lupin represents an environmental 
credit in the ME category due to nitrogen fixation. 

 
Figure 1. Crops contribution in the rotation system evaluated 

4. Conclusions 
Introducing lupin in an organic rotation system led to a better environmental performance than a 
conventional regimen. Moreover, it is relevant to define a crop sequence that allows reducing 
nutrient demand in those crops with higher requirements (e.g., potatoes in this study). In addition, it 
is important to note that the FU could plays a crucial role in identifying the best farming system in 
the decision-making process, considering that biomass yields are considerably reduced in the 
organic regime. 
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$PPRQLD� �1+���� WKH�PDLQ� FRPSRXQG� IRU� QLWURJHQ�EDVHG� IHUWLOL]HUV�� LV� V\QWKHVL]HG� E\� WKH�+DEHU�
%RVFK��+%��SURFHVV��<HW��WKLV�SURFHVV�UHTXLUHV�D�ORW�RI�HQHUJ\�DQG�UHOHDVHV�FDUERQ�HPLVVLRQV�VLQFH�WKH�
K\GURJHQ�LQSXW�LV�PDLQO\�REWDLQHG�E\�VWHDP�PHWKDQH�UHIRUPLQJ��,Q�DGGLWLRQ��JLYHQ�WKDW�WKLV�SURFHVV�
KLJKO\�GHSHQGV�RQ�QRQ�H[SHQVLYH�QDWXUDO�JDV��DPPRQLD�SURGXFWLRQ�LV�FRQFHQWUDWHG�LQ�D�IHZ�FRXQWULHV�
DW�ODUJH�VFDOH�SODQWV��DGGLQJ�HPLVVLRQV�GXH�WR�WUDQVSRUWDWLRQ��'LVWULEXWHG�SODQWV�QH[W�WR�IDUPHUV�FDQ�
UHGXFH� WKHVH� LPSDFWV��DV�ZHOO�DV� UHGXFH� ODUJH�VWRUDJH�QHHGV��VKRUWDJH�ULVNV��DQG�SULFH�YRODWLOLW\�RI�
LPSRUWHG�IHUWLOL]HUV��0LQL�+%�SODQWV�KDYH�EHHQ�SURSRVHG�IRU�ORFDO�SURGXFWLRQ��EXW�WKH\�VWLOO�QHHG�KLJK�
SUHVVXUH�DQG�KHDW��PDLQO\�SURGXFHG�E\�IRVVLO�VRXUFHV��$�SURSRVHG�DOWHUQDWLYH�LV�D�QRQ�WKHUPDO��17��
SODVPD� UHDFWRU�RSHUDWLQJ�XQGHU�DPELHQW�FRQGLWLRQV��XVLQJ�RQO\�HOHFWULFLW\��7KH� IHDVLELOLW\�RI� WKHVH�
HPHUJLQJ�WHFKQRORJLHV�FDQ�EH�SURPRWHG�E\�WKH�LQWHUQDOL]DWLRQ�RI� WKH�HQYLURQPHQWDO�EHQHILWV�RI�LWV�
SURGXFWV¶� OLIH�F\FOHV� LQ� WKHLU�HFRQRPLF�DQDO\VHV�� ,Q� WKLV�VHQVH��D� OLIH�F\FOH�DVVHVVPHQW�RI�GLIIHUHQW�
DPPRQLD�SURGXFWLRQ�SDWKZD\V�LV�SHUIRUPHG�WR�TXDQWLI\��IURP�FUDGOH�WR�VLWH��FUHGLWV�RI�E\�SURGXFWV�
XWLOL]DWLRQ� DQG� UHGXFHG� HPLVVLRQV� LQ� WKH� SURGXFWLRQ�� VWRUDJH�� DQG� WUDQVSRUWDWLRQ� SKDVHV��'LIIHUHQW�
VFHQDULRV� DUH� DQDO\]HG� IRU� FHQWUDOL]HG� DQG� GLVWULEXWHG� DPPRQLD� SURGXFWLRQ� LQ�$XVWUDOLD� IRU� WKH�
FRQYHQWLRQDO�ODUJH�VFDOH�+%�SURFHVV��DOWHUQDWLYHV�XVLQJ�PLQL�+%�UHDFWRU�VXSSOLHG�E\�K\GURJHQ�IURP�
ZDWHU� HOHFWURO\VLV� DQG� WKHUPDO� SODVPD� PHWKDQH� S\URO\VLV�� DQG� WKH� 17� SODVPD�DVVLVWHG� V\QWKHVLV�
VXSSOLHG� E\� ZDWHU� HOHFWURO\VLV�� XVLQJ� GLIIHUHQW� UHQHZDEOH� HQHUJ\� VRXUFHV�� 0RQHWDU\� YDOXDWLRQ�
FRHIILFLHQWV� WR� LQWHUQDOL]H� WKH� LPSDFWV� RI� FOLPDWH� FKDQJH�� R]RQH� GHSOHWLRQ�� SDUWLFXODWH� PDWWHU��
SKRWRFKHPLFDO�R[LGDQW�IRUPDWLRQ��DQG�DFLGLILFDWLRQ�ZHUH�DSSOLHG��0RVW�RI�WKH�H[WHUQDO�LPSDFWV�ZHUH�
DOORFDWHG�WR�WKH�FDUERQ�HPLVVLRQV�RI�FRQYHQWLRQDO�SODQWV�DQG�WKH�WKHUPDO�SODVPD�SODQWV�GXH�WR�WKH�XVH�
RI�IRVVLO�EDVHG�HOHFWULFLW\��+RZHYHU��WKH�KLJK�H[WHUQDO�FRVWV�DVVRFLDWHG�ZLWK�WKH�SKRWRFKHPLFDO�R[LGDQW�
IRUPDWLRQ�DQG�SDUWLFXODWH�PDWWHU�DIIHFWHG�WR�D�KLJKHU�H[WHQW�WKHUPDO�SODVPD�DQG�QRQ�WKHUPDO�SODVPD�
SODQWV��FRVWLQJ�LQ�WRWDO�������DQG���������W�1+���UHVSHFWLYHO\��GXH�WR�WKH�LPSDFW�RI�WKH�PDQXIDFWXULQJ�
RI�VRODU�SDQHO��,Q�FRQWUDVW��HOHFWURO\]HU�+%�SODQWV�ZLWK�UDWHV�RI�������W�1+��EHFDXVH�RI�WKH�KLJK�HQHUJ\�
HIILFLHQF\� DQG�R[\JHQ� VDOHV��+RZHYHU�� LV� LPSRUWDQW� WR� NQRZ� WKDW� WKH�+%�SURFHVV� KDV� UHDFKHG� LWV�
HIILFLHQF\�OLPLWV��ZKLOH�WKH�173�SURFHVV�VWLOO�KDV�URRP�IRU�LPSURYHPHQW��DV�ZHOO�DV��LWV�SURGXFWLRQ�
FRVWV� DUH� ORZHU� DW� ORFDO�VFDOH� SODQWV��ZKLFK�ZRXOG� EULQJ� DGGLWLRQDO� VRFLR�HFRQRPLF� EHQHILWV� IURP�
GLVWULEXWHG�IHUWLOL]HUV�SURGXFWLRQ�� 
 
,QWURGXFWLRQ 
Ammonia (NH3) is an indispensable fertilizer feedstock to sustain global food production. Over 90% 
of NH3 is produced from hydrogen (H2) and nitrogen (N2) through the +DEHUí%RVFK��+%��SURFHVV�
(Fúnez-Guerra et al., 2020)), mainly using natural gas (NG) (Parkinson et al., 2018). This energy-
intensive process has a carbon footprint of about 1.6 t CO2/t NH3, contributing to 1.8% of the global 
carbon emissions (The Royal Society, 2020). This dependency on energy feedstock has concentrated 
the NH3 production in a few countries where non-expensive NG is available, increasing the carbon 
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footprint when delivering NH3 to different continents. Moreover, volatility of NG prices has revealed 
the unsustainability of conventional fertilizers production. The rise in NG prices by the end of 2021 
increased the cost of each NH3 tonne in Europe from US$ 300 up to US$ 810 (Durisin, 2021). The 
recent trade disruptions related to the pandemic lockdowns have also increased international shipping 
costs and time. Additionally, the NH3 offer curtailment due to the Russia-Ukraine conflict has 
escalated NH3 prices in March 2022 reaching peaks of US$ 1,625 in Tampa (Agroberichten 
Buitenland, 2022). The food security of countries with a high dependency of imported fertilizers have 
been affected in a greater extent. For example, in Peru, the 68.5%, 97.4%, and 50.9% of NH3 derived 
fertilizers such as urea, ammonium nitrate, and ammonium sulphate, were imported from Russia last 
year, respectively (Gobierno del Perú, 2022). These factors have generated a local shortage of 
fertilizers and tripling their prices, triggering protests of farmers and inflation because fertilizers 
usually share about 27% of the total production costs of basic food product such as rice (Adepia, 
2022; Agencia Agraria de Noticias, 2022).  

These drawbacks have made us aware of the need to move towards an economic model based on a 
resilient and self-sufficient local production. Different plant configurations have been proposed to 
produce cleaner NH3 than the conventional NG-based plants which produce ³grey NH3´, such as the 
³turquoise NH3´�SODQWV�that also use NG but through high temperature plasma (HTP) pyrolysis for 
the H2 production which does not release CO2 (Long et al., 2021; Sarafraz et al., 2021), or ³JUHHQ�
NH3´�SODQWV�WKDW use electricity from renewable sources to produce H2 through water electrolysis to 
be used in all electric HB plants (Fasihi et al., 2021; Morgan, 2013) or in novel non-thermal plasma 
(NTP) reactors (Anastasopoulou et al., 2020b; Osorio-Tejada et al., 2022). NTP systems have been 
recently proposed as promissory alternative because they can be turned off and on quickly due to low 
thermal inertia (Snoeckx and Bogaerts, 2017), in contrast to the HB systems, which ideally run 
continuously, that is, they take many hours to reach a steady state process (Muelaner, 2020), which 
does not interface with the intermittency of renewable energies. The feasibility of these emerging 
technologies can be promoted by the internalization of the environmental benefits. Monetization of 
environmental impacts represents the weight of an impact category in monetary value based on the 
costs for preventing or repairing the damage or how much society is willing to pay to prevent these 
impacts (Durão et al., 2019).  However, hitherto there is no consensus in the scientific community on 
the most suitable monetization method (Canaj et al., 2021; Thi et al., 2016). This is given the high 
uncertainty due to factors involved in the estimation of monetary valuation coefficients (MVC),  

,Q�EULHI��ZH�SURSRVH�LQ�WKLV�VWXG\�WR�SHUIRUP�D�WHFKQR�HFRQRPLF�DQDO\VLV��7($��RI�GLIIHUHQW�DPPRQLD�
SURGXFWLRQ�SDWKZD\V�WR�HVWLPDWH�WKH�1+��FRVW�DW�IDUP�LQ�$XVWUDOLD��FRQVLGHULQJ�FUHGLWV�RI�E\�SURGXFWV�
XWLOL]DWLRQ� DQG� UHGXFHG� HPLVVLRQV� LQ� WKH� SURGXFWLRQ� VWDJH�� DV�ZHOO� DV� WKH� LPSDFWV� RI� VWRUDJH�� DQG�
WUDQVSRUW�SKDVHV��0RUHRYHU��OLIH�F\FOH�DVVHVVPHQW��/&$��UHVXOWV�DUH�PRQHWL]HG�DQG�LQWHUQDOL]HG�XVLQJ�
GLIIHUHQW�PHWKRGV�WR�LGHQWLI\�WKH�PRVW�FRVW�HIIHFWLYH�FRQILJXUDWLRQ�ZKHQ�HQYLURQPHQWDO�DVSHFWV�RWKHU�
WKDQ�FDUERQ�FUHGLWV�DUH�FRQVLGHUHG� 
 
0HWKRGRORJ\ 
7KH�HQYLURQPHQWDO�DQDO\VLV�RI�WKH�GLIIHUHQW�1+��SURGXFWLRQ�SDWKZD\V�ZHUH�HVWLPDWHG�DFFRUGLQJ�WR�
WKH�VWDQGDUG�,62��������,62��������IRU�/&$�VWXGLHV��7KH�XQLWDU\�FRVW�RI�SURGXFWLRQ��8&23��DQG�WKH�
FRVW�RI�VWRUDJH�DQG�WUDQVSRUW�ZHUH�HVWLPDWHG�WR�SURYLGH�LQVLJKWV�LQWR�WKH�HFRQRPLF�SHUIRUPDQFH�RI�WKH�
FRQYHQWLRQDO�DQG�DOWHUQDWLYH�SDWKZD\V�IRU�1+��SURGXFWLRQ��:H�HVWLPDWHG� WKH�H[WHUQDO�FRVWV�RI�WKH�
1+��SURGXFWLRQ�DQG�ZH�LQWHUQDOL]HG�WKHP�LQ�WKH�HFRQRPLF�DQDO\VLV�RI�HDFK�1+��VXSSO\�FKDLQ� 

*RDO�DQG�VFRSH�GHILQLWLRQ��7KH�DLP�RI�WKLV�VWXG\�LV�WR�DQDO\]H�WKH�H[WHQW�LQ�ZKLFK�FOHDQHU�DOWHUQDWLYH�
1+��SURGXFWLRQ�SDWKZD\V�FDQ�EH�FRVW�HIIHFWLYH�ZKHQ�HQYLURQPHQWDO�EHQHILWV�DUH�LQWHUQDOL]HG�LQ�WKH�
HFRQRPLFV� RI� WKH� VXSSO\� FKDLQ� LQ� D� FUDGOH�WR�VLWH� HYDOXDWLRQ� LQ�$XVWUDOLD�� LQ� FRPSDULVRQ� WR� WKH�
FRQYHQWLRQDO�ODUJH�VFDOH�+%�SODQWV�EDVHG�RQ�VWHDP�PHWKDQH�UHIRUPLQJ��605��SURFHVV� 
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Pathway (1) is a SMR-HB national-scale plant to supply an annual demand of 1.6 million tonnes (t) 
NH3 (Nghiep Tran et al., 2021) up to 4,800 km away. For regional supply, plants with a capacity of 
320,000 t NH3, up to 800 away from farms, were considered. For these regional-scale plants, two 
plausible options for this production volume were compared: pathway (2) using conventional SMR-
HB plants and pathway (3) using HTP-HB plants. Pathway (4) is for electrolyzer-HB county-scale 
plants with capacity of 106,500 t NH3 per year, up to 300 km away from farms. And for the local-
scale production, the feasible options are electrolyzer-HB plants (pathway 5) or electrolyzer-NTP 
SODQWV��SDWKZD\����DW�IDUPHUV¶�FRRSHUDWLYHV�ZLWK�FDSDFLW\�RI��������t NH3 per year, around 30 km 
away from farms. Given the high energy demand of the national- and regional-scale plants, fossil NG 
and electricity from the Australian grid were used in pathways (1), (2), and (3). Despite the potential 
use of solar photovoltaic electricity or methane from biomass residues in Australia, these energy 
sources were not considered for the national and regional pathways because they would require large 
extensions of land (in the case of solar energy) and large quantities of biomass, which are not always 
available due to its seasonal nature. In the case of the county- and cooperative-scale plants, due to the 
lower energy demand of these all-electric 

7KH�GHILQHG�IXQFWLRQDO�XQLW�ZDV���WRQQH�RI�DQK\GURXV�1+���7KH�SDWKZD\V�ZHUH�DQDO\]HG�ZLWK�WKH�
DSSURDFK�RI� WKH� ³DYRLGHG�EXUGHQ´� RU� V\VWHP� H[SDQVLRQ� �$]DSDJLF� DQG�&OLIW�� ������ EHFDXVH� HDFK�
SDWKZD\� JHQHUDWHV� FR�SURGXFWV� �FDUERQ� EODFN� �&%�� IURP� WKH� +73� SURFHVV� RU� R[\JHQ� IURP� WKH�
HOHFWURO\VLV�SURFHVV��DQG�E\�SURGXFWV��KHDW�RU�VWHDP�IURP�WKH�+%�SURFHVV�� 
 
/LIH�F\FOH�LQYHQWRU\�DQDO\VLV��6SHFLILF�PRGHOOLQJ�IRU�WKH�SURGXFWLRQ��VWRUDJH�DQG�WUDQVSRUW�SKDVHV�ZDV�
SHUIRUPHG��,QYHQWRULHV�ZHUH�FUHDWHG�DQG�DGDSWHG�WR�WKH�VSHFLILF�HQHUJ\�GDWDVHWV�DYDLODEOH�IRU�$XVWUDOLD�
LQ�(FRLQYHQW������(7+��������&XW�RII�DSSURDFK��)RU�WKH�7($��ZH�DVVXPHG�D�FRVW�RI�����0:K�IRU�
JULG�HOHFWULFLW\�DQG�����0:K�IRU�RQVLWH�SKRWRYROWDLF�HOHFWULFLW\�JHQHUDWLRQ�EDVHG�RQ�)DVLKL�HW�DO���
�������� 2WKHU� XWLOLWLHV� FRVW� ZHUH� HVWLPDWHG� DFFRUGLQJ� WR� WKH� 8OULFK� ����� PHWKRG� �8OULFK� DQG�
9DVXGHYDQ��������EDVHG�RQ�WKH�QDWXUDO�JDV�FRVW�XQGHU�DYHUDJH�FRQGLWLRQV�RI�����00%78��5HJDUGLQJ�
FR�SURGXFWV��WKH�VDOH�SULFH�IRU�&%�IURP�WKH�+73�VHFWLRQ�ZDV�DVVXPHG���������W�&%��&KHP$QDO\VW��
�������)RU�WKH�SULFH�RI�SXUH�2��IURP�HOHFWURO\]HUV��ZH�KDYH�DVVXPHG�DQ�DYHUDJH�VDOH�SULFH�RI������
��NJ�2����7KH�XQLWDU\�LQWHUQDO�FRVW�RI�1+��SURGXFWLRQ�ZDV�HVWLPDWHG�FRQVLGHULQJ�WKH�2SH[�SOXV�WKH�
&DSH[� EDVHG� RQ� WKH� DQQXDOL]HG� FDSLWDO� FRVW� �$&&��PHWKRG� �7RZOHU� DQG� 6LQQRWW�� ������� XVLQJ� DQ�
DQQXDO�FDSLWDO�FKDUJH�UDWLR��$&&5��ZLWK�D�����LQWHUHVW�UDWH�DQG�D����\HDU�OLIHVSDQ��)RU�VWRUDJH��ZH�
HVWLPDWHG� FRVWV� RI� ����� ������ ����� DQG� ����� ��W�1+�� VWRUHG� IRU� WKH� QDWLRQDO�� UHJLRQDO�� FRXQW\�� DQG�
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UHVSHFWLYHO\��,Q�WKH�FDVH�RI�UDLO�WUDQVSRUW��WKH�FRVW�ZDV��������WNP��EDVHG�RQ�1+��WUDQVSRUW�LQ�GLHVHO�
HOHFWULF� WUDLQ��%UXFH�HW�DO����������1+��VDOH�SULFHV�GHOLYHUHG�DW�IDUPV�ZHUH�FDOFXODWHG�EDVHG�RQ�DQ�
H[SHFWHG�QHW�SURILW�PDUJLQ�RI�����DIWHU�D�FRUSRUDWH�WD[�RI�����IRU�ODUJH�FRPSDQLHV�DQG�����IRU�VPDOO�
DQG�PHGLXP�FRPSDQLHV��$XVWUDOLDQ�*RYHUQPHQW��������� 

/LIH�F\FOH�LPSDFWV�DVVHVVPHQW�DQG�PRQHWL]DWLRQ�PHWKRGV��7KH�VHOHFWLRQ�RI�LPSDFW�FDWHJRULHV�DQG�OLIH�
F\FOH�LPSDFWV�DVVHVVPHQW��/&,$��PHWKRG�ZDV�FRQVWUDLQHG�E\�WKH�PRQHWL]DWLRQ�PHWKRGV��:H�XWLOL]HG�
WKH�PD[LPXP�DQG�PLQLPXP�09&�IRU�ILYH�LPSDFW�FDWHJRULHV��L�H���FOLPDWH�FKDQJH��R]RQH�GHSOHWLRQ��
SDUWLFXODWH�PDWWHU��SKRWRFKHPLFDO�R]RQH�IRUPDWLRQ��DQG�DFLGLILFDWLRQ��SUHVHQWHG�E\�GH�%UX\Q�HW�DO���
�������� 6FKQHLGHU�0DULQ� DQG� /DQJ�� ��������$OEHULFL� HW� DO��� �������� GH� %UX\Q� HW� DO��� �������� DQG�
3RQVLRHQ�HW�DO�����������0RVW�WKHVH�LPSDFW�FDWHJRULHV�DUH�LQFOXGHG�LQ�5H&L3H�������+XLMEUHJWV�HW�DO���
�������:H�REWDLQHG�WKH�/&,$�FKDUDFWHUL]DWLRQ�UHVXOWV�XVLQJ�6LPD3UR������35p�&RQVXOWDQWV���������
EDVHG� RQ� WKH� 5H&L3H� KLHUDUFKLFDO� SHUVSHFWLYH�� H[FOXGLQJ� ORQJ�WHUP� HPLVVLRQV�� )RU� WKH� LPSDFW�
FDWHJRULHV� RI� SDUWLFXODWH�PDWWHU� DQG� SKRWRFKHPLFDO� R[LGDQW� IRUPDWLRQ�� 5H&L3H� �����ZDV� XWLOL]HG�
EHFDXVH�PRVW�RI�WKH�DYDLODEOH�09&�IRU�WKHVH�FDWHJRULHV�DUH�SUHVHQWHG�LQ�WKH�XQLWV�XVHG�LQ�WKLV�YHUVLRQ� 
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DW� UHJLRQDO� VFDOH�� WKH\� DUH� FRPSHQVDWHG� ZLWK� WKH� ORZHU� VWRUDJH� DQG� WUDQVSRUWDWLRQ� FRVWV�� 7KH�
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LV�UHGXFHG��1HYHUWKHOHVV��WKH�DOWHUQDWLYH�SDWKZD\V�SUHVHQWHG�HQYLURQPHQWDO�EHQHILWV�ZKHQ�VXSSOLHG�
E\�VRODU�SKRWRYROWDLF�HQHUJ\��)LJ��� 
 

 
 
Fig 1 Environmental impacts of ammonia production in different pathways. 
 
'HVSLWH� WKH� EHQHILWV� RI� VWHDP� FUHGLWV�� WKH� FRQYHQWLRQDO� SDWKZD\V� KDG� ZRUVH� HQYLURQPHQWDO�
SHUIRUPDQFH�WKDQ�WKH�DOWHUQDWLYHV�XVLQJ�VRODU�HQHUJ\��7KH�UHJLRQDO�SODQW�XVLQJ�+73�WHFKQRORJ\�KDG�
WKH�ZRUVW�SHUIRUPDQFH�EHFDXVH�WKHVH�SODQWV�FRQVXPH�PRUH�HOHFWULFLW\�DQG�1*�WKDQ�605�EDVHG�SODQWV��
,Q�WKHVH�+73�SODQWV��WKH�KLJKHVW�LPSDFW�ZDV�WKH�HOHFWULFLW\�EHFDXVH�LW�LV�PRVWO\�JHQHUDWHG�FRDO�SRZHU�
SODQWV�LQ�$XVWUDOLD��)RU�WKLV�UHDVRQ��ZKHQ�VRODU�HQHUJ\�LV�XVHG��WKH�HQYLURQPHQWDO�LPSDFWV�DUH�KLJKO\�
UHGXFHG�� HVSHFLDOO\� LQ� WKH� FOLPDWH� FKDQJH� LPSDFW� FDWHJRU\�� 7KLV� HPLVVLRQV� UHGXFWLRQ� ZDV� DOVR�
SURPRWHG�E\�WKH�2��VDOHV�EHFDXVH�WKH�WUDGLWLRQDO�2��SURGXFWLRQ�FRQVXPHV�D�ORW�RI�JULG�HOHFWULFLW\��7KH�
HQYLURQPHQWDO�EHQHILWV�ZHUH�LQWHUQDOL]HG�LQ�WKH�1+��SURGXFWLRQ�FRVWV�LQ�)LJ��� 
 

 
 
Fig 2 Internalization of environmental impacts of ammonia production of different pathways in the sale price.                               
Note: only the most relevant co-product in each pathway is shown as credit, i.e., steam, carbon black, and oxygen for the SMR-HB, 
HTP-HB, and electrolyzer-based plants, respectively. Other less relevant credits, such as heat, CO2, hydrogen sulfide, N2, H2, and 
NG are already discounted in the production cost.  
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$FFRUGLQJ� WR� WKH� 0&9�� WKH� KLJKHVW� H[WHUQDO� FRVWV� SHU� NJ� RI� HPLVVLRQ� DUH� IRU� &)&����HT�
�SKRWRFKHPLFDO�R[LGDQW�IRUPDWLRQ��DQG�PM10 eq (particulate PDWWHU���)RU�WKLV�UHDVRQ��WKH�SDWKZD\V�WKDW�
UHOHDVH� WKH� KLJKHVW� TXDQWLWLHV� RI� WKHVH� HPLVVLRQV� ZHUH� PRUH� DIIHFWHG� E\� WKH� LQWHUQDOL]DWLRQ� RI�
HQYLURQPHQWDO� LPSDFWV�� VXFK� DV� WKH�+73�+%� UHJLRQDO� SODQW� DQG� WKH� HOHFWURO\]HU�173� ORFDO� SODQW��
FRVWLQJ� LQ� WRWDO� ������ DQG� ������ ��W� 1+��� 7KH� 173�DVVLVWHG� SODQW�� GHVSLWH� EHLQJ� DOO� HOHFWULF� DQG�
VXSSOLHG� E\� UHQHZDEOH� HQHUJ\�� GLG� QRW� REWDLQ� WKH� H[SHFWHG� LPSURYHPHQWV� EHFDXVH� WKH� VRODU�
SKRWRYROWDLF� HOHFWULFLW\� KDV� UHOHYDQW� HQYLURQPHQWDO� LPSDFWV� LQ� LWV� OLIH� F\FOH��PDLQO\� UHODWHG� WR� WKH�
PDQXIDFWXULQJ� RI� VRODU� SDQHOV�� ZKRVH�PLQHUDOV� UHTXLUH� HQHUJ\� LQWHQVLYH� DQG� SROOXWDQW� SURFHVVHV��
3DWKZD\V�LQ�ZKLFK�WKH�HPLVVLRQV�EDODQFHV�ZHUH�LQYHUWHG�GXH�WR�WKH�KLJKHU�HQYLURQPHQWDO�UHOHYDQFH�
RI�WKH�VROG�FUHGLWV��WKH\�KDG�IXUWKHU�1+��FRVW�UHGXFWLRQ�E\�DVVXPLQJ�WKDW�WKH\�ZRXOG�KDYH�UHFHLYHG�D�
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EHLQJ�XVHIXO�WR�DJJUHJDWH�DOO�WKH�HQYLURQPHQWDO�LPSDFWV�LQ�D�VLQJOH�PRQHWDU\�XQLW�WR�EH�DGGHG�WR�WKH�
FDOFXODWHG�LQWHUQDO�FRVW�WR�FRPSDUH�WKH�WRWDO�FRVW��LQWHUQDO�DQG�H[WHUQDO��RI�WKH�GLIIHUHQW�1+��SDWKZD\V��
PRQHWL]LQJ�WKH�HQYLURQPHQWDO�LPSDFW�DUH�XVHIXO�WR�DQDO\]H�DQG�ILQG�RXW�ZKLFK�RI�WKH�GLIIHUHQW�LPSDFWV�
DUH� WKH� ³ZRUVW´� RU� WKH� ³PRVW� VHYHUH´� LQ� WKH� 1+�� VXSSO\� FKDLQV�� LQ� PRQHWDU\� WHUPV��$OWHUQDWLYH�
SDWKZD\V�KDYH�EHFRPH�DWWUDFWLYH�IRU�VPDOO�DQG�GLVWULEXWHG�1+��SURGXFWLRQ�EHFDXVH�WKH�WUDGLWLRQDO�
605�+%�SURFHVV�LV�PRUH�FRVW�HIIHFWLYH�DW�ODUJH�VFDOHV��LQFUHDVLQJ�WKH�QHJDWLYH�LPSDFWV�RI�FHQWUDOL]HG�
SURGXFWLRQ�DQG�HQYLURQPHQWDO�LPSDFWV�DQG�FRVWV�UHODWHG�WR�VWRUDJH�DQG�WUDQVSRUWDWLRQ�� 

$IWHU�WKH�LQWHUQDOL]DWLRQ�RI�HQYLURQPHQWDO�LPSDFWV��WKH�HOHFWURO\]HU�+%�SODQWV�VKRZ�ORZHU�1+��VDOH�
SULFHV�WKDQ�WKH�QRYHO�173�DVVLVWHG�V\QWKHVLV�DQG�WKH�FRQYHQWLRQDO�605�+%��7KHVH�ODWHU�SODQWV�ZRXOG�
KDYH�WR�VHOO�1+��DW�SULFHV�RYHU���������W�1+���ZKLOH�WKH�HOHFWURO\]HU�+%�SODQW�UHDFK�UDWHV�RI�������W�
1+���7KLV�LV�GXH�WR�XVH�WKH�RSWLPL]HG�HQHUJ\�XVDJH�RI�WKH�+%�SURFHVVHV��ZKLFK�LV�PXFK�KLJKHU�WKDQ�
WKH�173�SURFHVV��+RZHYHU��LV�LPSRUWDQW�WR�NQRZ�WKDW�WKH�+%�SURFHVV�KDV�UHDFKHG�LWV�HIILFLHQF\�OLPLWV��
ZKLOH�WKH�173�SURFHVV�VWLOO�KDV�URRP�IRU�LPSURYHPHQW��DV�ZHOO�DV�LWV�SURGXFWLRQ�FRVWV�DUH�ORZHU�DW�
ORFDO�VFDOH�SODQWV�� ,Q� WKLV�VHQVH�� IXUWKHU�UHVHDUFK� LV�QHFHVVDU\�RQ� WKLV� WHFKQRORJ\��HYHU�PRUH� LI�ZH�
FRQVLGHU�WKDW�WKH�WKHRUHWLFDO�PD[LPXP�HQHUJ\�HIILFLHQF\�FDQ�PDNH�WR�UHGXFH�WKH�HOHFWULFLW\�XVDJH�LQ�
PRUH�WKDQ����WLPHV�WKH�FXUUHQW�FRQVXPSWLRQ��L�H���IURP����WR������0:K�W�1+����5RXZHQKRUVW�DQG�
/HIIHUWV�� ������� )RU� WKLV� UHDVRQ�� IXWXUH� UHVHDUFK� FRXOG� LQFOXGH� DGGLWLRQDO� VHQVLWLYLW\� DQDO\VHV� E\�
FRQVLGHULQJ�WKH�GLIIHUHQW�FXUUHQW�DQG�H[SHFWHG�HQHUJ\�HIILFLHQFLHV�RI�WKH�173��DV�ZHOO�DV�YDULDWLRQ�LQ�
WKH�SULFHV�RI�XWLOLWLHV�DQG�FUHGLWV��ZKLFK�DUH�YHU\�UHOHYDQW�VXFK�DV�WKH�&%�DQG�2��FUHGLWV���0RUHRYHU��
JLYHQ� WKDW� LQ�PRVW� RI� WKH�$XVWUDOLDQ� UHJLRQV� FDQ� SRWHQWLDOO\� EH� XVHG�ZLQG� VRXUFHV� IRU� HOHFWULFLW\�
JHQHUDWLRQ��DOEHLW�DW�VOLJKWO\�KLJKHU�FRVWV� � �)DVLKL�HW�DO���������� ,W�ZRXOG�EH�ZRUWK\� WR�FRQVLGHU�DQ�
DGGLWLRQDO�VFHQDULR�WR�DQDO\]H�WKH�HFRQRPLF�DQG�HQYLURQPHQWDO�SHUIRUPDQFHV�RI�WKH�XVH�RI�DQRWKHU�
VRXUFH� RI� UHQHZDEOH� HQHUJLHV�� ORFDOO\� JHQHUDWHG�� WR� LPSURYH� WKH� FRPSHWLWLYHQHVV� RI� ORFDO� DQG�
GLVWULEXWHG�1+��SURGXFWLRQ�� 
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7KH�DXWKRUV�DFNQRZOHGJH�VXSSRUW�IURP�WKH�(5&�6\QHUJ\�*UDQW�³6XUIDFH�&2QILQHG�IDVW�PRGXODWHG�
3ODVPD� IRU� SURFHVV� DQG� (QHUJ\� LQWHQVLILFDWLRQ´� �6&23(��� IURP� WKH� (XURSHDQ� &RPPLVVLRQ�� ZLWK�
*UDQW�1R��������� 
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Rationale and objective  
Ruminant production has been identified as the largest contributor to anthropogenic methane (CH4) 
emissions from the livestock sector through enteric fermentation (Opio et al., 2013). There is an 
urgent need for the ruminant sector to control its greenhouse gas (GHG) emissions and to lower its 
contribution to global warming. Carbon sequestration (C-seq) in grassland soils has been proposed 
as a promising strategy to remove carbon dioxide (CO2) from the atmosphere and to (partly) offset 
the climate impact of ruminant systems (Godde et al., 2020). However, in carbon footprint studies 
of ruminants, soil C equilibrium is often assumed for the sake of simplicity or because of a lack of 
data. Some studies have assessed the impact of soil C-seq on GHG mitigation by estimating a C-seq 
rate, expressed as the amount of sequestrated C per hectare per year (e.g., Ricard and Viglizzo, 
2020). Such an approach, however, hides the evidence that soil C-seq is time-limited in most 
situations (Godde et al., 2020), whereas CH4 emissions are continuous as long as the system exists.  
Moreover, there are time-effects and intrinsic differences in climate impacts between long-lived 
CO2 and short-lived CH4, which cannot be reflected by the current widely used GHG metric, i.e., 
global warming potentials over a 100-year time horizon (GWP100) (Allen et al., 2018). Comparing 
the impact behaviors of CO2 and CH4, shows that on a unit basis, CH4 has a much higher impact on 
radiative forcing than CO2 (i.e., 120 times higher in year one), and a much shorter perturbation 
lifetime (12 years for CH4 and millennia for CO2) (Persson et al., 2015). To address this issue, a new 
metric named GWP* was introduced, which relates the climate impact of a one-off release of CO2 
to a change in the rate of emissions of CH4 (Allen et al., 2016; 2018). GWP*, however, is criticized 
for its ignorance of historical emissions (Rogelj & Schleussner, 2019; Meinshausen and Nicholls, 
2022). In a situation that livestock numbers and associated CH4 emissions are stable, GWP* is zero 
(without considering the delayed response of stock) (Cain et al., 2019). While a constant level of 
CH4 emissions may not lead to additional warming, however, it is still warming the planet (Rogelj 
and Schleussner, 2019). Both GWP and GWP* results are, furthermore, annual base and fail to 
reflect the long-term (cumulative) climate effect of GHG emissions and removals. To provide a 
more nuanced understanding of the climate benefits of C-seq in ruminant systems, the difference in 
climate impact behaviors of CO2 and CH4 need to be accounted for, and we need to go beyond 
currently used metrics (Pierrehumbert and Eshel, 2015; Allen et al., 2018; Ridoutt, 2021).  
This study proposes a new approach to include soil C-seq in GHG accounting of ruminant systems, 
for situations where soil C-seq can be considered a finite process, and the differences in the 
behaviors between CO2 and CH4, based on a simple climate model. By equating the climate benefits 
of soil C-seq and a continuous flow of enteric CH4 emissions related to the Dutch dairy sector, we 
illustrate the method and how it can be used to assess the potential of soil C-seq in GHG mitigation 
in ruminant systems. 
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Approach and methodology 
Model. This paper uses a simple climate model (GHG metric parametrization) to analyze the 
combined climate effects of C-seq and a continues flow of enteric CH4 emissions from ruminant 
production over time, as an alternative to GWP100 and GWP*. The original functions, which are 
based on the same set of assumptions regarding the radiative efficiency and perturbation lifetimes of 
the GHGs as used by IPCC AR5, can be found in Persson et al. (2015). Those functions allow us to 
evaluate the climate impact of not only a pulse of emission, but also a continuous flow of the 
emission over a flexible time frame. Radiative forcing, which measures the energy input to the 
atmosphere-ocean system, is used in this study to indicate the climate impact of GHGs. For 
modelling purposes, the total sum of C-seq was translated into a µone-time¶ removal of CO2 at year 
one. Subsequently, the model was used to assess the (foregone) radiative forcing of that one-time 
removal of CO2, and that of a continuous and constant flow of CH4.  
Case study. To illustrate the method, and the evaluate the potential of C-seq in grassland soils to 
offset enteric CH4 emissions from ruminants, we used the Dutch dairy sector, one of the leading 
milk producers across the globe, as a case study. In the Netherlands, there were 1,593 k heads of 
dairy cows in 2019, occupying 8,996 k ha of grassland (ZuivelNL, 2020). The average CH4 
production of Dutch lactating cows was 437 g cow-1 day-1, varying from 186 to 738 g cow-1 day -1 
(Koning et al., 2020). For C-seq, it was assumed that the difference between C storage in grasslands 
(60 years old, 80 tonnes C ha-1) and arable land (full tillage, 41 tonnes C ha-1) can be assigned to 
ruminant systems. Therefore, a total C-seq of 39 tonnes C ha-1 was adopted in this study (Van 
Middelaar et al., 2013). This value is a positive estimation of the C-seq potential in ruminant 
systems by comparing two land-use systems (grassland vs arable land). Given the uncertainties in 
such an assumption, a change of ± 50% was applied in the result, leading to a C-seq of 20-59 tonnes 
C ha-1. By multiplying those values with the area of grassland occupied by dairy farms in the 
Netherlands, we (roughly) estimated the C-seq potential of the grassland of Dutch dairy sector.  
Three scenarios were developed based on the above data, namely, 1) the average scenario (437 g 
CH4 emission cow-1 day-1 and 39 tonnes C-seq ha-1); 2) the optimistic scenario (186 g CH4 emission 
cow-1 day-1 and 59 tonnes C-seq ha-1); 3) the pessimistic scenario (738 g CH4 emission cow-1 day-1 

and 20 tonnes C-seq ha-1). 
Main results and discussion 
Equating C-seq and enteric CH4 emission. Model results show that the climate effect of a continues 
flow of CH4 finds equilibrium over time. After a few decades, the radiative forcing of a yearly 
emission of CH4 stabilizes at 2.72 nW m-2 ton-1. The avoided radiative forcing of a pulse of CO2 is 
0.00072 nW m-2 ton-1, 100 years after emission. Based on these figures, the amount of C-seq needed 
to compensate the radiative forcing of a continuous flow of one ton of CH4 equals 3,8 k tons CO2 
(i.e., 2.72/0.00072 =3778), which is comparable with the finding by Lauder et al. (2013), i.e., 3.5-
4.0 k tons CO2 per ton of a continuous flow of CH4. For a dairy cow releasing 437 g CH4 per day, 
for instance, this would mean that about 164 tonnes of C are required to be (permanently) 
sequestrated in the soil, in order to offset the climate impact of the continuous flow of CH4.  

The potential of soil C-seq to off-set methane emissions from the Dutch dairy sector. For the average 
scenario, the total amount of enteric CH4 emissions from the Dutch dairy sector was found to be 
254 kilotonnes per year. To off-set the climate impact of this emission flow, 262 kilotonnes of C 
needs to be sequestered (Figure 1). Based on aforementioned assumptions, however, the C-seq 
potential of grassland soils occupied by the Dutch dairy sector was estimated to be 35 kilotonnes. 
Based on those estimates, soil C-seq of current dairy systems in the Netherlands could offset about 
13% of the climate impact of a continuous flow of enteric CH4 emissions. This value is increased to 
48% under the optimistic scenario, when the minimum CH4 emission and the highest C-seq 
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potential were adopted. This scenario, however, shows the extreme optimistic situation and cannot 
be treated as representative for the current system. In the pessimistic case, when the CH4 emission is 
at the higher end of the range of estimates, and the C-seq at the lower end, only 4% of climate 
impact from emissions could be offset by C-seq. The significant difference between the scenarios 
indicates that combining strategies to safeguard soil carbon while at the same time reducing CH4 
emissions offers a pathway to significantly reduce the climate impact of the Dutch dairy sector. 

Figure 1. The potential of soil carbon (C) sequestration in grasslands to offset enteric methane 
emissions from the Dutch dairy sector. The three scenarios (S1-S3) represent the average, the 
optimistic and the pessimistic case. Details about assumptions and the design of scenarios could be 
found in Approach and methodology.  
The results demonstrate that, even under the most optimistic case, grassland soils occupied by the 
Dutch dairy sector cannot completely offset the climate impact of CH4 emissions. The results of this 
study only cover the emission of enteric CH4, whereas other emission sources, e.g., manure 
management and feed production, were excluded. The inclusion of those sources would further 
increase the contribution of the current systems to global warming. Moreover, the assumption 
regarding C-seq potential (difference between soil C stocks in arable land and grassland) is an 
optimistic estimation in favor of C-seq. For instance, in the situation were C-stocks in grassland 
would be compared to those in natural forest, the net contribution of ruminants to C-seq might be 
negative. Taken into account these considerations, it seems evident that in the current system, soil 
C-seq cannot offset the climate impact of ruminant emissions. 
Conclusion  
This study proposes a novel approach to incorporate soil C-seq in GHG accounting of ruminant 
systems while considering the finiteness of soil C-seq, and the time-effects and intrinsic differences 
between CO2 and CH4. Our approach allows to calculate the amount of C required to be 
sequestrated to compensate for the climate impact of CH4 emissions and can serve to set clear 
targets for both C storage in agricultural land, as well as the mitigation of CH4 emissions. Based on 
preliminary calculations, it seems inevitable that in case of the Dutch dairy sector, the climate 
benefit of soil C-seq is too limited to offset the continuous CH4 emission given the current 
production system.  
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Introduction 
Salinity is changing in aquatic systems due to anthropogenic activities (like irrigation or dam 
management) and climate change. In fact, direct relationships between anthropogenic CO2 release 
and alterations in the water cycle which result into salinity variations have been already established 
[1]. These impacts can be even more uncertain in transitional waters such as estuaries, deltas, or 
coastal lagoons.  
Although there are studies on the effects of salinity variations on individual species, little is known 
about the effects on overall ecosystems. The few works that addressed this topic in life cycle-based 
approaches such as life cycle assessment (LCA) have considered these impacts using ecotoxicity 
models. But these models state that an increase in the concentration of a pollutant generates an 
increase in the impacts. However, the impact of salinity is not only linked to concentration increases, 
but also to concentration decreases (systems can become saltier or fresher). Moreover, salt is not a 
toxic, but an essential element. Hence, ecotoxic models might not be valid to describe its behaviour, 
and a critical improvement of these methodologies is necessary. Therefore, the goal of this study is 
to provide a methodological framework to improve how salinity is addressed in LCA, including both 
negative and positive effects of salt emissions on ecosystems. 
 
Methodology 
Impacts linked to chemical releases are measured in LCA as in Eq. (1), where IS is the impact score, 
CF is the characterization factor, and M is the mass of substance (here salts) emitted. The CF is 
calculated considering the principal cause-effect chains linking the emission M to the environmental 
consequences through the modelling of fate, exposure, and effect factors (FF, XF and EF, 
respectively), according to Eq. (2) [2]. 

ࡿࡵ = ࡲ࡯  (1) ࡹ·
ࡲ࡯ = ࡲࡲ · ࡲࢄ ·  (2) ࡲࡱ

CFs addressing impacts on ecosystem quality at the endpoint level have units of potentially 
disappeared fraction of species (PDF)·m3·time/kg. As M in Eq. (1) is in kilograms, IS has units of 
PDF·m3·time[2]. FF is expressed in units of time (it represents the mass of a chemical in the 
environment resulting after an emission flow, so units are kg/(kg/day)), XF is dimensionless, and EF 
is expressed as PDF·m3/kg. The XF represents the availability of the released chemical in a system, 
which can be considered as 1 for salt as it is fully dissolved. In the present work, XF and FF are 
modelled as in conventional methodologies. Therefore, the novelty of this work is in the EF modelling. 
Here, the classic methods used to define the effect factor (linked to the behaviour of the pollutant in 
the ecosystem) are expanded to include negative effects linked to a decrease in the concentration of 
salt, and positive effects linked to salinity increases, acknowledging the specific features of salinity, 
that is not a pollutant, bus an essential substance (Figure 1) [3]. 

 
Figure 1: Scheme of the cause-effect curves defining the effect of salinity variations in aquatic ecosystems. 
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Results and discussion. 
Development of Effect Factors for salinity variations in aquatic environments 
The proposed approach is based on the premise that the species in an ecosystem have an optimal 
range of salinity for living, and that detrimental effects will be observed if it varies below or above it. 
Therefore, there must be an optimal concentration of salt at which no impact occurs (i.e., PDF = 0). 
Then, negative effects will occur if salinity increases above the optimal range or decreases below it. 
Moreover, positive impacts will occur for increments in the salt concentration for environmental 
concentrations below the optimal, and vice versa [3]. 
The first step is then to define the optimal salt concentration range by gathering data of chronic effects 
for the species of the ecosystem regarding salinity. After defining the optimal region, there are now 
two EFs: EFLOW and EFHIGH, both in PDF·m3/kg. They represent the amount of a substance that 
generates a certain effect on the ecosystem, where the EF is the slope of the concentration-response 
curve. 
Application of the methodology to a case study 
To calculate the Effect Factors, data of chronic effects were gathered. Then, the collected data were 
represented together to find the ecosystem optimal (environmental) salt concentration. Therefore, 
EC50 concentrations are calculated for each species at high and low range considering the estimated 
cut-off point. As the Fate Factor (see Eq. (1)) was calculated seasonally, six Characterization Factors 
were obtained (Table 1) [3]. 
 
Table 1: Characterization factors modeling the effects of salinity variations in Arousa ría. The results are expressed 
as average ± standard deviation, and as the confidence interval (between brackets), where negative values truncated 

to zero 

Characterization Factors for low range of 
concentration (CFLOW) 

Characterization Factors for high range 
of concentration (CFHIGH) 

Dry Wet Annual Dry Wet Annual 
0.27 ± 0.21 0.16 ± 0.14 0.18 ± 0.15 0.08 ± 0.04 0.05 ± 0.03 0.05 ± 0.03 
[0, 0.89] [0, 0.57] [0, 0.62] [0, 0.20] [0, 0.13] [0, 0.14] 

 
Conclusions 
This research work addresses for the first time the potential effects on the environment derived from 
a decrease in the concentration of essential substances, where the effects of an emission can also 
generate positive impacts. Moreover, it is expected that the framework can also be applied to model 
environmental impacts of other essential substances in LCA, such as metals and macronutrients. 
According to the obtained results, salinity cannot be modelled using classic ecotoxic models, which 
address the issue considering salt as a pollutant and only show one side of the coin (negative effects 
liked to salinisation) and disregards, for example, negative effects of freshening or positive effects of 
salinity increase in transitional waters. Therefore, the present study opens a new pathway to model 
how essential substances are modeled in the environment. 
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25,(17,1*��2SHUDWLRQDO�/LIH�&\FOH�6XVWDLQDELOLW\�$VVHVVPHQW�0HWKRGRORJ\�6XSSRUWLQJ�'HFLVLRQV�
7RZDUGV�D�&LUFXODU�(FRQRP\��6WXWWJDUW��$YDLODEOH�RQOLQH�DW��25,(17,1*�'����&ULWLFDO�HYDOXDWLRQ�
RI�HQYLURQPHQWDO�DSSURDFKHV 
0DLHU��6��'���/LQGQHU��-��3���)UDQFLVFR��-��������&RQFHSWXDO�)UDPHZRUN�IRU�%LRGLYHUVLW\�$VVHVVPHQWV�
LQ�*OREDO�9DOXH�&KDLQV��,Q�6XVWDLQDELOLW\�������������'2,����������VX��������� 
81(3��������*OREDO�*XLGDQFH�RQ�(QYLURQPHQWDO�/LIH�&\FOH�,PSDFW�$VVHVVPHQW�,QGLFDWRUV��9ROXPH�
���/DQG�8VH�,PSDFWV�RQ�6RLO�4XDOLW\��SS������������3DULV��/LIH�&\FOH�,QLWLDWLYH� 
 

���

http://publica.fraunhofer.de/dokumente/N-143541.html
http://publica.fraunhofer.de/dokumente/N-379310.html
http://publica.fraunhofer.de/documents/N-379310.html
https://orienting.eu/wp-content/uploads/2022/01/D1.1_Critical-evaluation-of-environmental-approaches_published.pdf
https://orienting.eu/wp-content/uploads/2022/01/D1.1_Critical-evaluation-of-environmental-approaches_published.pdf
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7RZDUGV�%LRGLYHUVLW\�,PSDFW�$VVHVVPHQW�LQ�)UHVKZDWHU�(FRV\VWHPV��)LUVW�VWHSV��
WKRXJKWV�DQG�UHVHDUFK�JDSV� 

 
-XOLDQ�4XDQGW���
��'U��-DQ�3DXO�/LQGQHU���'U��8OULNH�(EHUOH���� 

 
�%RFKXP�8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV��6XVWDLQDELOLW\�LQ�(QJLQHHULQJ��������%RFKXP��*HUPDQ\� 
�FRUVXV�±�FRUSRUDWH�VXVWDLQDELOLW\�*PE+��������+DPEXUJ��*HUPDQ\� 
�&HQWHU�IRU�6XVWDLQDEOH�/HDGHUVKLS��8QLYHUVLW\�:LWWHQ�+HUGHFNH��������:LWWHQ��*HUPDQ\  
 
.H\ZRUGV��ELRGLYHUVLW\��OLIH�F\FOH�DVVHVVPHQW��IUHVKZDWHU�ELRGLYHUVLW\��SUHVVXUHV��HFRV\VWHP�VHUYLFHV��IRRG�V\VWHPV� 
 

&RUUHVSRQGLQJ�DXWKRU��MXOLDQ�TXDQGW#KV�ERFKXP�GH 
 
3XUSRVH�� 1DWXUH� FRQWULEXWHV� WR� KXPDQ�ZHOOEHLQJ� LQ� YDULRXV� IRUPV� HVSHFLDOO\� E\� SURYLGLQJ� DQG�
FRQVHUYLQJ�HFRV\VWHP�VHUYLFHV��(6���0($���������7KH�GHJUHH�RI�ELRORJLFDO�GLYHUVLW\�SOD\V�D�FUXFLDO�
UROH�IRU�ERWK�WKH�TXDOLW\�RI�OLIH�RQ�HDUWK�DQG�JOREDO�HFRQRP\��%LRGLYHUVLW\�ORVV��WKH�GHJUDGDWLRQ�RI�(6�
DQG�KXPDQ�ZHOO�EHLQJ�DUH�VWURQJO\�LQWHUFRQQHFWHG��7KH�LQWDFWQHVV�RI�(6�DQG�ELRORJLFDO�GLYHUVLW\�DUH�
HVVHQWLDO�WR�JXDUDQWHH�IRRG�VHFXULW\��H�J��YLD�SURYLVLRQLQJ�(6���&UHQQD�HW�DO���������DQG�LQFUHDVLQJO\�
JHW�VXEMHFW�WR�HFRQRPLF�YDOXDWLRQ��2(&'���������$OWKRXJK�WKH�LPSRUWDQFH�RI�SUHVHUYLQJ�WHUUHVWULDO�
DQG�DTXDWLF�ELRORJLFDO�GLYHUVLW\�H[SHULHQFHV�LQFUHDVLQJ�DWWHQWLRQ��%HFN�2¶%ULHQ�	�%ULQJH]X���������
ELRGLYHUVLW\� LV� FXUUHQWO\� GHFOLQLQJ� DW� XQULYDOHG� UDWHV� �,3%(6�� ������� )UHVKZDWHU� HFRV\VWHPV�� LQ�
SDUWLFXODU�LQODQG�ZDWHUV��DUH�FRQVLGHUHG�VHQVLWLYH�LQGLFDWRU�V\VWHPV�IRU�FKDQJHV�LQ�WKH�HQYLURQPHQW��
7KH�SRSXODWLRQ�RI�YHUWHEUDWHV� LQ� IUHVKZDWHUV�KDV�GHFOLQHG�E\�PRUH� WKDQ������LQ� WKH� ODVW����\HDUV�
�::)�� ������ DQG�ZHWODQGV� GHFOLQHG� E\� ����EHWZHHQ������ DQG������ �2(&'�� �������7KH� VKDUS�
GHFOLQH�LQ�IUHVKZDWHU�ELRGLYHUVLW\�LV�SHUFHLYHG�DV�D�µJOREDO�ELRGLYHUVLW\�FULVLV¶�DQG�FDQ�EH�WUDFHG�EDFN�
WR�KXPDQ�DFWLYLW\��$OEHUW�HW�DO����������,3%(6���������'ULYHUV�RI�ELRGLYHUVLW\�ORVV�KDYH�DFFHOHUDWHG�
GXULQJ� WKH� SDVW� ��� \HDUV� ZLWK� D� UDWH� WKDW� LV� XQSUHFHGHQWHG� LQ� KXPDQ� KLVWRU\�� ,PSDFWV� UHODWHG� WR�
ODQG�VHD�XVH�DQG�ODQG�VHD�XVH�FKDQJH�FRQFXUUHQWO\�ZLWK�XQVXVWDLQDEOH�FRQVXPSWLRQ�DQG�SURGXFWLRQ�
SDWWHUQV�DUH�LGHQWLILHG�DV�WKH�PDLQ�GULYHUV�IRU�ELRGLYHUVLW\�ORVV�WKUHDWHQLQJ�JOREDO�IRRG�VXSSO\��,3%(6��
�������:KLOH�IRRG�SURGXFWLRQ�XVHV�DURXQG�����RI�KDELWDEOH�ODQG�DQG����RI�VHD�DUHD�DQG�DFFRXQWV�IRU�
����RI�JOREDO�IUHVKZDWHU�ZLWKGUDZDO��WKH�IRRG�LQGXVWU\�QHHGV�DSSURSULDWH�PHDVXUHV�WR�LGHQWLI\�DQG�
UHJXODWH� ³LPSDFW�KRWVSRWV´� DORQJ� WKH� YDOXH� FKDLQ�� 7R� V\VWHPDWLFDOO\� DQG� KROLVWLFDOO\� DQDO\]H� WKH�
HQYLURQPHQWDO�SHUIRUPDQFH�RI�SURGXFWV��SURFHVVHV�RU�VHUYLFHV��OLIH�F\FOH�DVVHVVPHQW��/&$��KDV�EHHQ�
D�SURYHQ�WRRO�IRU�\HDUV��7KH�LQFOXVLRQ�RI�ELRGLYHUVLW\�LPSDFWV�LQ�OLIH�F\FOH�LPSDFW�DVVHVVPHQW��/&,$��
LV�H[SORUHG�IRU�PRUH�WKDQ����\HDUV��:LQWHU�HW�DO����������6HYHUDO�PHWKRGRORJLFDO�DSSURDFKHV�DLPLQJ�
WR� DVVHVV� ODQG�XVH� EDVHG� LPSDFWV� RQ� WHUUHVWULDO� ELRGLYHUVLW\� H[LVW� �&UHQQD� HW� DO��� �������+RZHYHU��
DSSURDFKHV�WR�DVVHVV�LPSDFWV�RQ�IUHVKZDWHU�ELRGLYHUVLW\�LQ�/&,$�DUH�RQO\�VSDUVHO\�DGGUHVVHG�E\�VLQJOH�
LPSDFW�SDWKZD\V�RU�YLD�VLQJOH�LPSDFW�FDWHJRULHV�VXFK�DV�IUHVKZDWHU�HFRWR[LFLW\��&UHQQD�HW�DO����������
$V�FRQVWLWXWHG�E\�VHYHUDO�VFLHQWLVWV��UHVHDUFK�DGGUHVVLQJ�LPSDFW�SDWKZD\V�RQ�IUHVKZDWHU�ELRGLYHUVLW\�
LV�XUJHQWO\�QHHGHG��0D]RU�HW�DO����������$�GHGLFDWHG�DSSURDFK�WR�FRPSUHKHQVLYHO\�DVVHVV�ELRGLYHUVLW\�
LPSDFWV�UHODWHG�WR�IUHVKZDWHU�HFRV\VWHPV���VLPLODU�WR�H[LVWLQJ�WHUUHVWULDO�ODQG�XVH�UHODWHG�ELRGLYHUVLW\�
LPSDFW�DVVHVVPHQWV���DQG�DVVRFLDWHG�GULYHUV�DQG�SUHVVXUHV�LV�FXUUHQWO\�QRW�DYDLODEOH��7KH�IROORZLQJ�
SDSHU�DLPV�WR�WDNH�ILUVW�VWHSV�WR�SDYH�WKH�ZD\�WRZDUGV�D�ELRGLYHUVLW\�LPSDFW�LQGLFDWRU�IRU�IUHVKZDWHU�
ELRGLYHUVLW\�DSSOLFDEOH�LQ�/&$�VWXGLHV�� 
0HWKRG��)LUVWO\�� UHOHYDQW�SUHVVXUHV�RQ�IUHVKZDWHU�ELRGLYHUVLW\�DUH�FRPSLOHG�DQG�JURXSHG� LQWR�ILYH�
FDWHJRULHV��,Q�WKH�QH[W�VWHS�VWDWH�RI�WKH�DUW�/&,$�PHWKRGV�ZKLFK�VWULYH�IUHVKZDWHU�ELRGLYHUVLW\�DUH�
UHYLHZHG�LQ�WHUPV�RI�LPSDFW�SDWKZD\V�DQG�OHYHO�RI�ELRGLYHUVLW\��,Q�D�WKLUG�VWHS�LW� LV�DQDO\]HG�KRZ�
UHOHYDQW� SUHVVXUHV� IRU� IUHVKZDWHU� ELRGLYHUVLW\� DUH� FRYHUHG� E\� H[LVWLQJ� /&,$� PHWKRGV�� /DVWO\��
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UHFRPPHQGDWLRQV� DQG� VXJJHVWLRQV� DUH�PDGH� RQ�ZKLFK� SUHVVXUHV� VKRXOG� EH� LQFOXGHG� LQ� DQ� LPSDFW�
DVVHVVPHQW�PHWKRG�DQG�LQLWLDO�WKRXJKWV�RQ�KRZ�WKH\�FRXOG�EH�LQFOXGHG�DUH�GLVFXVVHG� 
5HVXOWV��7KH�DQDO\VLV�RI�WKUHDWV�WR�IUHVKZDWHU�ELRGLYHUVLW\�UHYHDOHG�D�VHW�RI����HFRV\VWHP�GLVWXUEDQFH�
YDULDEOHV�ZKLFK� DUH� OLNHO\� WR� FRQWULEXWH� WR� IUHVKZDWHU� ELRGLYHUVLW\� ORVV� GHSHQGLQJ� RQ� RFFXUUHQFH��
LQWHQVLW\�� GXUDWLRQ�� DQG� IUHTXHQF\� RI� GLVWXUEDQFH�� 2QO\� SUHVVXUHV� DQG� WKUHDWV� PDLQO\� FDXVHG� E\�
DQWKURSRJHQLF�LQIOXHQFH�DUH�FRQVLGHUHG��$OO����SUHVVXUHV�ZHUH�JURXSHG�LQWR�RQH�RI�ILYH�FDWHJRULHV�
�SK\VLFDO��PHFKDQLFDO��FKHPLFDO��ELRORJLFDO��RWKHU��GHSHQGLQJ�RQ�WKHLU�SUHYDLOLQJ�W\SH�RI�HFRV\VWHP�
LPSDFW�� 1RWDEO\�� PDQ\� SUHVVXUHV� DQG� WKUHDWV� DUH� LQWHUFRQQHFWHG� DQG� LQIOXHQFH� HDFK� RWKHU� E\�
UHLQIRUFLQJ� PDJQLWXGHV� RI� LPSDFWV� �H�J�� LQFUHDVH� LQ� ZDWHU� WHPSHUDWXUH�� QXWULHQW� ORDGLQJ� DQG�
RFFXUUHQFH�RI�KDUPIXO�DOJDO�EORRPV��DQG�RU�RULJLQDWH�IURP�GLIIHUHQW�DFWLYLWLHV�EXW�OHDG�WR�WKH�VDPH�RU�
VLPLODU�IUHVKZDWHU�HFRV\VWHP�GLVWXUEDQFH��H�J��HPLVVLRQV�RI�RUJDQLF�VXEVWDQFHV�DQG�QXWULHQW�ORDGLQJ�
ERWK�OHDG�WR�LQFUHDVHG�R[\JHQ�GHPDQGV�DQG�QHJDWLYHO\�DIIHFW�IUHVKZDWHU�ELRGLYHUVLW\��� 
$ORQJ�ZLWK� WKH�PDLQ� IUHVKZDWHU�ELRGLYHUVLW\� WKUHDWV� LGHQWLILHG� E\� ,3%(6�������� �VHD�XVH� FKDQJH��
GLUHFW�H[SORLWDWLRQ��SROOXWLRQ��FOLPDWH�FKDQJH�DQG�LQYDVLYH�QRQ�QDWLYH�VSHFLHV���HPHUJLQJ�WKUHDWV�VXFK�
DV�IUHVKZDWHU�VDOLQL]DWLRQ��OLJKW��QRLVH��DQG�WKH�GHJUDGDWLRQ�DQG�VXUIDFH�VHDOLQJ�RI�ULSDULDQ�]RQHV�ZHUH�
LGHQWLILHG��.DXVKDO�HW�DO���������:LOOLDPV�6XEL]D�	�(SHOH���������$�FRPSOHWH�OLVW�RI�LGHQWLILHG�WKUHDWV�
FDQ�EH�IRXQG�LQ�WKH�VXSSOHPHQWDU\�PDWHULDO�� 
:KLOH�D�FRQWULEXWLRQ�UDQNLQJ�RI�WKUHDWV�ZDV�QRW�SDUW�RI�WKLV�VWXG\��,3%(6��������UDQNV�VHD�XVH�FKDQJH�
DV�WKH�PDMRU�FRQWULEXWRU�WR�IUHVKZDWHU�ELRGLYHUVLW\�GHFOLQH�IROORZHG�E\�GLUHFW�H[SORLWDWLRQ��SROOXWLRQ��
FOLPDWH�FKDQJH�DQG�LQYDVLYH�VSHFLHV��6HD�XVH�FKDQJH�WKUHDWV�LQ�WKH�,3%(6��������UHSRUW�UHIHU�LQ�WKLV�
VWXG\�WR�PHFKDQLFDO�GLVWXUEDQFH�YDULDEOHV��ZKLFK�OHDG�WR�IUDJPHQWDWLRQ�LPSDFWV��DOWHUDWLRQ�LQ�ZDWHU�
IORZV��ORVV�DQG�GHJUDGDWLRQ�RI�KDELWDWV��ZDWHU�ERGLHV��VHD�DQG�ZDWHU�EDQNV� 
7R�DVVHVV�WKH�FRYHUDJH�RI�IUHVKZDWHU�ELRGLYHUVLW\�WKUHDWV�LQ�FXUUHQW�/&$�SUDFWLFH�WKH�LPSDFW�SDWKZD\V�
RI�WKH�PRVW�ZLGHO\�XVHG�/&,$�PHWKRGRORJLHV�LQWHJUDWLQJ�ELRGLYHUVLW\��QDPHO\�/&�,PSDFW��9HURQHV�
HW�DO����������5H&L3H�������+XLMEUHJWV�HW�DO����������,PSDFW�:RUOG���%XOOH�HW�DO����������(FRVFDUFLW\�
�%$)8��������DQG�6WHSZLVH��:HLGHPD�HW�DO���������ZHUH�DQDO\]HG��7KH�SUHVHQW�VWXG\�VKRZV��WKDW���
������RI����LGHQWLILHG�IUHVKZDWHU�ELRGLYHUVLW\�WKUHDWV�DUH�DW�OHDVW�SDUWO\�DGGUHVVHG�LQ�FXUUHQW�/&,$�
PHWKRGRORJLHV�����RI�WKH�LGHQWLILHG�WKUHDWV�DUH�QRW�FRYHUHG�\HW��IRU�GHWDLOV�VHH�VXSSOHPHQWDU\��� 
&RPSDUDEO\� ZHOO�NQRZQ� DUH� IUHVKZDWHU� ELRGLYHUVLW\� LPSDFWV� DVVRFLDWHG� ZLWK� WR[LF� VXEVWDQFHV��
DFLGLI\LQJ�VXEVWDQFHV��HXWURSKLFDWLRQ� LPSDFWV��ZDWHU� FRQVXPSWLRQ�DQG�GHFUHDVHG�GLVFKDUJH�GXH� WR�
JOREDO�ZDUPLQJ��&XUUHQW�/&,$�PHWKRGV�GR�QRW�FRYHU�LPSDFWV�DVVRFLDWHG�ZLWK�ODWHUDO�DQG�ORQJLWXGLQDO�
IUDJPHQWDWLRQ��FKDQJH�LQ�ZDWHU�IORZ�UHJLPHV��IUHVKZDWHU�VDOLQL]DWLRQ��LQYDVLYH�VSHFLHV��RYHUILVKLQJ��
PLFURSODVWLFV��GHJUDGDWLRQ�RI� ULSDULDQ�]RQHV� DQG� OLJKW�DQG�QRLVH�SROOXWLRQ��)RU�VRPH�RI� WKH� UDUHO\�
DGGUHVVHG�WKUHDWV��ILUVW�DSSURDFKHV�DQG�FKDUDFWHUL]DWLRQ�IDFWRUV��&)��KDYH�EHHQ�SURSRVHG�IRU�WKH�XVH�
LQ�/&$��H�J��6DOLHUL�HW�DO���������IRU�PLFURSODVWLFV�RU�+DQDILDK�HW�DO���������IRU�LQYDVLYH�VSHFLHV��� 
&RQVLGHULQJ� LPSDFWV� RQ� IUHVKZDWHU� ELRGLYHUVLW\� VHYHUDO� ZHDNQHVVHV� ZHUH� LGHQWLILHG� LQ� WKH� ZHOO�
HVWDEOLVKHG�/&,$�PHWKRGV��(XWURSKLFDWLRQ�LPSDFW�DVVHVVPHQW�LQ�FXUUHQW�PHWKRGV�PDLQO\�FRQVLGHUV�
VHFRQGDU\�R[\JHQ�FRQVXPSWLRQ�VWUHVVLQJ�WKH�SRWHQWLDO�FRQWULEXWLRQ�RI�SKRVSKRUXV��3��RU�QLWURJHQ��1��
WR�ELRPDVV�SURGXFWLRQ��3ULPDU\�R[\JHQ�FRQVXPSWLRQ�GXH�WR�LQFUHDVHG�HPLVVLRQ�RI�RUJDQLF�PDWHULDO�
WR�IUHVKZDWHUV��H�J��ZDVWHZDWHU�RI�FHOOXORVH�LQGXVWU\��LV�RIWHQ�QHJOHFWHG��$�FXUUHQW�VWXG\�VKRZV��WKDW�
D� WUDGLWLRQDO� /&$� RI� D� ZDVWHZDWHU� WUHDWPHQW� SODQW� JHQHUDWHV� DEQRUPDO� UHVXOWV� IRU� HXWURSKLFDWLRQ�
LPSDFWV�ZKLFK� FDQ� EH� UHDVRQDEOL]HG�ZKHQ� LQWURGXFLQJ� FKHPLFDO� R[\JHQ� GHPDQG� �&2'�� LPSDFWV�
�=KDR� HW� DO��� ������� (FRVFDUFLW\� LV� IRXQG� WR� EH� WKH� RQO\� LPSDFW� DVVHVVPHQW� PHWKRG� FRQVLGHULQJ�
%2'�&2'�LPSDFWV��1RWDEO\��WKH�HFRORJLFDO�VFDUFLW\�PRGHO�GRHV�QRW�LQFOXGH�DUHDV�RI�SURWHFWLRQ�ZKLFK�
DJJUHJDWH� WR� IUHVKZDWHU�ELRGLYHUVLW\� LPSDFWV��7KH�FRPSDULVRQ� WR�RWKHU�/&,$�PHWKRGV� LV� WKHUHIRUH�
OLPLWHG�� 
&OLPDWH� FKDQJH� LPSDFWV� RQ� IUHVKZDWHU� ELRGLYHUVLW\� LQ� VWDWH�RI�WKH�DUW� /&,$�PRGHOV� IDFH� VHYHUDO�
VKRUWFRPLQJV�� ,Q� FXUUHQW� LPSDFW� DVVHVVPHQW�PRGHOV�� D� ILVK� VSHFLHV�ULYHU� GLVFKDUJH� UHODWLRQVKLS� LV�
GHYHORSHG��EDVHG�RQ�+DQDILDK�HW�DO�����������,W�LV�H[SHFWHG�WKDW�JOREDO�ZDUPLQJ�OHDGV�WR�D�GHFUHDVH�LQ�
ULYHU�ZDWHU�GLVFKDUJH�ZKLFK�LV�UHODWHG�WR�D�SRWHQWLDO�GHFOLQH�LQ�ILVK�VSHFLHV��+RZHYHU��FXUUHQW�UHVHDUFK�
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VKRZV�WKDW�IUHVKZDWHU�ILVK�VSHFLHV�DUH�PRUH�VHYHUHO\�WKUHDWHQHG�E\�ZDWHU�WHPSHUDWXUH�DOWHUDWLRQV�WKDQ�
DOWHUDWLRQV�LQ�ZDWHU�IORZ��%DUEDURVVD�HW�DO���������%LRGLYHUVLW\�LPSDFWV�DVVRFLDWHG�ZLWK�WKHUPDO�ZDWHU�
SROOXWLRQ�IURP�WKH�GLVFKDUJH�RI�FRROLQJ�ZDWHU�LV�LQFOXGHG�LQ�,PSDFW�:RUOG��RQO\��,PSDFW�DVVHVVPHQW�
PRGHOV�WR�FDOFXODWH�WKH�LPSDFWV�RI�FRROLQJ�ZDWHU�GLVFKDUJH�RQ�IUHVKZDWHU�VSHFLHV�ZHUH�GHYHORSHG�E\�
9HURQHV� HW� DO�� ������� DQG� 3ILVWHU� DQG� 6XK� �������� ,PSDFWV� RI� WHPSHUDWXUH� LQFUHDVH� GXH� WR� JOREDO�
ZDUPLQJ�DUH�QRW�FRQVLGHUHG��/&,$�PRGHOV�ZKLFK�DFFRXQW�IRU�H[WUHPH�ZDWHU�WHPSHUDWXUH�DOWHUDWLRQV�
GXH�WR�FOLPDWH�FKDQJH�DUH�ODFNLQJ� 
2YHUILVKLQJ�ZDV�IRXQG�WR�EH�D�UHOHYDQW�ELRGLYHUVLW\�WKUHDW��DQG�VHYHUDO�/&$�DSSURDFKHV�H[LVW��H�J��
/DQJORLV�HW�DO������D��(PDQXHOVVRQ�HW�DO��������:RRGV�HW�DO��������)ULVFKNQHFKW�HW�DO��������%DFK�HW�
DO���������+RZHYHU��DPRQJ�WKH�DVVHVVHG�/&,$�PHWKRGV�ELRGLYHUVLW\�LPSDFWV�IURP�RYHUILVKLQJ�DUH�QRW�
FRYHUHG�� 
$QRWKHU�PDMRU�WKUHDW�WR�IUHVKZDWHU�ELRGLYHUVLW\�ZKLFK�LV�QRW�FRYHUHG�LQ�FXUUHQW�/&,$�PHWKRGV�ZDV�
IRXQG�WR�EH�LQYDVLYH�VSHFLHV��,3%(6���������)HZ�/&$�DSSURDFKHV�DGGUHVVLQJ�LQYDVLYH�VSHFLHV�WKUHDWV�
H[LVW��+DQDILDK�HW�DO�������GHYHORSHG�&)V�IRU� IUHVKZDWHU�ELRGLYHUVLW\� LPSDFWV�RI� LQYDVLYH�VSHFLHV�
EDVHG�RQ�SRWHQWLDOO\�GLVDSSHDUHG�IUDFWLRQ�RI�HQGHPLF�IUHVKZDWHU�VSHFLHV�LQ�5KLQH�DQG�'DQXEH�SHU�
NLORJUDP�WUDQVSRUWHG�JRRG��$�UHDVRQ�ZK\�LW�LV�QRW�LQFOXGHG�LQ�FXUUHQW�/&,$�PHWKRGV�PLJKW�EH�WKH�
ODFNLQJ� SRVVLELOLW\� WR� JOREDOL]H� LPSDFWV�� +DQDILDK� HW� DO�� ������� DOVR� FODLP� WKH� KLJK� UHOHYDQF\� WR�
LQFOXGH�WKH�LQWURGXFWLRQ�RI�H[RWLF�VSHFLHV�LQ�/&$�IUDPHZRUNV� 
)UHVKZDWHU�ELRGLYHUVLW\�LPSDFWV�UHVXOWLQJ�IURP�KDELWDW�GHVWUXFWLRQ�DQG�FKDQJH�LQ�ZDWHU�IORZ��VXFK�DV�
IUDJPHQWDWLRQ� LPSDFWV� �H�J�� WKURXJK� GDPV�� K\GURHOHFWULF� SRZHU� VWDWLRQV�� RU� LPSDFWV� RQ� EHQWKLF�
FRPPXQLWLHV��H�J��WKURXJK�ZDWHU�PDLQWHQDQFH�PHDVXUHV��DUH�QRW�FRYHUHG�LQ�FXUUHQW�/&,$�PHWKRGV��
$OWKRXJK�� WKHVH� LPSDFWV�DUH� IRXQG� WR�EH�RI�KLJK�UHOHYDQF\�RQO\�D� IHZ�DSSURDFKHV�ZKLFK�TXDQWLI\�
ELRGLYHUVLW\�LPSDFWV�WKURXJK�K\GURHOHFWULF�SRZHU�VWDWLRQV�H[LVW��*UDFH\�	�9HURQHV��������SURYLGH�DQ�
H[WHQVLYH� UHYLHZ� DQG� UHFRPPHQGDWLRQV� IRU� IXUWKHU� GHYHORSPHQW�� VXFK� DV� D� IUDJPHQWDWLRQ� LQGH[��
7XUJHRQ�HW�DO���������GHYHORSHG�HPSLULFDOO\�GHULYHG�&)V�IRU�K\GURSRZHU�SURGXFWLRQ�UHSUHVHQWHG�LQ�
3')�IRU�ILVK�VSHFLHV��+RZHYHU��RWKHU�FDXVHV�RI�IORZ�DOWHUDWLRQ�DQG�KDELWDW�GHJUDGDWLRQ�DUH�QRW�\HW�
FRQVLGHUHG�LQ�WKHVH�DSSURDFKHV�ZKLFK�SURYLGHV�SRWHQWLDO�IRU�IXUWKHU�GHYHORSPHQWV�� 
$OWKRXJK�IUHVKZDWHU�VDOLQL]DWLRQ�LV�IRXQG�WR�EH�D�UHOHYDQW�WKUHDW�WR�IUHVKZDWHU�ELRGLYHUVLW\��QRQH�RI�
WKH�DVVHVVHG�/&,$�PHWKRGV�FRYHU�VDOLQL]DWLRQ� LPSDFWV� �.DXVKDO�HW� DO��� �������3D\HQ�HW� DO�� �������
SURYLGH�D�UHYLHZ�DQG�ILUVW�VWHSV�WR�LQWHJUDWH�VDOLQL]DWLRQ�LPSDFWV�LQ�/&$�ZKLOH�1~xH]�DQG�)LQNEHLQHU�
������� SURYLGH� &)V� IRU� VRLO� VDOLQL]DWLRQ�� 2SHUDWLRQDO� /&$� DSSURDFKHV� GHGLFDWHG� WR� VDOLQL]DWLRQ�
LPSDFWV�RQ�IUHVKZDWHU�ELRGLYHUVLW\�FRXOG�QRW�EH�IRXQG�� 
5LSDULDQ�]RQHV�DUH�NQRZQ�WR�EH�LPSRUWDQW�HFRV\VWHPV�PLWLJDWLQJ�WHUUHVWULDO�ODQG�XVH�LPSDFWV�VXFK�DV�
DJULFXOWXUDO� QXWULHQW� LQSXW� WR� IUHVKZDWHU� HFRV\VWHPV�� %\� GHJUDGLQJ� WKHVH� EXIIHU� ]RQHV�� KDELWDW�
DOWHUDWLRQ� LPSDFWV�� LQFUHDVHG� VRLO� HURVLRQ� LPSDFWV� DQG� ULYHU�VHD� HGJH� LPSDFWV� QHJDWLYHO\� DIIHFWLQJ�
IUHVKZDWHU�ELRGLYHUVLW\�RFFXU��7KHVH�LPSDFWV�RULJLQDWH�H�J��IURP�XQVXVWDLQDEOH�XVH�DQG�WUDQVIRUPDWLRQ�
RI� IUHVKZDWHU� EDQNV� VXFK� DV� FOHDULQJ�� EXLOGLQJ� RI� XUEDQ� SURPHQDGHV� DQG� KDUERUV� RU� IUHTXHQW�
UHFUHDWLRQDO�DFWLYLWLHV��7KH�GHJUDGDWLRQ�RI�ULSDULDQ�]RQHV�DQG�IUHVKZDWHU�EDQNV�DQG�UHVXOWLQJ�LPSDFWV�
RQ�IUHVKZDWHU�ELRGLYHUVLW\�LV�QRW�UHIOHFWHG�LQ�FXUUHQW�/&,$�PHWKRGRORJLHV� 
0RVW�FXUUHQW�/&,$�PHWKRGRORJLHV�GHYHORS�FKDUDFWHUL]DWLRQ�IDFWRUV�EDVHG�RQ�HVWLPDWLRQV�RI�SRWHQWLDO�
VSHFLHV��GLYHUVLW\��ORVV��7R�FDSWXUH�DOO�GLPHQVLRQV�RI�ELRGLYHUVLW\��VSHFLHV�GLYHUVLW\��JHQHWLF�GLYHUVLW\��
HFRV\VWHP�GLYHUVLW\���PHWULFV�DOVR�LQFRUSRUDWLQJ�HFRV\VWHP�GLYHUVLW\�DQG�JHQHWLF�GLYHUVLW\�VKRXOG�EH�
FRQVLGHUHG� 
&RQFOXVLRQ�� &XUUHQWO\�� IUHVKZDWHU� ELRGLYHUVLW\� LPSDFWV� DUH� PRVWO\� PRGHOOHG� EDVHG� RQ� LPSDFWV�
UHVXOWLQJ�IURP�WHUUHVWULDO�SURFHVVHV��VXFK�DV�LPSDFWV�IURP�DJULFXOWXUDO�QXWULHQW�OHDFKLQJ��7KH�LPSDFWV�
RI�KXPDQ�DFWLYLWLHV�LQ�IUHVKZDWHUV�RQ�IUHVKZDWHU�HQYLURQPHQWV�DUH�SRRUO\�DGGUHVVHG��6LPLODU�WR�WKH�
FRQFHSW�RI�ODQG�XVH�FODVVHV�IRU�WHUUHVWULDO�HQYLURQPHQWV��H�J��/LQGQHU�HW��DO���������RU�VHD�XVH�FODVVHV�
IRU�PDULQH�HQYLURQPHQWV��H�J��/DQJORLV�HW�DO����������ZH�SURSRVH�WKH�LQWURGXFWLRQ�RI�IUHVKZDWHU�XVH�
FODVVHV�IRU�IUHVKZDWHU�HQYLURQPHQWV��$V�ILUVW�LGHDV��ZH�SURSRVH�IUHVKZDWHU�XVH�FODVVHV�IRU�ODUJH�ULYHUV�
DQG�ODNHV�IRU�����ZDWHU�WUDQVSRUW������SRZHU�JHQHUDWLRQ������UHFUHDWLRQDO�DFWLYLWLHV�DQG�����ILVKHU\�	�
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DTXDFXOWXUH��IXOO�OLVW�LQ�VXSSOHPHQWDU\���%\�IXUWKHU�FKDUDFWHUL]DWLRQ�RI�WKHVH�FODVVHV�ZLWK�UHDVRQDEOH�
ELRGLYHUVLW\�FRQWULEXWLRQ�SDUDPHWHUV�DQG�IXQFWLRQV��H�J��IUDJPHQWDWLRQ�>QR��RI�WUDQVYHUVH�VWUXFWXUHV�
�NP@�IRU�WKH�XVH�FODVV�SRZHU�JHQHUDWLRQ�LQ�ULYHUV��RU�IDLUZD\�TXRWLHQW�>P�P@�IRU�WKH�XVH�FODVV�ZDWHU�
WUDQVSRUW�� ILUVW� DSSURDFKHV� IRU� LQWHJUDWLQJ� LPSDFW� DVVHVVPHQWV� RQ� IUHVKZDWHU� ELRGLYHUVLW\� FDQ� EH�
GHYHORSHG� DQG� WHVWHG� XVLQJ� WKH� DGDSWDEOH� ELRGLYHUVLW\� LPSDFW� DVVHVVPHQW� PHWKRG� SUHVHQWHG� E\�
/LQGQHU�HW�DO�� ��������$�ILUVW�VHW�RI�FKDUDFWHUL]DWLRQ�LQGLFDWRUV�FDQ�EH�IRXQG�LQ�WKH� VXSSOHPHQWDU\��
([LVWLQJ� LPSRUWDQW� LPSDFW� SDWKZD\V� VXFK� DV� GHFUHDVHG� ULYHU� GLVFKDUJH�� RU� HFRWR[LFLW\� DQG�
HXWURSKLFDWLRQ�LPSDFWV�FDQ�EH�LQFOXGHG�DQG�IXUWKHU�UHILQHG��([LVWLQJ�DSSURDFKHV�ZKLFK�DUH�FXUUHQWO\�
QRW� FRQVLGHUHG� LQ� VWDWH�RI�WKH�DUW�/&,$�PHWKRGV� FDQ� EH� LQFOXGHG�E\� WKH� GHILQLWLRQ� RI� DSSURSULDWH�
FRQWULEXWLRQ� IXQFWLRQV� EDVHG� RQ� UHFHQW� ILQGLQJV�� FKDUDFWHUL]DWLRQ� IDFWRUV�� DQG� FDXVH�HIIHFW�
UHODWLRQVKLSV��7KLV�LV�HVSHFLDOO\�WKH�FDVH�IRU�LPSDFW�SDWKZD\V�DVVRFLDWHG�ZLWK�RYHUILVKLQJ��LQYDVLYH�
VSHFLHV�� IUDJPHQWDWLRQ� RU� PLFURSODVWLFV� IRU� ZKLFK� IUDPHZRUNV� WDUJHWHG� WR� EH� XVHG� LQ� /&$�ZHUH�
DOUHDG\�SURSRVHG��$V�FOLPDWH�FKDQJH�LPSDFWV�DQG�UHVXOWLQJ�WHPSHUDWXUH�H[WUHPHV�DFFRXQW�IRU�D�VWURQJ�
LQIOXHQFH�RQ�IUHVKZDWHU�ELRGLYHUVLW\�WKHVH�LPSDFW�SDWKZD\V�VKRXOG�EH�IXUWKHU�UHILQHG�DQG�LQFOXGHG��
7KH�VDPH�DSSHDUV�WR�EH�WUXH�IRU�IUDJPHQWDWLRQ�LPSDFWV��H�J��IURP�K\GURSRZHU�SODQWV��DQG�GHJUDGDWLRQ�
RI�ULSDULDQ�]RQHV��ODNH�ULYHU�EDQNV�DQG�ZDWHU�ERWWRPV� 
7KH�SUHVHQW�DQDO\VLV�VKRZV�WKDW�FXUUHQW�/&,$�PHWKRGV�DGGUHVV�IUHVKZDWHU�ELRGLYHUVLW\�RQO\�VSDUVHO\��
:KLOH�VLQJOH�ELRGLYHUVLW\�SUHVVXUHV�VXFK�DV�HXWURSKLFDWLRQ��IUHVKZDWHU�ZLWKGUDZDO�RU�HFRWR[LFLW\�DUH�
LQ�JHQHUDO�FRYHUHG��D�ODUJH�QXPEHU�RI�WKUHDWV�DUH�QRW�LQFOXGHG��H�J��KDELWDW�IUDJPHQWDWLRQ��DFRXVWLF�
DQG�YLVXDO�GLVWXUEDQFHV��PRUSKRORJLFDO�DOWHUDWLRQV�� VWUXFWXUDO�GLYHUVLW\���7KH�SUHVHQW� VWXG\� UHYHDOV�
WKDW�IXUWKHU�UHVHDUFK�WR�FRPSUHKHQVLYHO\�DFFRXQW�IRU�IUHVKZDWHU�ELRGLYHUVLW\�LQ�D�OLIH�F\FOH�DVVHVVPHQW�
FRQWH[W� LV� UHTXLUHG�� ,PSDFW� SDWKZD\V� KDYH� WR� EH� IXUWKHU� H[DPLQHG� DQG� GHYHORSHG� DQG� PLVVLQJ�
SUHVVXUHV� KDYH� WR� EH� LQFOXGHG��0HWKRGRORJLFDO� VWUXFWXUHV� QHHG� WR� EH� DGDSWHG� WR� EHWWHU�PDWFK� WKH�
FKDUDFWHULVWLFV� RI� IUHVKZDWHU� HFRV\VWHPV�� )LUVW� WKRXJKWV� RQ� KRZ� WR� DFKLHYH� FRPSUHKHQVLYH�
ELRGLYHUVLW\�LPSDFW�DVVHVVPHQWV�LQ�IUHVKZDWHU�HFRV\VWHPV�DUH�RXWOLQHG� 
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+XLMEUHJWV�0�$�-��� 6WHLQPDQQ�=�-�1���(OVKRXW�3�0�)�� HW� DO��������5H&L3H������ D� KDUPRQLVHG� OLIH�
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����� KWWSV���GRL�RUJ���������V���������������[ 
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1. Introduction 
Agriculture is among the main drivers causing biodiversity loss across the globe. Organic 
agriculture is often seen as one possible solution to reduce this loss. Life cycle assessment (LCA) 
can be a useful tool to address the complexity of biodiversity assessments using characterization 
factors (CFs) that predict the potential disappeared fraction (PDF) of organisms in specific land use 
types and intensities. However, all LCA literature studies aimed at biodiversity on organic farms 
were limited to the temperate and mixed forest biomes in Europe. The Mediterranean is the most 
plant biodiverse biome in the world outside of the tropics, hence the importance in measuring and 
identifying important on-field drivers. Moreover, no biodiversity CFs are available for permanent 
organic crops in this biome. To fill these gaps, new midpoint occupation CFs expressing PDF of 
vascular plant species in the Mediterranean biome were calculated using the methods described in 
Knudsen et al. (2017) and secondary plant richness data from organic and conventional farms 
across four European countries.  
 
 
2. Materials and methods 
Vascular plant species richness data for organic and conventional cropland in the Mediterranean 
were collected from four studies for the following country and crop combinations: Spanish olives, 
French cereals, and Italian vineyards (Lüscher et al., 2016), Spanish vineyards (Puig-Montserrat et 
al., 2017), Spanish cereals (Caballero-López et al., 2010), and Greek olives (Solomou and Sfougaris, 
2011). These data were used to develop characterization factors for the potential plant species 
richness loss relative to a baseline scenario, expressed as PDF/m2, using the framework described in 
Knudsen et al. (2017). Woodland forest was chosen to be the baseline land use type, data for this 
was gathered from (Lüscher et al., 2016) in Spain and France. This study only looked at midpoint 
impacts and did not go further into endpoint, since the main objective was to look at the impacts of 
land use occupation on species richness. Endpoint would require the inclusion of other impact 
categories like climate change and their related flows like CO2, which was not in the scope of this 
study. 
 
 
3. Results and discussion 
The CFs for arable crops were able to distinguish between management practices (organic and 
conventional) due to differing herbicide and nitrogen input. However, CFs could not be 
differentiated by management practice in permanent crops using species richness data from 
(Lüscher et al., 2016), since they were highly dependent on practice intensity. Specifically, CFs for 
organic and conventional Spanish olives and Italian vineyards were not significantly different due to 
the extensive management practiced in the conventional farms. In other words, the practices (e.g., 
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pesticide, N input, tillage) were similar between organic and conventional farming. Whereas CFs 
for Spanish vineyards (using data from Puig-Montserrat et al., 2017) and Greek olive production 
(data from Solomou and Sfougaris, 2011) could be differentiated between organic and conventional 
farming due to intensive practices in the conventional farms sampled. The CFs for Greek olive 
production did not fall within the range of the other crop land use types, but were in fact much 
lower. This may be due to the baseline species richness count used; it may be useful for Spain, 
France and Italy, but possibly not for Greece.  
Therefore, binary land use management types like organic and conventional may not be sufficient to 
fully account for biodiversity loss in perennial farms. The CFs may be more useful if non-binary 
variables were used to account for more levels of intensity. For example, Solomou and Sfougaris 
(2011) monitored plant species richness in conventional olive fields sprayed with herbicide and 
conventional not sprayed with herbicide, which resulted in significantly different species richness 
values. Additionally, tillage intensity has also been found to be an important factor for plant species 
richness in woody crops (Rey et al., 2019). Thus, till or no-till could also be further land use sub-
classes to include.  
 

  
Figure 1. Characterization factors in PDF/m2 for organic (green checker) and conventional (blue lines) crop 
production, in studies Lüscher et al. (2016) for A, Puig-Montserrat et al. (2017) for B, Caballero-López et al. (2010) for 
C, Solomou and Sfougaris (2011) for D. The * means it is significantly different. 
 
 
4. Conclusions 
Impact of organic vs conventional farming on local plant biodiversity in the Mediterranean can be 
differentiated in arable crop systems, but cannot be consistently differentiated in permanent crops, 
based on the available studies. Further, land-use sub-classes for conventional practices may be 
needed to fully account for biodiversity losses in perennial crops. CFs derived, from real field 
measurements of species richness ensures higher certainty of the results, and given that more data 
on biodiversity is becoming available, further CFs can be calculated using this method. 
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1. Introduction and objectives

Global  supply  networks  (SN)  are  now  more  complex  than  ever  due  to  the  high
interconnection of nodes and the macro behavior that arises from agents’ individual motivations.
This complexity is not evident when the system performs in average or stable conditions, as it is

usually  considered  when  building  life  cycle  inventories,  but  it  gains  notoriety  when  a  SN
experiments  disruptions  or  sudden changes.  In  this  sense,  understanding properties  such as  the

system’s restoring capacity (resilience) becomes significantly relevant when analyzing a SN. The
recent disturbances in global logistics and production generated by the COVID-19 pandemic have
shown how food systems need to re-adapt in order to maintain the supply and still generate value.

While this kind of affectations can be directly measured in terms of economic losses, there is still a
gap in the understanding of these consequences from a sustainability point of view. In this manner,

we propose the use of a complexity driven approach that relies on agent-based modeling (ABM) to
simulate explicitly changes in the system.
 

Fishmeal (FM) is  a brown powder that is  valuable due to its high protein content.  It  is

mainly obtained from small pelagic fish, such as anchoveta (i.e., engraulis ringens) in a process of
cooking, drying and grinding. FM is used as an important component in the production of animal
feed which is mostly destined for aquaculture and swine production. Peru is the biggest worldwide

exporter of FM and its anchoveta mono-species fishery is the largest in the world (Avadi et al.,
2014).  The  associated  SN  (i.e.,  extraction,  production,  trading,  and  delivery)  is  composed  by

multiple agents that assume different roles and consider distinct strategies when doing business. FM
industry is not only susceptible to the impacts of natural disruptions (e.g., ENSO phenomenon), but
also to the affectations of extreme demand variations (e.g., pandemics). We selected the Peruvian

FM sector as a case of study because 1) its importance in other supply chains, 2) the involvement of
heterogeneus stakeholders, and 3) the role of Peru as a leading country in the supply of this product.

In this manner, the objective of this study is to understand the impacts that disruptions may have in
the sustainability of Peruvian FM industry by relying on ABM as the core modeling tool. 

2. Materials and methods

The approach considered for this study follows the four  principles of a complexity-driven
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sustainability assessment  proposed by Larrea-Gallegos et al. (2022). In this sense, the study does
not focus on finding optimal configurations, but on exploring the likelihood of the system to remain
inside  a  sustainability  region  during  the  pre-  and  post-disruption  periods.  We  defined  a

sustainability  region as the space where the collective SN state (i.e.,  the aggregation of nodes’
states) is considered tolerable to the society and/or specific stakeholders. Resilience oriented targets
were introduced as short-term impacts (i.e.,  added value in USD), in  addition to the long-term
impacts  commonly  considered  (i.e.,  climate  change).  This  change  of  perspective  allowed  to
understand the effects that perturbations can have over SN on different dimensions of sustainability

during different time spans while observing the network re-adaptation in the process. 

2.1. Computational workflow

In order to describe agent’s operational  configuration in  a computational and systematic

manner,  we  proposed  a  novel  Algebraic  Framework  for  RepresentIng  Computational  Agents
(AFRICA). This framework is inspired in the Stochastic Technology-of-Choice model (K@telhAn et
al.,  2016)  and  it  provides  a  mathematical  structure  to  computational  agents  so  they  can  solve
common business-related problems. More specifically, AFRICA is designed to allow agents to solve
a sourcing decision problem (sourcing problem  hereafter)  considering current  agent’s beliefs  of

reality,  current  objectives,  and  the  possible  actions  to  be  taken.  AFRICA follows  a  rationale

compatible with the beliefs, desires and intentions model of agency (Rao and Georgeff, 1995) and it
provides a set of mathematical objects in the form of matrices and vectors. For a given time step t,
AFRICA establishes that every agent must posses an intention matrix Anxm , a  factors matrix Foxm, a

price vector ko, a constrains vector co, and a money availability variable z. Here, n, m and o are the
number of products, processes and factors, respectively, involved in the sourcing problem of every

agent. 
When a given demand of products, yn, is imposed, agents’ will try to determine a supply

vector sm. This vector correspond to the quantities of each process m required to satisfy yn. Similarly

to K@telhAn et  al.  (2016),  we assume that  agents  will  aim to minimize the monetary cost of a
decision. In this sense, solving a sourcing problem implies minimizing an objective cost function,

depicted in Eq. (1), where  M  is a big scalar (i.e., big M method), and  xn is a vector of missing
products when yn cannot be fully satisfied.
 

min Z = k
T

Fs + Mx (1 )

s.t. k
T

Fs ≤ z

As + y s

T
≤ y

Fs ≤ c

As ≥ 0

x ≥ 0

s > 0

To simulate the SN, we developed a computational software, PACHA, fully programmed in

python v3.8. This library gives the user the resources to model markets, companies, organizations,
and individuals as computational agents thanks to methods specifically designed for the SN context.
PACHA uses a python implementation of the mathematical elements and operations defined by
AFRICA. Moreover, PACHA provides a simulation environment that lets agents interact in daily

time-steps while accounting for all transactions, emissions and consumption in the system. Relying
on  AFRICA,  different  decision  mechanisms  (e.g.,  sourcing  and  production)  can  be  explicitly
defined.  Moreover,  strategies  and rules  for  agents  can be programmed leveraging Python OOP
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paradigm. Figure 1 shows the different stages of the modeling exercise where AFRICA and PACHA
sub-modules intervene. 

Figure 1.  Computational workflow of the study and usage of AFRICA and PACHA sub-modules
during the modeling.

2.2 Supply network modeling

The modeled system, depicted in figure 1, represents the upper segment of the full FM life-

cycle (i.e., cradle-to-gate) and it was composed by four main type of agents: fishers, vessel owners,

fish-meal producers, and traders. Fishers  are agents that represent humans working in a vessel
during  the  fishing  activity  that  only  have  their  own  labor  as  output.  Vessel  owners  are  the

representation of fishing companies that hire fishers, consume fuel, equipment, and they deliver
fresh fish as an output.  FM producers  are companies that may or may not own vessels and they

consume fresh fish, fuel and equipment to deliver FM in an industrialized process. Finally, traders

are companies or individuals that manage to buy and sell FM to other agents in the SN or to a global
market.  This  system  is  driven  by  the  demand  imposed  by  a  proxy-agent  representing  the

aggregation of the global FM market. In figure 2, one-sided arrows represent flows in one direction,
while double-sided ones indicate bidirectional flows.

Figure 2. Representation of types of agents considered in fish-meal supply network. F: Fisher, Vs:

vessel  owner (steel),  Vw: vessel  owner (wooden),  FM: fish-meal  producer,  T: trader,  and  Mkt:

global fish-meal market. 
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Agents are initialized using the framework presented above. Agents’ behaviors were elicited
from primary sources (e.g., fishers, FM producers, vessel owners) following the approach presented

by Elsawah et al. (2015). Finally, secondary data (i.e., trading data, national statistics) were used to
provide context to the simulation.  Since it was not feasible to model every actor of the FM value
chain, flows of the rest of products (e.g., gas, heat, electricity, chemicals) were obtained from proxy
market agents using data derived from ecoinvent 3.6 (Wernet et al., 2016) and using brightway2.3
as LCA calculation package (Christopher Mutel, 2016). Disruptions were introduced as stochastic

events that explicitly affect network parameters or configuration. In this study we focused on the
disruptive malfunction of certain agents, mimicking 

3. Results and discussions

Results  show that  the final  configuration is  highly sensitive to  the initial  topology (i.e.,
degree centrality) when there is a low likelihood of finding new suppliers. Nevertheless, when these
probability  increases,  network  topology  converges  to  a  stable  configuration,  and  indicators
eventually  show cyclic patterns regardless of the initialization (i.e.,  stochastic or deterministic).
Preliminary results indicate that, when deleting nodes, highly connected FM producer nodes are is

less prone to fail in returning to its initial condition most of the times (see Figure 3a). This occurs

due to its high negotiation power among the other type of agents. Moreover, when fishers or vessels
owners are removed, their  likelihood to stabilise depends on the FM producer’s final state just
before the disruption. 

Regarding the emission profiles, the preliminary figures indicate that the system tends to
stabilise when the induced disruptions are temporal. While this may not seem relevant from some

environmental indicators (i.e.,  climate change),  the short-term variations are critical when other
indicators  are  evaluated  (i.e.,  job  losses,  added  value)  (see  Figure  3b).  This  demonstrate  that
necessity of including temporality and short-term impacts in the sustainability assessment exercise.

Different negotiation strategies are currently being evaluated to determine optimal initial conditions
to reach a sustainable SN. 

Figure 3. System evolution in terms of accumulated added value (USD) after the introduction of the
induced disruptions (a). Daily Global Warming Potential (GWP) for normal and disrupted agents

(blue continuous and disrupted lines, respectively) and average impact (red line).
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Rational: The growth of the global population combined with the covid-19 pandemic has increased 
production of single-serve packaging systems for agri-food systems. In July 2021, the 2019 European 
Plastics Directive put an end to most single-use plastics which are mostly made by polymers of fossil 
origin, such as polyethylene terefthalate (PET) or polypropylene (PP). The development of 
biodegradable bio-based plastics or bioplastics as an alternative to conventional fossil-based plastics 
gives hope that such problems can be solved with an additional advantage of reducing the use of fossil 
resources (Changwichan et al., 2018). Polylactic acid (PLA), a biodegradable bioplastic, is taking a 
relevant place in the plastic market. Several Life-cycle assessment (LCA) studies have characterized 
and compared the environmental performance of fossil-based plastics and biobased plastics for agri-
food systems. Nevertheless, the results obtained vary considerably and are difficult to compare due 
to different system boundary definitions, functional units, multifunctionality approaches used in each 
study.  
Objective: The main objective of this work was to carry out a systematic literature review and to use 
a normalization approach that allow comparing the main environmental impacts between PLA and 
fossil-based plastics along their value chain.  
Approach and methodology: An online search of articles published (since 2002) with LCA studies of 
PLA and/or PLA packaging was conducted and detailed information on the methodology, assessment 
assumptions and data screened. A total of 40 studies were assessed, 50% published in 2021. More of 
38% of the studies analysed were conducted in Europe. In all the studies analysed, maize was the 
biomass feedstock for the production of PLA. Whenever possible, for each article, the impact values 
were collected for each category of environmental impact identified for PLA and other polymers of 
fossil origin [Polypropylene (PP), Polyethylene terefthalate (PET), high density polyethylene 
(HDPE), low density polyethylene (LDPE) and Polystyrene (PS)]. Special attention was also paid to 
articles that constituted comparative analyses of LCA between PLA and other conventional polymers 
of fossil origin (PP, PET, PS, LDPH, HDPH), whenever the studies returned this type of results. Due 
to the heterogeneity of functional units identified in the analysis of the evaluated articles, functional 
units were converted to 1kg of polymer, whenever possible this conversion. The values of original 
impact categories were normalized to 1kg of polymer, allowing the comparison of impacts between 
the different articles and polymers. 
Results and discussion: The comparison between the different polymers showed, based on the 
analysed articles, that PET, PS and PP polymers have higher impacts than PLA in the following 

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
KŶ�͞dŚĞ�ƌŽůĞ�ŽĨ�ĞŵĞƌŐŝŶŐ�ĞĐŽŶŽŵŝĞƐ�ŝŶ�ŐůŽďĂů�ĨŽŽĚ�ƐĞĐƵƌŝƚǇ͟ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 

environmental impact categories: "climate change", "ozone depletion", "acidification" and 
"eutrophication". However, PLA was the polymer with the highest impact and contribution to the 
categories of "freshwater eutrophication", "marine eutrophication" and "human toxicity", followed 
by PET polymer. The production of PLA from maize may be one the reason that explain the higher 
impacts on the different environmental impact categories, and explain the higher average impacts 
compared to the other fossil-based polymers observed in some studies, namely for the impact 
categories "freshwater eutrophication", "marine eutrophication" and "human toxicity". 
Indeed, nowadays main biomass feedstock for bioplastic are food or food derivatives.  With the 
increasing demand for biodegradable bioplastics, competition by land and inputs between food 
production and other uses. Thus there are still three major problems that need to be solved to 
overcome this biomass scarcity barrier: i) first, sufficient biomass needs to be produced while 
ensuring that resources are not overexploited and do not enter into direct competition with the food 
sector; ii) second, greenhouse gas emissions caused by biomass production and its associated land 
use must inevitably be reduced; and iii) third, biomass production pathways must be economically 
competitive (Bussa et al., 2019).  
Conclusions: The use of alternative biomass sources, such as lignocellulosic residues from forest and 
marginal land, could be a key option for biobased materials production applied for food/feed sector, 
with lower environmental and socioeconomic impacts. Thus, there is necessary to invest in the 
development of new non-seasonal raw-material sources for the production of bioplastics and new 
equipment that allow to maximize the added functions and value of these biobased advanced 
materials, as proposed in the Circular Economy projects BeirInov and FLUI. In these projects, 
biofunctional bioplastic films will be developed for sustainable functional packaging of agri-food 
products. The matrix of the film to be developed will be composed of PLA from lignocellulosic 
residues recovery and its biofunctionality conferred by the extraction of bioactive compounds 
extracted from agroindustry waste. Main results of environmental performance of these innovative 
films will be also presented and discussed. 
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Abstract 

The Peruvian fishing industry, despite being the third most important in the world in terms of 
landings, remains highly informal. The informality and lack of documentation in this industry is 
closely related to a considerable amount of mismanaged waste, including plastics entering the 
ocean. This study presents a material flow analysis (MFA) of the plastic waste generated in the 
FRXQWU\¶V�ILVKLQJ�LQGXVWU\, with the aim of quantifying the stocks and flows of plastic and identify 
the most relevant sources of its emissions towards the Peruvian ocean. Special focus is given to 
abandoned, lost or otherwise discarded fishing gear; plastic polymers emissions from the vessels 
KXOO¶V� DQWLIRXOLQJ� FRDWLQJ�� DQG� SODVWLF� SDFNDJLQJ� FRQVXPHG� RQERDUG�ZKLOH� performing fishing 
activities. In 2018, the fishing gear plastic stock amounted 41,773 metric tons and leaked 2,989 
metric tons yearly towards the ocean. The plastic polymer stock from antifouling coating was 232 
metric tons, emitting a total of 14 metric tons annually. The general waste leaked from plastic 
packaging ranged from 50 to 128 metric tons per year in the best- and worst-case scenarios, 
respectively. These results can serve as a stepping stone to a better understanding of the plastic 
flows in the Peruvian fishing industry towards the ocean, as well as identifying key points for a 
better assessment and management to reduce plastic emissions from marine-based sources. 

1. Introduction 

In recent years, ocean plastic pollution has become of major concern to our society, due to its 
potential impacts on marine biota and human health. Although the main source of plastic waste 
reaching the marine environment is land-based, ocean-based sources account for up to 20% of all 
plastic waste in the ocean (Li et al., 2016), generating multiple threats for marine ecosystems. The 
Peruvian fishing industry, despite being the third most important in the world in terms of landings, 
only surpassed by the Chinese and Indonesian fleets (FAO, 2020), remains mainly highly informal. 
Hence, reports of flows and stocks linked to fishing gear (FG), antifouling coating and general 
plastic waste consumed on board are not easily retrieved.   
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The Peruvian fishing fleet is divided according to the cargo hold capacity and the distance to land 
of the fishing activities. The artisanal fleet is made up of vessels with a maximum cargo hold 
capacity of 10 m3, operating no more than 5 nautical miles (NM) from the coast; the small-scale 
fleet has a cargo hold capacity of over 10 m3 up to 32.6 m3, working within 5 NM from the coast 
as well. The largest fleet, in terms of landings, is the industrial fleet; it has a cargo hold capacity 
of over 32.6 m3 and operates outside of the 5NM from land, which is reserved for artisanal and 
small-VFDOH�ILVKLQJ�RQO\��)XUWKHUPRUH�� WKH�LQGXVWULDO�IOHHW� LV�GLYLGHG�LQ�WZR��µ9LNLQJV¶��ZRRGHQ�
hull vessels) and industrial (naval steel vessels) (PRODUCE, 2021).  

The commercial fishing industry is identified as the main contributor to marine plastic waste 
release and abandoned, lost, or otherwise discarded fishing gear (ALDFG) comprising 
approximately 10% of all marine plastic litter (Macfadyen et al., 2009). Moreover, ALDFG cannot 
only lead to animal entanglement but also cause physical effects in the digestive system due to the 
ingestion of macroplastics. In addition, plastic waste can further break down into microplastics, 
thus increasing the potential impacts affecting all the levels of the trophic chain, and also human 
health due to the consumption of seafood (Walkinshaw et al., 2020). Antifouling coating losses 
due to hull scraping, weathering, and maintenance jobs also release microplastics to the ocean. 
Unfortunately, however, their flows and impacts to the marine environment are still an 
understudied field (Bray, 2019). Finally, packaging waste from food and other activities on board 
also have the potential of generating the release of a variable amount of macro- and microplastic 
residues. In this context, the main objective of this study is to analyze and estimate the stock and 
flows of plastic pollution to the ocean as a result of the Peruvian commercial fishing industry. For 
this, the release by littering, loss or dissipation of the following on board activities were assessed: 
ALDFG, plastic polymers from antifouling coating and plastic packaging consumed on board.  

2. Materials and Methodology  
2.1. Material Flow Analysis 

Material flow analysis (MFA) is a well-established methodology to quantify stocks and analyze 
the flows of multiple materials through the technosphere (Kahhat & Williams, 2012; Dworak et 
al., 2021). Furthermore, MFA uses the mass conservation principle to evaluate the input and output 
flows in all of the phases of the material studied (Ciacci et al., 2017). MFA has been used for the 
development of several studies mainly considering commercially valuable commodities, such as 
metals, minerals, and chemicals (Gottschalk et al., 2010; Chen & Graedel, 2012). More recently, 
it has been used to understand the fate and dynamics between the several stages of plastic polymers 
and plastic packaging, mainly in Europe (Laner et al., 2016; Kawecki, et al., 2018; Cimpan, et al., 
2021). In this study, MFA is used as the main methodology to determine the flows of marine plastic 
pollution from ocean-based sources; taking into account the inflow and outflows of plastics to the 
Peruvian Fishing industry. The system boundary considered was the Peruvian Exclusive Economic 
Zone (EEZ), which accounts for the first 200 NM from the coast. The reference year considered 
was 2018. 
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2.2. Data Acquisition and modelling 

In order to estimate the stocks of plastics in the Peruvian fishing industry and their flows into the 
Pacific Ocean, different data sources have been used to build the MFA. For instance, information 
regarding technical characteristics of vessels in Peru was collected, including fleet type (i.e., 
artisanal, small-VFDOH�� µ9LNLQJV¶�DQG� LQGXVWULal vessels), length, beam, cargo hold capacity, and 
fishing methods used by each vessel (PRODUCE, 2021). The vessels were then grouped by fishing 
method and cargo hold capacity, in order to estimate the stock of FG.  Based on available literature 
related to the loss of FG into the ocean, the amount of ALDFG was estimated (Richardson, et al., 
2019; Macfadyen, et al., 2009), as seen in Table 1.  

Table 1. Fishing gear losses by method 

Fishing method Loss (%) Reference 

Longline 3.0 Macfayden et al. 

Purse seine 7.0 Richardson et al. 

Trawls 18.0 Richardson et al. 

Gillnets 6.6 Richardson et al. 

Traps/pots 20.0 Macfayden et al. 

 

To estimate the stock of antifouling coating in the Peruvian fishing fleet, data regarding the length 
and beam of all identified vessels were divided and clustered accordingly. The average beam and 
length for each group were calculated and used to estimate the underwater area considering a fully 
loaded vessel. The artisanal fleet was grouped in 2-meter intervals, due to the small size of their 
vessels (the largest is <15m); the remaining fleets were clustered in 5-meter intervals. The amount 
of antifouling used and its plastic content was taken from the literature and common coating 
products used in the Peruvian marine sector (Pinturas Jet, 2021). Using the OECD (2009) 
antifouling emission estimates to the environment, the plastic emitted due to weathering and 
maintenance was calculated. These emissions were determined considering an annual maintenance 
regime; however, in Peru, hull maintenance is performed every 2 years, by law, with some 
applying for special permits to extend it up to 2.5 years. 

General waste (GW) was considered as all the plastic packaging generated while fishing with the 
potential of being thrown overboard. Time spent at sea was estimated using different common 
Peruvian fishing fleet regimes, taking into account the duration and frequency of fishing activities. 
However, due to the high variability of fishing activities in terms of duration and frequency, which 
depends on multiple factors, different scenarios regarding the time aboard were analyzed. It is 
worth noting that the artisanal and small-scale fleets do not have fishing seasons, and are allowed 
to work all year-round. Moreover, the high variability of fishing jobs, combined with a vast 
informal artisanal sector, translates into high uncertainties when estimating the plastic consumed 
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(and released) while at sea. Using information from ENAPREF (2012), the diet of the fishermen 
was calculated and used to estimate the plastic packaging consumed on board. It is important to 
mention that no reports regarding the amount of waste thrown overboard have been identified. 
However, littering is a common practice in the artisanal and small-scale fisheries, and floating 
debris from fishing vessels is frequently detected. Despite this significant limitation, different 
littering overboard scenarios were considered (35%, 50%, and 90% of all plastic consumed). The 
number of fiVKHUPHQ�FRQVLGHUHG�ZDV�REWDLQHG�E\� WKH�µ)LUVW�QDWLRQDO�FHQVXV�RI�PDULQH�DUWLVDQDO�
ILVKLQJ¶��,1(,�����3).  However, the GW emissions to the ocean cannot be distinguished between 
these two fishing fleets, because the National Institute of Statistics and Computing (INEI in 
Spanish) aggregates artisanal and small-scale fishermen into the same category. Finally, the 
LQGXVWULDO�DQG�³9LNLQJ´�IOHHWV�ZHUH�QRW�LQFOXGHG�LQ�WKH�FDOFXODWLRQ�RI�*:�EHFDXVH�WKHVH�DUH�KLJKO\�
controlled by Peruvian authorities and are expected to unload their waste with each landing. 
However, it should be noted that a certain amount of direct leakage of this waste may occur, as 
well as indirectly, due to the abundance of open dumps along the Peruvian coastline.  

3. Results and discussion 

The MFA brought to light that the total plastic emitted towards the Peruvian EEZ from its fishing 
industry ranged from 3053 to 3131 metric tons in the year 2018. It can be noted that ALDFG has 
the highest contribution, of 96% and 98%, in the best- and worst-case scenarios respectively. The 
antifouling coating has the lowest share, up to 0.5%. Meanwhile, GW proportion ranged between 
2% to 4%. Figure 1 illustrates the flows and stocks of plastic in the Peruvian fishing industry. It is 
worth noticing that GW as a stock is not considered as it is defined as the plastic packaging that 
can flow into Peruvian waters from commercial fishing activities. Hence, there is no permanent 
GW stock is not in the fishing industry. 

 
Figure 1. Peruvian fishing industry plastic stocks and flows. In metric tons 
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As seen in Figure 1, the total amount of FG stock in Peru is 41,773 metric tons, meaning that 
approximately 7% of all the FG is lost to the ocean yearly. Furthermore, it is estimated that around 
232 metric tons of plastic polymers are found in the antifouling coating of all the fishing fleet, 
considering a two-layer application. In regards to GW, the high variability of fishing activities 
explained meant an important difference of 78 metric tons between the best- and worst-case 
scenarios. Table 2 presents the results of all the plastic flows towards the EEZ. It can be observed 
that the most polluting fleets are the industrial and ³Vikings´�IOHHW. The naval-steel fleet accounted 
for 44% of all the plastic emissions to the ocean, followed by ³Vikings´ (37%).  

Table 2. Peruvian fishing fleet plastic waste flows to the ocean 

Fleet type Artisanal Small Scale Vikings Industrial 
Fleet (#) 12415 1490 804 821 

ALDFG (t/yr) 301.6 286.7 1095.1 1305.5 
Antifouling polymers 

emission (t/yr) 6.1 1.8 1.7 4.3 

Subtotal (t/yr) 307.7 288.4 1096.9 1309.8 
Contribution 10.2% 9.6% 36.5% 43.6% 

Plastic 
emission/vessel/yr (t) 0.02 0.19 1.36 1.60 

General 
Waste (t/yr) 

35% 50 
No direct leakage 

considered 50% 68 
90% 128 

                        ADLFG: Abandoned, lost, or otherwise discarded fishing gear  

In spite of having smaller fleets (in terms of numbers of vessels) both industrial and ³Viking´ fleets 
have a much higher stock of plastic in both FG and antifouling polymers, as shown in Table 3. 
This is due to having a considerably greater average cargo hold capacity. Thus, the vessels in both 
fleets are on average, bigger than those in the artisanal and small-scale fleets, meaning that they 
have a superior underwater area and have to carry larger FG weights. On the one hand, it can be 
seen in both tables that the artisanal fleet has the lowest emission and stock per vessel. Despite 
having on average smaller vessels, it has the largest number of vessels, roughly ten-fold higher 
than the rest of the fleets; hence, it also has a higher total contribution than the second-largest fleet: 
the small-scale fleet, which has a substantially larger plastic stock per vessel. On the other hand, 
both ³Viking´ and industrial vessels have, on average, a substantially higher FG weight on board. 
Furthermore, the industrial fleet has a far greater polymer content, of 87.5 kg, in the underwater 
hull area, compared to the others. It is interesting when comparing it to the Vikings fleet, as they 
have a similar FG weight on board, yet the industrial fleet has on average more than two times the 
underwater area. This may be explained because naval steel vessels are more modern and have 
more and better equipment, technology, and facilities on board, which in turn results in bigger 
vessels regardless of the same relative cargo hold capacity.       
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Table 3. Peruvian fishing fleet plastic stock 

Stock 

Fleet Fishing 
Gear (t) 

Fishing 
gear/vessel 

(t) 
Polymers (t) 

Plastic 
polymers/vessel 

(kg) 
Artisanal 4773 0.38 101.5 8.18 

Small Scale 3390 2.28 29.6 19.87 
Vikings 16344 20.33 28.6 35.56 

Industrial 17266 21.03 71.8 87.49 
Total 41773 -- 231.5 -- 

 

4. Conclusions 

There is an important difference in the FG plastic stock per vessel EHWZHHQ� WKH�³9LNLQJV´�DQG�
industrial fleets as compared to the artisanal and small-scale fleets. The weight of FG carried on 
board, which solely depends on the cargo hold capacity, is of higher importance than the numbers 
of vessels, regarding plastic emissions to the ocean. The industrial fleet, despite being less than a 
tenth of the size of the artisanal fleet (in number of vessels) emits 4 times more plastic in terms of 
FG and antifouling polymers. Furthermore, ADLFG comprises roughly 96% of all the plastic 
emissions towards the Peruvian ocean from the fishing industry, which demonstrates the 
importance of better control and management of FG.  

The Peruvian fishing industry directly contributes between 3% to 7% of the total plastic waste 
flowing to the EEZ, from both land-and marine-based sources (Ita-Nagy, et al., 2021). 
Nonetheless, these estimates have uncertainties, which sheds light on the need to address the lack 
of documentation and informality; and promote fieldwork and the implementation of 
methodologies to characterize and quantify plastic stocks and waste flows to the marine 
environment from ocean-based commercial fishing activities in Peru. Moreover, understanding 
plastic flows derived from the Peruvian fishing industry will help decision-makers to recognize 
and tackle this problem in a sustainable manner, considering a holistic approach. A critical first 
step is to raise awareness among all levels of fisheries¶ stakeholders about the effects of litter, 
ALDFG, and vessel maintenance have on fishing resources, both economically and biologically, 
as well as on the livelihood of fishermen and fishing communities.  
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Introduction: Although plastic litter is a growing environmental concern, so far, there is no life 
cycle assessment (LCA) methodology to assess the potential impacts of plastic litter on the 
environment or human health. To tackle this shortcoming of LCA, the international scientific 
workgroup MarILCA (MARine Impacts in LCA, marilca.org) was formed in 2018, supported by 
FSLCI and the Life Cycle Initiative, with the goal to propose a methodology for assessing potential 
(macro-, micro, nano-) plastic litter impacts in LCA. Within the MarILCA framework, the new 
impact category physical effects on biota aims at capturing the physical impacts of plastic litter on 
organisms, both through internal (ingestion) and external (entanglement, smothering) pathways 
(Woods, Verones, Jolliet, Vázquez-Rowe, & Boulay, 2021). To provide characterization factors 
(CFs) for physical effects on biota, the following sub-factors are developed, following a common 
structure in emission-based LCA (Jolliet et al., 2006):  

Characterization factor = Fate factor * Exposure factor * Effect factor   (1) 

Lavoie et al. (2021) already proposed a combined exposure and effect factor for assessing the 
impacts of microplastics on aquatic (freshwater and marine) species. Recent work proposed 
simplified fate IDFWRUV��ZKLFK�ZHUH�FRPELQHG�ZLWK�/DYRLH�HW�DO�¶V (2021) factor to obtain simplified 
CFs for modelling the impacts of two types of microplastics ± expanded polystyrene (EPS) and tire 
and road wear particles (TRWP) ± in the marine environment (Corella-Puertas et al., 2022). As a 
continuation of Corella-Puertas et al. (2022), this study aims at providing additional simplified fate 
and CFs for assessing potential physical effects on biota impacts and associated damages on 
ecosystem quality, for different types of microplastic emissions (polypropylene, PP; high-density 
polyethylene, HDPE; low-density polyethylene, LDPE; polyethylene terephthalate, PET; polyvinyl 
chloride, PVC; polylactic acid, PLA).  
The resulting CFs are included in case studies within the UNEP LCA meta-study on supermarket 
food packaging (comparing single-use plastic options and their alternatives) (UNEP, n.d.), as well 
as a case study on grocery bags within the upcoming Springer Handbook of Circular Plastics 
Economy (Maga et al., n.d.). Specifically, the developed CFs are used to include impacts of marine 
litter in existing LCA studies which had not included those impacts yet. The goal is to add the new 
category of physical effects on biota to the existing impact assessment results, allowing to compare 
the relative magnitude of marine microplastic litter impacts on biota to other potential impacts.   

Methodology: Simplified fate factors are developed for different microplastic types (PP, HDPE, 
LDPE, PET, PVC, PLA) following the fate modelling steps proposed by USEtox (Fantke et al., 
2018) (Fantke et al., 2018). This work tests microplastic removal mechanisms via degradation and 
sedimentation in the marine environment. Degradation rates are proposed using literature data, 
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based on the structure proposed by Chamas et al. (2020) and modified by Corella-Puertas et al. 
(2022):  

rd = SSDR * U * SSA       (2) 

With the polymer degradation rate rd in kgmass loss/(kgin compartment*year), the specific surface 
degradation rate SSDR in µm/year, the polymer density U in kg/m3, and the specific surface area 
SSA in m2/kg. As an update to the work of Corella-Puertas et al. (2022), in this work, the SSA varies 
as a function of the microplastic size. Different microplastic size scenarios are assessed. 
Sedimentation rates are estimated based on buoyancy, assuming first-order kinetics. Since there is 
uncertainty in the experimental data on degradation and sedimentation rates, best, average and 
worst-case scenarios are tested. The degradation and sedimentation rates are integrated into fate 
factors and ultimately CFs, following the methodology proposed by Corella-Puertas et al. (2022). 
The CFs are tested in LCA studies, such as the one comparing single-use bags used to package 
fresh-cut lettuce, considered in the UNEP LCA meta-study on supermarket food packaging. This 
exemplary case study is based on the work of Vigil et al. (2020), which compared the potential 
impacts of PP (3.97 g) and PLA (4.14 g) bags containing 130 g of fresh-cut lettuce, used in Italy. 
Vigil et al. (2020) calculated various impact categories based on the ReCiPe life cycle impact 
assessment method, but did not include impacts of microplastic emissions. In order to calculate 
marine microplastic litter impacts, the first step is to quantify marine (micro)plastic emissions using 
the Plastic Leak Project guidelines (Peano et al., 2020). Different fragmentation rates of macro- into 
microplastics are tested within the plastic inventory. The microplastic emissions are multiplied by 
the proposed polymer-specific CFs to calculate the potential impacts of physical effects on biota on 
ecosystem quality.  

Results and discussion: To assess the magnitude of potential impacts associated with physical 
effects on biota, the resulting CFs were compared to marine ecotoxicity CFs from ImpactWorld+ 
(Fig. 1). Polymers with densities (TRWP, PLA) higher than seawater are expected to sediment 
quickly and thus result in CFs on the lower end of the spectrum in Fig. 1. In those cases, 
sedimentation occurs quickly enough that degradation within the marine water column barely 
affects the results.  For polymers with densities close to seawater (HDPE, LDPE, PP), degradation 
becomes relevant. There is high uncertainty associated with the degradation and sedimentation rates. 
The highest uncertainty is obtained for EPS CFs, and is associated both to degradation and 
sedimentation rates. Since EPS is positively buoyant, EPS microparticles are only expected to sink 
if biofouling occurs, as it generally increases the overall particle density. Currently, there is still 
high uncertainty associated to EPS biofouling and sedimentation rates. Overall, the CFs for 
different polymers span over several orders of magnitude. This highlights the need to develop 
polymer-specific CFs, as well as continue research efforts to reduce CF uncertainty. The 
development of CFs for PET and PVC will be also presented.  
The CFs are applied in a case study on single-use lettuce bags (Fig. 2). Although the microplastic 
emissions are estimated to be similar for both PLA and PP bags, the higher physical effects on biota 
CF of PP leads to higher potential physical effects on biota impacts from the PP bag. Nevertheless, 
even in the worst-case scenario of physical effects on biota impacts, the contribution to the overall 
impacts on ecosystem quality remains very small compared to other impact categories. Particularly, 
climate change has the largest contribution for both lettuce bags. This exemplary case study shows 
the importance of performing comprehensive LCAs to understand the relative significance of 
different impact categories, and avoid burden-shifting when making environmental decisions.  
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Figure 1: Values of the endpoint CFs for physical effects on biota of microplastics in the marine compartment 
compared to endpoint CFs for marine ecotoxicity for all organic chemicals represented in USEtox. For physical effects 
on biota, the markers represent average-case scenarios, whereas the error bars show the range between the best and 
worst-case scenarios. EPS and TRWP CFs come from Corella-Puertas et al. (2022), whereas other physical effects on 
biota CFs were calculated in this work.  
 

 
Figure 2: Ecosystem quality results for a case study on single-use lettuce bags made of PP or PLA. Left: Impact 
categories calculated by Vigil et al. (2020) with the addition of physical effects on biota (worst-case scenario) (UNEP, 
n.d.). Right: Climate change impacts removed for illustration purposes. These images and results are published as part 
of the UNEP LCA Meta-analysis on supermarket food packaging (UNEP, n.d.), Annex C.   

 
Conclusions: This exploratory work provides simplified physical effects on biota CFs for different 
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types of microplastic emissions. The results confirmed the need for developing physical effects on 
biota CFs specific to different plastics, since sedimentation and degradation rates vary from one 
plastic type to another and thus influence the microplastic fate. Testing the proposed CFs in existing 
LCA case studies of food packaging and grocery bags will help to assess the relative importance of 
microplastic impacts compared to the rest of the life cycle. The insights gained will provide 
information which will assist environmental decisions based on comprehensive LCAs. Note that the 
CFs presented in this work only cover part of the complexity of the potential impacts of plastic 
emissions. Further impact categories related to plastic emissions are currently developed by the 
MarILCA workgroup (physical effects on biota of macroplastics, invasive species, ecotoxicity of 
plastic additives, etc.) and will allow for a more comprehensive assessment of the plastic impacts on 
the environment.    
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1. Introduction 
During recent years, marine litter, especially plastic, has become a major concern, affecting an 
increasing number of coastal and marine areas, including multiple ecosystems, with multiple negative 
consequences, physical, chemical, or biological, on the habitat affected, including its effects on the 
food chain and human risk toxicity or ingestion. Plastic materials take centuries to completely 
degrade, however, when disposed in nature and due to different weather triggers (e.g., UV radiation, 
temperatures, mechanical abrasion), some plastics will break down into microplastics (Lassen et al., 
2012). These microplastics are then more easily ingested or absorbed by species and transported 
upwards the trophic chain, where they are more likely to end up back again in the technosphere as 
part of our food chain (Vazquez-Rowe et al., 2021). Increased awareness on the matter has also been 
observed in academia, where researchers are constantly trying to estimate the amount of waste 
entering the oceans and their consequences in the environment and human health.  
Life cycle assessment (LCA) is a well-known tool used to evaluate the environmental impacts of a 
product system, from a holistic perspective. Even though LCA is broadly used to support decision 
making by analysing a variety of environmental impacts, marine impacts are still generally lacking 
or in early stages of development (Boulay et al., 2021; Woods et al., 2021). More specifically, it can 
be noted that most studies are oriented towards quantifying the environmental impacts related to 
chemical (toxicity) or physical (entanglement) impacts across different trophic levels, leaving aside 
other still important issues, as for example the economic impact of unrecoverable materials. Waste 
entering the ocean can be considered as unrecoverable materials, conforming a mostly inaccessible 
stock accumulated in the environment. Also, during the impact assessment of waste, specifically 
mismanaged or dissipated waste, the methodology currently lacks an adequate route to include these 
environmental impacts and damage within the metrics. Thus, it is important to include those resources 
that are capable of being recirculated in the technosphere but are, instead, mismanaged and making 
their reclamation unfeasible. 
Most plastics are made of oil or natural gas, as part of the by-products in the refining processes. Even 
though the main purpose of fossil fuel extraction is the production of energy, an approximate of 9% 
is used for plastic production (Nielsen et al., 2020), considering both feedstock and energy use. When 
fossil fuel is used for energy production, the final disposal is mainly considered as dissipation. 
However, when used as feedstock to produce a material, like plastic products, fossil fuels become a 
stock in the technosphere that could be recirculated into the production chain.   
Plastic dissipation occurs once the material is released from the economic production chain into the 
environment, either by accident or as a consequence of poor waste management. The fate of dissipated 
plastics is affected by different factors, including the compartment where it is firstly disposed, the 
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physico-chemical properties of the material and the characteristics of the environment along their 
possible path towards a final sink. Considering the slow degradation of plastics, it is expected that 
they will have the ability to be transported longer distances before experiencing greater 
transformation and degradation processes (Lecher 2018).  
Nowadays, the main objective of international organizations, governments, NGOs and academia 
relies on the development of strategies to diminish the amount of waste in the ocean; however, it is 
also important to analyse the environmental impacts of these releases in different areas of protection, 
including resource depletion. Thus, the main objective of this study is to develop a methodology to 
identify and quantify the environmental impacts of plastic waste entering and accumulating in the 
ocean, from a resource dissipation perspective. The case study involves the environmental evaluation 
of a beverage packaging from a cradle to grave perspective, in order to assess the introduction of this 
new evaluation.  

2. Methodology 
To develop a methodology to evaluate the environmental impacts, under an LCA perspective, of solid 
(mismanaged) waste, specifically plastic waste, ending up in the ocean, the starting point includes the 
identification of their main hotspots and their mobility towards the ocean. From that point onwards, 
characterization factors (CF) for plastic materials are being developed, to assess the marine circularity 
loss (MCL) of mismanaged ocean plastics.  
Two impact assessment (IA) methodologies focused on resource depletion are chosen to be used as 
the base for the development of CF in MCL. The first one, the environmental dissipation (ED) (van 
Oers et al., 2020) which is developed following the abiotic depletion (AD) method in CML2001 (van 
Oers et al., 2002), measures resource scarcity as the decrease in the accessibility of the total stock, 
considering present use of resources. The second one, fossil energy use (FEU) method in Impact 
World+ (Bulle et al., 2019) builds the CF following the extraction-consumption-competition-
adaptation approach, which describes the impacts of resource consumption as a decrease in the 
availability for current or future users (Bulle et al., 2019). In both cases, fossil fuel consumption is 
linked to energy supply, leaving aside the fraction not dissipated and accumulated as anthropogenic 
stocks in the technosphere and nature.  
In this study, the mid-point CF are developed considering the most used plastic polymers 
(polyethylene-PE, polypropylene-PP, polystyrene-PS, expanded-polystyrene-EPS, polyethylene 
terephthalate-PET) during the production of commodity materials following the concentration of 
refined fossil fuels employed during production, as a way to quantify the stock of fossil fuels in each 
material. Thus, the CF are not intended to quantify the amount of extracted fossil fuels from nature, 
but the amount existing as an anthropogenic stock on the material and their potentially lost in the 
ocean. 
It is important to mention that, currently, adequate inventory data related to mismanaged or littered 
waste is still incomplete despite advances in recent years, which is an additional hurdle during an 
impact assessment. Our estimations are based on global available percentages of waste entering the 
ocean to cover these gaps. However, improved inventory data are necessary, not only for this 
methodology but also for those quantifying other impact pathways of marine plastics (Woods et al., 
2021). 

3. Results and Discussion 
The development of a framework to assess the impacts of marine plastics attempts to connect 
mismanaged waste dissipation leaked to the marine compartment and the socio-economic assets as 
the Area of Protection. The evaluation follows the concept of resource accessibility decrease on a 
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global level, considering resources accessible in both the environment and technosphere (van Oers et 
al. 2020).   
The environmental impact category developed considers the accumulation of plastic waste in the 
ocean, as the final sink compartment. Characterization factors of MCL are developed following the 
existing relationship between materials in the technosphere and their likelihood to end up as ocean 
litter. The evaluation of impacts is intended to analyse future effects caused by present 
mismanagement of waste regarding their availability in both the environment and technosphere. 
The methodology is intended to complement existing impact assessment categories focussed on 
resource depletion to quantify the effects of plastic materials incorrectly disposed in nature. Its 
implementation will allow practitioners to also LQFOXGH�WKH�LPSDFWV�GXULQJ�WKH�PDWHULDO¶V�HQG-of-life, 
additionally to the depletion potential given by the dissipation as energy, which is the current state-
of-the-art in the evaluated impact categories (ED and FEU). The CF developed per plastic polymer 
during production of goods will tackle some of the most commonly found plastic materials in the 
ocean: bottle caps, straws, cutlery, single use bags and beverage bottles (Ocean Conservancy 2021), 
as a starting point. Thus, knowing their polymer composition and likelihood to be mismanaged and 
enter the ocean, the amount of resource dissipated in nature can be estimated and added as part of the 
IA evaluation.  
The developed CFs are compared to the existing impact assessment categories to evaluate their 
implications during life cycle IA, considering a specific case study: a 1 L water bottle. During the 
development of the case study, the use of the original impact categories and the modified categories 
are intended to give a better understanding of the relevance of dissipation of plastic materials, when 
considering the whole life cycle of a good.     

4. Concluding remarks 
An inadequate final disposal of all kinds of waste generates not only environmental consequences, 
but also economic ones, as for example costs expended for clean-up plans and remediation 
techniques, diminish of tourism affecting local businesses, or damage of existing man-made 
infrastructure and services (ten Brink et al. 2016). In addition to these well-known consequences of 
littering, mismanaged waste also reduces the possibility of circularity in the economy, making 
recyclable materials unavailable for the future. Thus, impacts of marine litter as part of a resource 
depletion model, may help impulse the generation of stricter policies to increase circular economy, 
avoiding the transport of waste back to nature where extraction in the future may not be feasible.   
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One of the main challenges for improving the sustainability of value chains is understanding their 
functioning and interactions among actors. Mapping (i.e. thoroughly describing) them, is a useful 
tool to be used as a basis for analyses, which implies the creation of a typology of actors and 
activities, generalisations and extrapolations.  
 
We mapped fisheries-based value chains (Figure 1) in two contrasted countries. In both cases, these 
value chains belong to very important sectors for a large percentage of the population: The Gambia, 
where marine fisheries dominate, and Mali, with inland fisheries (Acosta-Alba et al., 2022).  
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Figure 1. Simplified value chain schemes of the Gambian fisheries and the Malian continental fisheries value 
chains 
 
We explored, quantitatively and qualitatively, the geographical distribution, organisation, technical 
performance and exploited ecosystems associated with these value chains, as a means to facilitate 
their sustainability assessment. We applied an approach, Value Chain Analysis for Development 
(Dabat et al., 2018), developed by policy makers and implemented by scientists within time 
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constrains, in scarce data contexts, to monitor how development actions contribute to sustainable 
development goals. Such exercise allowed us to discuss the challenges of mapping fisheries value 
chains and provide recommendations for improving value chains analyses. 
 
The Gambian and Malian fisheries and fish processing value chains are predominantly artisanal and 
represent a key source of protein and livelihoods, yet their eco-efficiency has not been studied to 
date. After mapping those value chains, LCA was used to estimate the environmental impacts 
associated to  inform eco-efficiency indicators, which relate technical efficiencies to environmental 
impacts (Avadí & Acosta-Alba, 2021): 

x Fuel use intensity (FUI), namely the ratio between landed fish and fuel consumed to catch 
and land the fish, is widely used as an indicator of fisheries efficiency in LCA, as it captures 
both the actual fishing effort as well as other components of the fishing activity such as the 
fuel consumption associated with travel to and from fishing areas, and even fuel saving 
strategies and other skipper behaviour (Avadí et al., 2018).  

x Other indicators have been used to assess eco-efficiency of fisheries and other seafood 
systems, such as energy return on investment (EROI) (Vázquez-Rowe et al., 2014) and 
protein-per-impact (PPI) (Laso et al., 2018). The former refers to the ratio of energy 
embedded in a fish product to the industrial energy (CED) required to produce said product 
(expressed for instance with respect to its edible yield), while the latter represents the ratio 
of protein (as a proxy for nutritional value) delivered by a product to the environmental 
impacts (e.g. as a single score) associated to the production system (Avadí & Fréon, 2014). 

 
The results showed that industrial Gambian fleets’ fuel use efficiency is rather low as compared 
with the global mean fuel use intensity (landed fish/consumed fuel) for both small pelagics and 
demersal fish. In Mali, the fuel use intensity of motorised artisanal fisheries is lower than the mean 
values for artisanal inland fisheries in developing countries, but the important increase of frozen 
imported fish from fish farming multiplies the estimated impacts of the value chains by four. The 
least energy-intensive fisheries (cast nets and stow nets in Gambia and opportunistic fishers in Mali) 
feature better eco-efficiency scores (Figure 2).  
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Figure 2. Edible energy return on investment (EROI) and protein-per-impact (PPI) of Gambian and Malian 
processed fish products  
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The efficiency of Gambian and Malian fisheries, as well as the eco-efficiency of said fisheries and 
fish processing, were quantified by means of LCA-derived indicators. Both metrics are relatively 
lower than equivalent global processes and products, except for Malian inland fisheries. The main 
reasons for such performance include the type of fisheries organisation and governance prevailing 
in these countries, which determines a continuous race for poorly regulated common-access 
resources. Moreover, migratory and/or high mobility fishing strategies increase fuel consumption. 
Improvements in infrastructure and energy efficiency of fishing and processing units would likely 
contribute to improve the eco-efficiency of the fisheries-based value chain in both countries.  
 
Based on the identified sources of inefficiencies, we suggest improvements in the 
landing/processing infrastructure and fishing units’ engines, coupled with technical and business 
training and improved processing methods, to ameliorate seafood eco-efficiency and a stronger 
recognition of the importance of the artisanal fisheries subsector to overcome challenges and 
improving re-source management. 
 
This work has been recently published as Avadí & Acosta-Alba (2021) and Acosta-Alba et al., 
(2022). 
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1. Introduction 
Environmental standards and labels (hereafter, ecolabels) are expected to induce pro-environmental 
consumer behavior through stakeholder interactions (Lambin and Thorlakson, 2018) and their 
positive effects on increased sustainable food selection and consumption have been reported (Potter 
et al., 2021). To understand the effects of ecolabels on consumer behavior, the specification of 
consumer preferences is an indispensable process; Tobler et al. (2011) identified inconsistencies 
between the assessment of environmental friendliness by consumers and the results of the life cycle 
assessment (LCA). 

Although these research trends indicate the necessity of further ecolabel studies on the 
relationship between consumers’ behavioral changes and environmental effects, they also indicate 
the necessity of clarifying the process of calculation of LCA in the context of ecolabel effects, 
especially in the case of type III ecolabels. Accurate assessment scenarios can be difficult to 
determine when performing life cycle inventory (LCI) analysis for ecolabels. In interactions 
involving multiple stakeholders, a downstream player does not necessarily know the details of the 
production of upstream players; for example, in the Mass Balance model of RSPO certification, 
production details like deforestation are not made available to the buyer, because both certified and 
non-certified palm oil are mixed during distribution. Deforestation in product supply chains is 
generally difficult to monitor, which is why strategies such as the use of satellite data for detecting 
deforestation are mentioned in action plans such as the EU Biodiversity Strategy for 2030. 

The existence of indeterminacy in assessment scenarios implies that there are scenario 
uncertainties in LCI data constructed using imperfect information (Hayashi et al., 2014). Although 
many studies have been conducted to cope with the uncertainties within LCA, with pedigree 
matrices being used to generate statistical distributions in LCI databases (Ciroth et al., 2016), what 
matters here is knowledge representation that can be linked to visualization in ecolabels rather than 
the data quality considered in the pedigree matrix. 

Therefore, this study proposes a method to integrate epistemic uncertainty—a type of 
uncertainty that can be refined through knowledge acquisition and which is different from 
uncertainty based on data quality—into LCA, which demonstrates the usefulness of modeling 
imperfect knowledge in LCI analysis. 
 
2. Methods 
2.1 Use of epistemic uncertainty to assess ecolabels 
In addition to the conventional classification into parameter, model, and scenario uncertainty 
(Huijbregts, 1998), the distinction between aleatory and epistemic uncertainty has been used in 
LCA. In contrast to aleatory, ontic, or stochastic uncertainty, which is characterized by intrinsic 
randomness, epistemic uncertainty is due to the lack of knowledge and can be reduced by gathering 
additional information (Kiureghian and Ditlevsen, 2009). Although the terminology of epistemic 
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uncertainty has been widely found in the LCA literature, the concept has not yet been applied to the 
evaluation of ecolabels as a carrier of knowledge. This study focuses on land use change 
(deforestation); greenhouse gas (GHG) emissions from the unit process “Land use change, 
perennial crop, annualized on 20 years (WFLDB)/ID U” (Bengoa et al., 2020), which is referenced 
from the unit process for oil palm production in Indonesia, were assessed as a case study. 
 
2.2 Uncertainty quantification 
As a method to quantify both the parameter uncertainty (aleatory uncertainty; expressed as 
probability distributions) and the epistemic uncertainty that can be mitigated by ecolabels, the 
Monte Carlo method was integrated with the formulation of a knowledge domain or a feasible 
region (Fig. 1). In Fig. 1, the area for land use change from primary forest to agricultural land, for 
example, is zero if environmental labels guarantee that there is no deforestation owing to production. 
Since LCA software such as SimaPro cannot solve the problem (constrained Monte Carlo 
simulation), the RiskOptimizer in @Risk 8.0 was applied and the problem was formulated as a 
range maximization. Upstream uncertainties were estimated by Monte Carlo simulation in SimaPro 
9.3 (1000 iterations) and were presumed to be normal distributions. 
 

 
Fig. 1. Quantification of uncertainty with knowledge management. 
 
2.3 Two comparisons 
This study conducted two comparisons on density estimation of GHG emissions from land use 
change into perennial crop land in Indonesia. First, to confirm the effects of epistemic uncertainty 
quantification, the constrained Monte Carlo simulation—in which no a priori weights (measured as 
area) were determined for land use change categories—was compared with the conventional Monte 
Carlo simulation based on market process modeling (weighted averaging of land use change 
categories). Second, to visualize the influence of knowledge on deforestation, the no-deforestation 
case—in which knowledge on no-deforestation is disclosed by ecolabels and the reliability of the 
information is institutionally guaranteed—was compared with the above constrained Monte Carlo 
simulation. 
 
3. Results 
3.1 Influence of epistemic uncertainty quantification 
The result of the comparison to estimate the influence of epistemic uncertainty quantification 
indicated that conventional Monte Carlo simulation based on market process modeling may 
underestimate the means and variances related to procurement (Fig. 2a). 
 
3.2 Influence of knowledge acquisition 
The result of the comparison to understand the effects of knowledge acquisition on deforestation 
showed that if ecolabels guarantee no deforestation in procurement, means and variances decrease 
drastically (Fig. 2b). 
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Fig. 2. Results of the density estimation of GHG emissions due to land use change into perennial 
crops in Indonesia. a, Influence of epistemic uncertainty quantification. b, Influence of knowledge 
about deforestation provided by environmental labels. 
 
4. Discussion 
4.1 Importance of introducing epistemic uncertainty quantification 
The result that knowledge refinement (information acquisition through ecolabels) has a large 
influence on the distribution of estimated environmental impacts indicates the importance of 
introducing epistemic uncertainty quantification into LCI analysis. Although the estimation 
presumed that the information provided by ecolabels is completely reliable, it is possible to adjust 
for cases in which unreliability exists. 
 
4.2 From market process modeling to knowledge management 
The use of production areas (or volumes) for weighted averaging in market processes seems to be a 
viable procedure to construct an averaged unit process. However, it needs to be reconsidered from 
the perspective of epistemic uncertainty quantification, because market process modeling is 
equivalent to the case where the production information is known to the LCA analyst (Hayashi, 
2020). The necessity of reconsideration of the market process concept implies that implementation 
of the calculation procedure in the LCA software is also necessary. 
 
4.3 Further inclusion of conservation effects into inventories 
Although much attention has been paid to the behavioral and preferential effects of ecolabels in 
previous studies, the environmental effects of ecolabels should be further studied, and they should 
be incorporated into LCI data, keeping in mind epistemic uncertainty quantification. For example, 
the conservation impacts of ecolabels (Milder et al., 2015) have demonstrated its utility in helping 
establish sustainable agricultural systems, especially in tropical areas, which are important 
production hubs for plantation crops. Sustainable procurement of these crops is an important 
research topic, and the conservation benefits brought about by sustainable practices can be 
formulated through LCI analysis supplemented with knowledge management. 
 
4.4 Necessity of a wide range of categorical differentiation 
In addition to deforestation, other categorical parameters should also be included in the 
quantification of epistemic uncertainty. For example, farm type is an important factor, because there 
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are noticeable differences between large-scale plantations and small farms in terms of metrics like 
oil palm production. Although these considerations may reveal the ineffectiveness of current 
ecolabels (Meemken, 2020), the integration of the explicit formulation of the environmental effects 
of ecolabels and epistemic uncertainty quantification facilitates visualization and understanding of 
programs to establish sustainable agricultural systems. 
 
5. Conclusions 
This study proposed a method to integrate epistemic uncertainty quantification into LCI analysis 
and identified the influence of epistemic uncertainty quantification and knowledge acquisition. The 
results demonstrated the utility of modeling imperfect knowledge found in ecolabels. Although the 
primary focus of the case study was deforestation, it is important to widen the area of attention to 
varying metrics of sustainability assessment. For example, analytical extension to farm typology 
requires consideration of social issues and the epistemological assumptions behind them. Epistemic 
uncertainty quantification will also play an important role in the prospective LCA of future 
technologies, in which many types of epistemic uncertainties should be specified. 
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Introduction 
 
According to world projections, in the next decades fresh water, energy, and food demand will 
significantly increase in virtue of the pressure exerted by the growth and mobility of the population, 
economic development, international trade, urbanization, diversification of diets, cultural and 
technological changes, and climate change. Due to the close relationship between these challenges, 
meeting demand will be restricted by competitive needs for limited resources in many parts of the 
world (UNPAR, 2017; Fernández-Ríos, 2021). 
 
During the last decade, among all sectors, food and, particularly, the European seafood and 
aquaculture sectors are facing important challenges in terms of environmental threats, social 
development, or economic growth, that will require the modernization of the pathway followed until 
today. These issues are forcing societies to take decisions to mitigate its consequences. Consequently, 
people, enterprises and governments habits and actions must be rethought and adapted. To do it, the 
international consensus rests on the Sustainable Development Goals (SDG, 2022) as the beacon that 
marks the route for the coming years with cross-cutting commitment being essential for their 
achievement. The interaction between climate change and wild fisheries may produce important fish 
stock migrations from/to colder waters doing fishermen journeys larger and harder (Leitão et al., 
2018); the continuous pollution, i.e., marine debris, microplastics, ghost fishing, complicates life 
under oceans and seas already means a global threat crossing country border (Lusher et al., 2017; 
Vince and Stoett, 2018).  
 
Stakeholders in productive sectors worldwide are increasingly making use of environmental 
certification standards, also named eco-labels, to reach consumers, and in the belief that these labels 
provide an increased value added to their products. In this context, life cycle assessment (LCA) has 
become a thriving methodology within environmental management to measure the environmental 
impacts of products and services. However, the former strength of LCA studies can also be interpreted 
as an important limitation when it comes to communicating the environmental profile of a product 
beyond the scientific community. Therefore, while the utility of broad LCA studies is evident, 
stakeholders prefer to make use of single indicators as way of communicating a specific 
environmental standard to their customers (Vázquez-Rowe, 2016). To overcome this situation, the 
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Interreg Atlantic Area NEPTUNUS project (EAPA_576/2018)1  has developed a methodology to 
perform environmental footprints studies of the seafood products in a harmonized and consistent 
manner, under a life cycle perspective. The project aims to pursue a new transnational clustering 
concept approach to review, examine and harness key eco-labelling and key enabling eco-innovations.  
This add-value and cross-cut sea food-water-energy domains to address barriers and to strengthen 
these sectors regionally and across jurisdictions in the Atlantic region. NEPTUNUS includes, as a 
scientific and methodological innovation, the introduction of the Water-Energy-Food NEXUS (WEF) 
variable in the decision-making process related to the circular economy of seafood, in addition to the 
typical economic, environmental, and social variables. Such WEF methodology has been 
implemented in a friendly tool for producers and consumers. In this work, the development, interface, 
and preliminary results of the developed tool are presented.  
 
Eco-labels and recommendations are created as “abstract systems” of communication, to create trust 
and security for consumers in production systems that are removed from their daily experience and 
that are too complex and incomprehensible to communicate in full detail (Roheim et al., 2018). In 
this sense, eco-labels simplify consumers ‘decision-making process and helps them to choose a 
“green” good or service (Thogersen et al., 2012). The proliferation of sustainable seafood certification 
has brought new challenges to achieve more sustainable fisheries and aquaculture production as, for 
example, sustainability criteria are imperfectly measured and open to interpretation (Roheim et al., 
2018). 
 
Methods 
 
To be able to build the tool, first the NEPTUNUS consortium created and developed a WEF NEXUS 
methodology that it is described in the technical report “Methodology of Water, Energy, Carbon and 
Nutritional Footprint for seafood products”, which is available online on the project website.  Such 
technical document includes the guidelines for the calculation of the environmental footprints of 
seafood products within the European Atlantic Area framework and their integration in the NEXUS 
Energy-Food-Environment. In this sense, the scope of the guide includes seafood for human 
consumption from fisheries or aquaculture, which comprises fresh and preserved products with 
techniques such as refrigeration, freezing, brining, drying, salting, and smoking. The processing of 
seafood products to produce into canned and similar products is also included within the scope of this 
guide, provided that the final objective of the processing processes is to obtain products for human 
consumption. Therefore, this guide excludes the production of fish oil and/or fishmeal for feed 
production.  
 
NEXUS Eco-label methodology 
 
The NEXUS approach is the selected methodology for the integration of the footprints evaluated in 
this project (i.e., water, energy, carbon, and nutritional footprints) for each of the species considered. 
In this context, the term “NEXUS” implies that an action in one of the systems has also consequences 
on the others and it is for this reason why it is important to understand the synergies and trade-offs to 
develop response options to ensure a more sustainable environment (Laso et al., 2018). Therefore, 
the NEXUS index can be useful to develop strategies based on the circular economy approach in 
search of optimal management patterns that minimises water and energy consumption, as well as 
GHG emissions, while maximizing their nutrient content.  
 

                                                           
1 https://neptunus-project.eu/ 
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The WEF NEXUS calculation comprises the following stages (Benini et al, 2014; He and Gu, 2016): 
 

1. Selection of product environmental footprints: Establishment of representative environmental 
footprints to be included within the NEXUS eco-label. In this case, the Water Footprint (WF), 
Energy Footprint (EF), Carbon Footprint (CF) and Nutritional Footprint (NF) were selected 
to be included.  

2. Calculation: The assessment of the different footprints is carried out following the guidelines 
and procedures detailed in this guide.  

3. Normalisation: Normalisation is used to express the indicator data in a way that could be 
compared among all types of product environmental footprints. Since the spectrum of species, 
fishing gears and processing analysed within the project are representative for the Atlantic 
Area, the results obtained in terms of each environmental footprint will be used as a model 
for linear normalisation, using the maximum and minimum footprint results considering the 
whole sample evaluated within the NEPTUNUS project (Sousa et al., 2021). In this way, 
whilst the product with the lowest footprint in terms of WF, EF and CF are assigned a score 
of 100, the rest of the products decrease the score in proportion, considering as score of 0 the 
highest footprint. Conversely, since the NF should be as good as possible, the product with 
the highest value will be assigned the value 100 and 0 will be assigned to the lowest value:  

 
 

Where WFni, EFni, CFni, and NFni represent the score of the normalised footprints (water, 
energy, carbon and nutritional, respectively) for the analysed product (i). WFi, EFi, CFi and 
NFi represent the individual footprint value for the analysed product. WFmin, EFmin, CFmin and 
NFmin represent the minimum footprint value considering the whole sample evaluated within 
the project. WFmax, EFmax, CFmax and NFmax represent the maximum footprint value 
considering the whole sample evaluated. So that the final score for each footprint will be 0-
100.  

4. Weighting: Assign weights to the different types of product environmental footprints based 
on their perceived importance to emphasize the most important potential impacts with the 
consideration of design requirements. The resulting multi-criteria value of the NEXUS is 
obtained as follow  

 
where w1, w2, w3, and w4 are the correlative weights of each indicator.  

 
Results and discussion 
 
The objective behind the development of the ecolabel lies in the importance of communicating the 
potential and usefulness of establishing a harmonized procedure for indicators of environmental 
sustainability and nutritional quality of seafood products. In this work, an easy-to-read image that 
follows a color range is proposed. To ensure market acceptance, it is necessary to consider both 
consumer understanding and acceptance, as retailers’ interest in its application for seafood products. 
Therefore, the proposed design, shown in Figure 1, represents the nexus score as a percentage from 
0% (worst) to 100% (best) along with a color scale that goes from red (worst) to green (best).  
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Figure 1. Ecolabel design proposed applied to four hypothetical case studies. 

Thanks to this design, consumers will be able to recognize the environmental profile and sustainable 
commitment of seafood products bearing such a label. In terms of symbols, a drop represents the 
water footprint, a lightning the energy footprint, a CO2 molecule the carbon footprint and a fish the 
nutritional footprint. In addition, the label includes the name of each footprint along with NEXUS. 
 
Conclusions 
 
The Water-Energy-Food (WEF) NEXUS approach has been promoted as a tool for sustainable 
management of resources through the interconnection of these three fundamental pillars. In this work, 
a flexible model has been implemented into a user-friendly tool for assisting seafood produced, 
municipalities, communities, and regions of the Atlantic area to easily obtaining LCA results on 
seafood production and consumption. Materials and energy inputs have been accounted to determine 
sustainability from an urban metabolic approach, as well as waste flows were assessed, and therefore, 
sustainability by means of closing materials flows. A tool and a set of seafood indicators has been 
developed to identify and measure the hotspots of seafood sector. The species have been selected 
based on statistical data for catches by Atlantic fishing area and reported production from aquaculture 
from the same area.  
 
The development of the tool seeks to improve the information for producers and consumers giving 
them the opportunity to take decisions with a deeper knowledge. To do it, the LCA methodology was 
applied to European Atlantic fleets, canning and processing plants and aquaculture systems. In 
addition, the nutritional footprint of the marine products (fresh, smoked, canned, frozen) was also 
calculated. All inputs and results generated were compiled to contribute to build a solid Life Cycle 
Inventory database, being part of the software of a widget for public use. The developed tool will 
easily obtain LCA results on seafood production and consumption. Consequently, both producers 
(from fishermen to aquaculture and processing plants) and consumers will be able to improve their 
decisions in their activities and own lives. 
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Introduction 
 
Due to population growth, the current consumption of food is increasing significantly during the 
last decades. Concretely, for the case of seafood, both wild catches and aquaculture production are 
increasing during the last years. In fact, it is expected that seafood demand increases in coming 
years. 
Seafood supply chain is very complex in a globalized world, where fishing grounds, processing 
plants and retailers are far away to each other, so, generally, seafood travels large distances from 
fishing grounds or production site to consumers. In this context, freezing process and frozen storage 
facilities play a key role within the supply chain; on the one hand, it assures people’s access to a 
fundamental source of protein, and, on the other hand, it prevents food losses. However, seafood 
supply chain is high energy intensive. Specifically, frozen storage facilities require a large amount 
of energy. In this regard, energy consumption of freezing chambers depends on: i) size of the 
facilities; insulation; climate parameters/weather; fishing campaigns and product rotation based on 
market fluctuations/demand.  
The NEPTUNUS project aims to promote the sustainable development of the seafood sector in the 
Atlantic area. Hence, in the framework of this project, it is developed a management tool able to 
predict the energy requirements during frozen storage of food products and to detect the occurrence 
of any malfunction or inefficiency. The tool is developed to guide facilities managers and other 
seafood supply chain stakeholders (e.g., researchers, engineers, etc.) on how to predict and monitor 
the energy consumption of freezing chambers based on several variables: dimension; insulation type 
and thickness; indoor and outdoor temperature; and stored product and packaging. Likewise, it is 
useful for LCA practitioners when dealing with life cycle inventory data for freezing stages. 
 
Methodology 
 
The tool is based on the calculation of the energy consumption of the chamber. To obtain it, it is 
necessary to know, as a preliminary step, its thermal demand, being fully correlated both variables. 
Therefore, the development of the tool has been divided into two blocks (Figure 1). Block 1, in 
green, consists in obtaining the thermal demand of the chamber. This demand is highly related to 
the temperature inside and its variations. Block 2, in orange, allows calculating the energy 
consumption of the cooling circuit, based on the result of previous block. 
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Figure 1. Conceptual framework to develop the tool. 

 
Results 
 
The developed tool allows to obtain either the global energy consumption of the entire circuit or the 
consumption of each individual unit or component, being able to: 
 

x Detect the malfunction of any of the equipment when identifying large differences between 
the calculated and real consumption. 

x Schedule the maintenance by means of the evolution of the energy consumption of the 
equipment. 

x Predict the energy consumption required for certain operating conditions, for example if a 
certain amount of product is expected to enter. 

x Be used to perform the life cycle inventory of freezing processes.  
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Introduction and objective 
Oysters production has increased rapidly in the last years and nowadays represents a relevant 
portion of the global aquaculture production dominated by China, who accounted for around 83% 
of global production (FAO, 2021). In Portugal, it represents about 25 % (by volume) of the 
aquaculture production (INE, 2020). Oysters produced in Portugal are exported to European 
markets such as France and Belgium, thus not being D�µVKRUW-FKDLQ�W\SRORJ\¶��ZKLFK�would imply 
proximity between producers and consumers in order to mitigate environmental impacts. 
The aim of this study was to apply life cycle assessment to evaluate the environmental impacts of 
oysters produced in 4 farms in Portugal (Table 1) and to identify hotspots. Oyster fattening is 
performed through extensive aquaculture systems, meaning that no feed is added. Carbon 
sequestration due to oyster shells growth and release due to calcification was also included.  

Table 1. Oysters aquaculture farms characteristics. 

  
Aquaculture farms 

1 2 3 4 
Species Crassostrea gigas Crassostrea gigas (90%) and 

Crassostrea angulata (10 %) 
Crassostrea 

gigas 
Ostrea edulis 

Common name Pacific oyster Pacific oyster and Portuguese 
oyster 

Pacific oyster European flat 
oyster 

Spats production  Hatchery  Hatchery (90%) and wild 
collection (10%) 

Hatchery  Wild collection  

Spat origin France France and Portugal  France France 

Spats weight (g/spat) 0.35 0.21 0.20 0.20 

Oyster grow-out period 
(months) 

12 12 14 24 

Mortality rate (%) 67 76 15 15 

Final oyster weight 
(g/oyster) 

60 65 85 40-150 

Average oyster 
production (t/yr)  

40 53 25 200 
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Material and methods 
System boundaries encompass seed hatchery and spat production, transport of juveniles, fattening, 
and transport of the oysters to depuration in Portugal (farms 2, 3 ± 10 % of oysters produced, and 
farm 4) and France (farm 1 and 3 ± 90 % of oysters produced). For farms 1, 2 and 3, the spat oysters 
are transported from France maternities, while for farm 1 the spats are wild collected in Portugal. In 
addition, also spats from wild collection if France are transported to farm 4.  
The carbon dioxide (CO2) net sequestration per functional unit (production of 1 kg of fresh oysters 
(with shell) ready to go to the consumer market) was calculated by the balance between the CO2 
sequestrated via calcification and released during biogenic calcification (CO2 released). Regarding 
WKH�R\VWHU¶V� UHVLGXHV�� WKH�RUJDQLF� UHVLGXes due to oyster mortality during grow-out and are left to 
biodegrade on the water, while the shells end up in a municipal sanitary landfill.  
Depuration involves placing the oysters in tanks with water treated by ultraviolet to remove 
microorganisms accumulated in the oyster. The consumption of oysters and end-of-life were 
excluded from the system boundaries. The characterisation factors used in this study are those 
suggested for conducting a Product Environmental Footprint (Zampori and Pant, 2019). The 
functional unit is the production of 1 t of oyster delivered to depuration facilities in Portugal and 
France. 
 
Results and conclusions  
Results show that the depuration stage is in the case of this production the hotspot for most impact 
categories, mainly due to the electricity consumed during the depuration operations. Considering 
the transport of oyster to depuration plants, it was been observed that, when the depuration occurs in 
Portugal, the total impacts of transportation of oysters to depuration plus depuration operations are 
up to 20 % lower environmental impacts than in France, being relevant for climate change and 
resource use impact categories. Therefore, a µVKRUW-FKDLQ�W\SRORJ\¶ in farmed oyster production has 
should be further considered to contribute to the reduction of the total environmental impacts of 
these systems.  
This study show that an environmental assessment of R\VWHUV¶ production should imply that its 
impacts do not compromise the environment at the local and global levels.  
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1. Introduction 
Octopuses (Octopodidae) are muscular animals with four pairs of arms that spawn only once at the 
end of the life cycle, and live between 1 and 2 years (Sauer et al., 2021). Around twenty octopus 
species are harvested, but common octopus (Octopus vulgaris) is the most relevant (Josupeit, 2008). 
Typically, octopuses are caught worldwide by both industrial (e.g. trawlers) and small-scale 
artisanal fleets (Pita et al., 2021). The European market is very important for cephalopods, 
especially in southern Europe due to dietary traditions and small-scale fisheries activity (ICES, 
2018). Common octopus is the species with the highest economic revenue in Portugal (INE, 2021), 
with Portuguese consumers revealing the second highest octopus per capita consumption in the 
world (Josupeit, 2008). In 2020, 5,227 tonnes of octopus were caught by the Portuguese fishing 
fleet, from which 96.4% came from the artisanal polyvalent fleet, 3.3% from industrial trawling and 
0.3% from purse-seining (INE, 2021). Portugal is an important market for octopus, with exports 
mainly to Spain and USA (Pita et al., 2021). The Algarve region, in the south of Portugal, has a 
specific fleet dedicated to octopus fishery, with landings representing, in 2020, 54% of octopus 
production in Portugal (INE, 2021). The common octopus is the main species caught with pots and 
traps accounting for around 90% of octopus landing volume in Algarve (Moreno et al., 2014). In 
2019, 358 vessels were licensed in Algarve region for traps or pots (326 trap and 189 pot licenses, 
as vessels can carry more than one gear), employing 1,501 fishermen (Pita et al., 2021). Small-scale 
RFWRSXV¶�ILVKHU\�XVHV�WUDSV�made by a metal framed covered with hard plastic netting and pots made 
by plastic and concrete that are replacing ceramic pots in the last years. Unlike pots, traps are baited 
with fish. Both traps and pots are deployed in ropes with several hundred units. The loss of gears is 
very common, as nets with traps and pots are often deployed without signalling and for long periods, 
making it easier that other gears entangle, and fishers or bad weather break up the lines (Erzini et al., 
2008; Loulad et al., 2017). It has been estimated that 52,604 traps were lost in Algarve waters, 
corresponding to a rate loss of 24% for traps (Erzini et al., 2008). In fact, 50% of the marine debris 
collected in the southern Atlantic coast of Morocco was plastic, being 94% from lost pots to capture 
octopus (Loulad et al., 2017). 
A wide range of LCA studies on fisheries products have been performed in recent years, yet only 
one study assessed an octopus fishing with trawling in Mauritania waters, including onboard 
processing operations to produce frozen octopus products (Ruiz-Salmón et al., 2021; Vázquez-
Rowe et al., 2012). Due to the global importance of this resource and diversity of production 
methods, including different fishing gears and degrees of industrialization, it is of foremost interest 
to assess small-scale fisheries. The overall aim of the study was to assess environmental impacts of 
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FRPPRQ� RFWRSXV¶� ILVKHU\� ZLWK� WUDSV� DQG� SRWV� LQ� WKH� $OJDUYH by including standard Life Cycle 
Assessment (LCA) impact categories and fishery-specific impact categories to determine trade-offs 
and to find if significant differences exist between traps and pots.  
 
2. Methods 
The functional unit (FU) VHOHFWHG� LV� �� NJ� RI� RFWRSXV� DQG� WKH� VWXG\� LV� D� µFUDGOH� WR� JDWH¶� V\VWHP, 
including all inputs and outputs from fishing operations until the product is landed at the harbor. 
The scope includes: a) inputs as gears¶ materials (HDPE, concrete, iron, ceramic), bait, fuel, ice, 
PDWHULDOV� QHHGHG� IRU� YHVVHOV¶� PDLQWHQDQFH (paint and zinc); and b) outputs as landings and 
emissions to the air derived from the combustion of diesel and lubricant oils and emissions to the 
water derived from the paints, as well as gears lost to the environment. Primary data was obtained 
by face-to-face questionnaires performed in 22 vessels. The bait used was small pelagic fish species 
(e.g. sardine, Atlantic chub mackerel) caught by purse seine fishing vessels. The background data 
for bait and ice production was obtained from a LCA study about purse seine fishery in Portugal 
from Almeida et al. (2014). Background data for GLHVHO�� OXEULFDQW�RLO��JHDUV¶�PDWHULDOV��SDLQW�� DQG�
end-of-life (EoL) RI�JHDUV¶�PDWHULDOV�ZHUH�REWDLQHG�IURP�(FRLQYHQW�������GDWDEDVH� (Moreno et al., 
2018). 
The average of all inputs and outputs identified was calculated for all vessels sampled, and for 
vessels using only pots or only traps (Table 1). The life cycle impact assessment step was carried 
out using the ReCiPe 2016 v1.1 in Hierarchist perspective methodology at the midpoint level 
(Huijbregts et al., 2017). Eight conventional impact categories were selected and analysed 
according to the type of impacts more frequently applied in seafood LCA studies (Ruiz-Salmón et 
al., 2021): global warming (GW) and stratospheric ozone depletion (SOD) to establish the impacts 
on the atmosphere; freshwater eutrophication (FE), marine eutrophication (ME), freshwater 
ecotoxicity (FET) and marine ecotoxicity (MET) to quantify the impacts on fresh and marine water; 
and mineral (MRS) and fossil resource scarcity (FRS) to establish a link with minerals used in the 
gears and fuel consumption. SimaPro v9.2 (PRé Consultants, 2021) was the software used to lead 
the computational implementation of life cycle inventories. To capture biological impacts not 
included in conventional LCA impact categories, fisheries-specific impacts categories were applied: 
1) stock assessment and management, 2) by-catch and discards, 3) seafloor disturbance, 4) mean 
trophic level (MTL) based on species trophic level and their proportion in the total catch (Hornborg 
et al., 2013; Torres et al., 2013), and 5) primary production required (PPR) estimation based in 
Pauly and Christensen (1995).  
 
Table 1. Inventory data for octopus fishing with pots and traps (average values per FU = 1 kg of 
octopus for overall vessels (n = 22) and vessels only with pots (n = 6) or with traps (n = 9)). 

INPUTS  Unit Overall Pots Traps 
Fishing gears  Polyethylene from pots and traps kg 0.025 0.019 0.027 

Concrete from pots  kg 0.027 0.056 - 
Ceramic from pots kg 0.001 0.011 - 
Iron from traps  kg 0.047 - 0.081 
Polyethylene from ropes  kg 0.054 0.048 0.049 

Other materials 
and fuel 

Bait from traps   kg 0.706 - 1.082 
Salt from traps kg 0.009 - 0.000 
Ice from traps kg 0.014 - 0.022 
Diesel  litres 0.818 0.406 0.907 
Paint (antifouling type) litres 0.001 0.001 0.002 
Engine oil litres 0.008 0.008 0.009 
Hydraulic fluid litres 0.001 0.001 0.000 
Zinc  kg 0.001 0.002 0.001 
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OUTPUTS   
Products  Octopus  kg 1.000 1.000 1.000 

Other species kg 0.043 0.000 0.032 
Outputs to the 
technosphere - 
Fishing gears to 
waste treatment 

Polyethylene from pots and traps  kg 0.012 0.004 0.019 
Concrete from pots kg 0.006 0.013 - 
Iron from traps kg 0.031 - 0.056 
Polyethylene from ropes kg 0.055 0.054 0.049 

Emissions to the 
environment - 
Fishing gears lost  

Polyethylene from pots and traps kg 0.012 0.014 0.008 
Concrete from pots  kg 0.021 0.042 - 
Ceramic from pots kg 0.000 0.004 - 
Iron from traps  kg 0.016 - 0.025 

Emissions to the 
ocean 

Zinc  kg 0.001 0.002 0.001 
Paint (antifouling type) litres 0.000 0.000 0.001 

Emissions to the 
atmosphere 

Carbon dioxide kg 2.182 1.083 2.421 
Methane g 0.125 0.062 0.139 
Nitrogen oxides kg 0.027 0.013 0.030 
Carbon monoxide kg 0.014 0.007 0.015 
NMVOC  kg 0.005 0.003 0.006 
TSP  kg 0.003 0.002 0.004 
Particulates < 10 um  kg 0.003 0.002 0.004 
Ammonia g 0.005 0.002 0.005 
Sulfur oxides kg 0.007 0.003 0.008 

 
3. Results and discussion 
7KH�HQYLURQPHQWDO�LPSDFWV�LQ�WKH�RFWRSXV¶�ILVKHU\�IRU�WKH�VHOHFWHG�LPSDFW�FDWHJRULHV�DUH�VKRZQ�LQ�
Table 2 with breakdown of results for the main items in the LCI. Fuel contribution to GW was very 
high (82%) and it is where the highest potential exists to lower down the carbon footprint. The 
overall fuel use intensity resulted in 0.89 L per kg of octopus and when average data is quantified 
only for vessels with traps (1.21 L/kg), the fuel use is two times higher compared to vessels with 
pots (0.50 L/kg). Gears were the most important item related to eutrophication, for the FE the main 
FRQWULEXWLRQ�FRPHV�IURP�JHDUV¶�PDWHULDOV�SURGXFWLRQ�������DQG�LURQ�IURP�WUDSV�UHSUHVHQWHG�KDOI�RI�
this contribution. On the other hand, for ME the main contribution comes from materials waste, 
especially from landfilling waste management. The main contribution for FET and MET is zinc. 
Zinc use was the main contributor to ecotoxicity categories, but no reference was found in other 
fishery LCA studies, even though it is a common requirement to avoid degradation of vessels 
related with rust abrasion.  
Regarding fishery-specific impacts, cephalopods fisheries are excluded from total allowable catch 
from Common Fisheries Policy, and there is no formal stock assessment for this species (ICES 
2020). In Portugal, the fishery is subject of legislation and management measures consisting of 
regulations defining a minimum landing weight (750g), as well as the number and type of gears 
used (maximum of 3000 non-baited pots per vessel of any size; traps limits vary according to the 
vessel length: 750 traps per vessel under 9 m in length, 1000 traps between 9 and 12 m, and 1250 
WUDSV� RYHU� ��� P�� ZLWK� UHVWULFWLRQV� RQ� PHVK� VL]H� DQG� WUDSV¶� GLPHQVLRQV�� Wogether with spatial-
temporal constraints (Sonderblohm 2015). A by-catch of 4.3% was obtained only for traps, whereas 
discards were mainly related to undersized individuals. In contrast, pots were entirely selective for 
octopus. The seafloor disturbance is negligible, and results obtained for MTL and PPR showed that 
this fishery relies on lower requirements from the marine ecosystem when compared to fisheries 
that catch species from higher trophic levels (e.g. demersal fish).  
The bait used in traps is significant (0.7 kg of bait per FU) and raises further environmental costs 
related with higher fuel consumption due to daily operations to rebait traps. The use of traps 
resulted in more than a duplication of impacts for all categories compared to pots, except for FET 
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and MET. Vessels using only traps have higher fuel consumption comparing to vessels using only 
pots, and therefore carbon footprint of octopus caught with pots is half of the value. However, for 1 
kg of octopus more pots were lost than traps, resulting in a higher impact related with plastics 
pollution to the environment (12 g of plastics per kg of octopus). The carbon footprint obtained was 
3.1 kg CO2 eq per kg of octopus, which is in the level of fisheries of small pelagic fish, like herring 
and sardine (3.9 kg CO2 eq/kg) (Gephart et al., 2021). It is less than half compared to octopus 
caught with trawling (7.7 kg CO2 eq for 1 kg octopus) (Vázquez-Rowe et al., 2012). Furthermore, 
trawling fishery represent high seafloor disturbances (1,950 m2 per kg of octopus landed) and 
higher discards (19.5% of the total catch) (Vázquez-Rowe et al., 2012). Pots and traps are highly 
selective fishing gears, causing negligible disturbance to the seafloor.  
 
Table 2. Characterization values for FU of global warming (GW), stratospheric ozone depletion 
(SOD), freshwater (FE) and marine eutrophication (ME), freshwater (FET) and marine ecotoxicity 
(MET), mineral (MRS) and fossil resource scarcity (FRS) IRU�RFWRSXV¶�ILVKHU\�ZLWh pots and traps 
(³OWKHUV´�FRPSULVHV�WKH�UHVW�RI�WKH�LWHPV��LQFOXGLQJ�LFH��SDLQW��HQJLQH�RLO��K\GUDXOLF�IOXLG�DQG�]LQF). 

Impact 
category Unit 

Overall (Pots & Traps) Pots ± 
Total 

Traps 
- Total 

Total  Gears 
production 

Gears 
waste Bait Fuel Others 

GW kg CO2 eq 3.09 0.25 0.01 0.26 2.55 0.02 1.49 3.55 
SOD mg CFC11 eq 0.40 0.04 -0.40 0.07 0.67 0.02 0.03 0.53 
FE g P eq 0.12 0.06 0.00 0.01 0.02 0.03 0.07 0.17 
ME mg N eq 40.48 5.31 28.73 0.45 2.38 3.60 21.51 56.14 
FET kg 1,4-DCB 0.22 0.01 0.02 0.00 0.00 0.19 0.42 0.27 
MET kg 1,4-DCB 0.31 0.01 0.03 0.00 0.01 0.27 0.60 0.37 
MRS g Cu eq 4.63 3.19 -0.15 0.09 0.53 0.98 2.11 7.18 
FRS kg oil eq 1.07 0.14 -0.03 0.09 0.85 0.01 0.53 1.22 
 
4. Conclusions 
7KH�FRPPRQ�RFWRSXV¶�ILVKHU\�ZLWK�SRWV�DQG�WUDSV�LQ�WKH�$OJDUve uses few resources apart from fuel, 
which is the dominant contributor to GW. ZLQF�WRJHWKHU�ZLWK�JHDUV¶�PDWHULDOV�SURGXFWLRQ�DQG�ZDVWH�
were the main contributors to eutrophication and toxicity impacts, respectively. The common 
RFWRSXV¶�VWRFN�LV�QRW�DVVHVsed, which enhances uncertainty about the state of the fishing resource on 
the long term, but management measures exist and could be enforced. Primary production required 
is not very high, but octopus are considered as carnivores or predators. Nonetheless, a drawback 
exists with the number of gears lost in the environment and potential rubbish continuously released 
to marine ecosystems. A problem that could be improved with more surveillance, higher 
commitment from fishermen to support management measures, and further knowledge about 
environmental impacts from fishing operations. Even though pots and traps are usually considered 
as a unique fishing metier by authorities and are often assessed together, they have different 
environmental impacts, i.e. pots have lower fuel consumption and generate octopus with lower 
carbon footprint.  
The common octopus caught with pots and traps presented a low carbon footprint when compared 
to other type of seafood products, especially to common octopus caught with trawl. It represents a 
typical case where the fishing gear is more important than the species when assessing 
environmental impacts from seafood products. 
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Introduction 
 

Food security could be affected by some factors such as limited access to agricultural land and 

water, and global warming consequences. Considering the current consumption patterns, it will be 

difficult to comply with further food demand and security since it is expected to reach 9.8 billion 

inhabitants in 2050, which leads to almost doubling the global protein requirements (Godfray et al., 

2010). Likewise, as a consequence of the COVID-19 pandemic, the agri-food sector must try to 

reduce the risk of food collapse in major future shocks by means of innovation, ensuring a 

sustainable food supply. In addition, diets perception is changing towards a balance between 

nutritional requirements and environmental aspects, considering a circular economy approach. 

Consumers awareness is increasing and they are moving towards a food supply focused on zero 

waste in the food production chain. 

Proteins are one of the essential nutrients considered in diets and it is imperative to ensure their 

supply (FAO, 2018). The search of new sustainable protein sources will be one of the key 

challenges in the next decades, following the Sustainable Development Goals (SDGs) (SDG 12 and 

13).  

Nowadays, among the different protein sources considered (insects, microalgae, laboratory meat, 

etc), microbial biomass or Single Cell Protein (SCP) is a promising alternative. This type of protein 

is produced from heterotrophic and autotrophic organisms and it is considered as a promising 

substitute for ingredients animals- and plants-based.    

In this framework, the project ReFish-to-Food emerges with the challenge of join technological 

innovation, environmental assessment and food security. For that, a new technology based on the 

anaerobic digestion and dark fermentation processes will be developed to obtain the SCP using as 

raw material sub-products from the seafood processing industry. The environmental aspect will be 

considered assessing the environmental impact of this new process by means of the Life Cycle 

Assessment (ISO, 2006) methodology. Finally, the substitution of conventional protein sources by 

SCP and the design of sustainable and nutritional diets will be also addressed.           

 
Methodology 
 

The methodology proposed in the ReFish-to-Food project is composed by 7 work packages focused 

on: i) seafood effluents characterization and bioC (via anaerobic digestion) and bioH2 (via dark 

fermentation) obtention as protein precursors (WP2, WP3 and WP4), ii) SCP obtention (WP5) and 

iii) the environmental assessment of the SCP production via this integrated system and the design of 
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new sustainable diets based on the introduction of this protein (WP6 and WP7) (Figure 1). 

 

  

Figure 1. Work packages and main tasks. 

Expected results 
 
It is expected that results obtained in the ReFish-to-Food project could improve different aspects: 

1. Technical aspects: characterizing almost five suitable sub-products from different seafood 

industries, identifying their physic-chemical characterization and their bioC and bioH2 

production potential. 

2. Environmental aspects: assessing the environmental profile of the SCP production using 

LCA, focusing on energy consumption, greenhouse gases emissions and land use. 

Improving the comprehension of negative/positive impacts of different protein sources. 

3. Socio-economic aspects: making available to the companies a new and more sustainable 

protein resource to integrate into their current products. Creating new jobs associated to a 

new business model and consumers dissemination. 

4. Strategic aspect: demonstrating synergies between a seafood processing industry, which 

generates sub-products, and a protein marketer company.  
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&DQWDEULDQ��LQ�WZR�GLIIHUHQW�FDQQLQJ�IRUPDWV�DQG�ZLWK�GLIIHUHQFHV�LQ�WHUPV�RI�SDFNDJLQJ�PDWHULDO�DQG�
TXDQWLW\�RI�WRWDO�ILQDO�SURGXFW�SURGXFHG��7DEOH���� 

7DEOH����0DLQ�FKDUDFWHULVWLFV�RI�WKH�WZR�WXQD�SURFHVVLQJ�FDVHV��52������)�$��	�'LQJOH��XQGHU�VWXG\� 
 

  Industrial processing  Traditional processing 
Tuna species Katsuwonus pelamis  Thunnus alalunga 
Can format RO-80/85F.A.  Dingle RR-125 
Can material Tinplate  Aluminium 
Net weight per can (g) 80  105 
Annual can production (units) 80.762.497  15.090 
Total raw tuna (tons) 10.500  3,1 
Total by-products + losses (%) 60  62 
Total output factory production (%) 37  51 

7KH�FDQ�IRUPDW�XVHG�LQ�HDFK�FDVH�UHSUHVHQWV�WKH�PDLQ�SURGXFW�RI�HDFK�FRPSDQ\��7KH�WXQD�UDZ�PDWHULDO��

���
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 � 

DV�ZHOO�DV�WKH�SURGXFWLRQ�DQG�WUDQVSRUW�RI�RWKHU�LQJUHGLHQWV�DQG�SDFNDJLQJ�PDWHULDOV��ZHUH�LQFOXGHG�
LQ�WKH�V\VWHP�ERXQGDULHV��7KH�VWXG\�KDV�WDNHQ�LQWR�DFFRXQW�WKH�VSHFLILF�VWDJH�RI�SURFHVVLQJ��JDWH�WR�
JDWH�DSSURDFK��DQG�LQFOXGHV�IURP�WKH�LQSXW�RI�UDZ�PDWHULDOV��IXHOV�DQG�WKH�WUDQVSRUW�RI�WKHVH�PDWHULDOV�
WR�WKH�IDFWRU\�DQG�WKH�PDQXIDFWXULQJ�RI�WKH�SURGXFWV��7KH�XSVWUHDP�VWDJH�RI�H[WUDFWLYH�ILVKLQJ�DQG�WKH�
GRZQVWUHDP�VWDJHV�RI�GLVWULEXWLRQ�DQG�FRQVXPSWLRQ�RI�WKH�SURGXFW�KDYH�QRW�EHHQ�WDNHQ�LQWR�DFFRXQW�
LQ�WKLV�VWXG\�� 
)XQFWLRQDO�XQLW�DQG�LQYHQWRU\�DQDO\VLV 
7KH� HQYLURQPHQWDO� DQDO\VLV� DQG� DVVXPSWLRQV� ZHUH� EDVHG� IROORZLQJ� WKH� /&$�PHWKRGRORJ\� �,62�
�������VSHFLILFDWLRQ��7KH�PDVV�RI�SDFNDJHG�SURGXFW�UHDG\�IRU�GLVSDWFK�LV�D�IXQFWLRQDO�XQLW��)8��XVHG�
E\�VHYHUDO�DXWKRUV� �5XL]�6DOPyQ�HW�DO���������� WKH�)8�FKRVHQ�WR�FRPSDUH�WKH�GLIIHUHQW�SURFHVVLQJ�
PHWKRGV�SURSHUO\��LV�EDVHG�RQ���NJ�RI�HQG�SURGXFW��FRQWDLQV�WKH�GUDLQHG�ZHLJKW�RI�WXQD��WKH�VXQIORZHU�
RLO�DQG�WKH�DVVRFLDWHG�SDFNDJLQJ�FRQVLGHUHG�IRU��NJ�RI�HQG�SURGXFW���VLPLODU� WR� WKH�)8�XVHG�IRU�D�
FDQQHG�PXVVHO�WULSDFN��,ULEDUHQ�HW�DO���������DQG�IRU�DQ�RFWDYLOOR�FDQQHG�DQFKRY\��/DVR�HW�DO����������
,Q�RUGHU�WR�SHUIRUP�WKH�FRPSDULVRQ�EHWZHHQ�WKH� WZR�LQYHQWRULHV�LQ�D�FRUUHFW�ZD\�� WKH�FDVHV�XQGHU�
VWXG\�KDYH�EHHQ�GHILQHG�LQ�7DEOH���DQG�)LJXUH��� 

7DEOH����,QYHQWRU\�IRU���NJ�RI�ILQDO�SURGXFW�DFFRUGLQJ�WR�WKH�W\SH�RI�WXQD�SURFHVVLQJ� 
   INPUTS   Industrial Ro-80   Traditional Dingley           Materials (kg)     
  Tuna   ���ͼ���� 

 
���ͼ���� 

  Tap water   ��� 
 

��� 
  Brine solution   ���ͼ���� 

 
���ͼ���� 

  Sunflower oil   ���ͼ���� 
 

���ͼ���� 
  Diesel   ���ͼ���� 

 
���ͼ���� 

  Aluminium   � 
 

���ͼ���� 
  Tinplate   ���ͼ���� 

 
� 

  Folding   ���ͼ���� 
 

���ͼ���� 
  Cardboard box   ���ͼ���� 

 
���ͼ���� 

          Energy (kWh)     
  

  Electricity   ���ͼ���� 
 

���ͼ���� 
          Transport (kgkm)         
  Materials by lorry   ���ͼ���� 

 
���ͼ���� 

    OUTPUTS         
          End-product (kg)   1   1 

 
 

)LJXUH����6LPSOLILFDWLRQ�RI�WKH�V\VWHP�LQ�D�EODFN�ER[�GLDJUDP�XVHG�IRU�LQYHQWRU\�GDWD�DQDO\VLV� 
 

7KH�6.� LV�FRRNHG�ZKROH�ZLWKRXW�GHIURVWLQJ�DQG� WKH� WXQD�SLHFHV�DUH� UHIULJHUDWHG�SULRU�FOHDQLQJ� WR�
IDFLOLWDWH�LW��%7�LV�JXWWHG�DQG�WKH�KHDG�DQG�WDLO�DUH�FXW�RII�EHIRUH�FRRNLQJ��7KH�FOHDQLQJ�SURFHVVHV�DIWHU�
FRRNLQJ�DUH�FDUULHG�RXW�PDQXDOO\�IRU�ERWK�VSHFLHV��DQG�RQO\�WKH�WXQD�ORLQV�DQG�PLQFHG�WXQD�SDVV�WR�
WKH�SDFNDJLQJ�VWDJH��7KH�DYHUDJH�SURFHVVLQJ�\LHOG�RI�UDZ�DQG�IUR]HQ�6.�ZRXOG�EH������WKH�UHPDLQLQJ�
���� EHLQJ� ORVVHV� DQG� GLVFDUGV� IRU� FDWHJRU\� �� E\�SURGXFWV� QRW� LQWHQGHG� IRU� KXPDQ� FRQVXPSWLRQ�
�$%3V���,Q�WKH�FDVH�RI�%7��E\�SURGXFWV�DQG�ORVVHV�IURP�HYLVFHUDWLRQ��SUHSDUDWLRQ�DQG�SURFHVVLQJ�ZDV�
VOLJKWO\�KLJKHU��EHLQJ�����RI�WKH�UDZ�WXQD�LQSXW�� 

,Q�WHUPV�RI�ZDWHU�XVH�SHU��NJ�RI�HQG�SURGXFW��PRUH�ZDWHU�LV�FRQVXPHG�LQ�LQGXVWULDO�SURFHVVLQJ�WKDQ�
LQ�DUWLVDQDO�SURFHVVLQJ��ZKHUH�WKH�LQGXVWULDO�SURFHVVLQJ�FRQVXPHV�����P��RI�ZDWHU�SHU�WRQQH�RI�WXQD�
SURFHVVHG��ZKLOH�DUWLVDQDO�SURFHVVLQJ�FRQVXPHV�����P���7KHVH�UHVXOWV�DUH�LQ�OLQH�ZLWK�WKH�GDWD�SURYLGHG�

���
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 � 

E\� ,+2%(� �������� ZKLFK� LQGLFDWHG� DQ� DYHUDJH� YROXPH� RI� ZDWHU� FRQVXPHG� RI� �����P��WRQQH� RI�
SURFHVVHG�WXQD��ZKHUH�VWHULOL]DWLRQ�DQG�FOHDQLQJ�RSHUDWLRQV�FDQ�DPRXQW�PRUH�WKDQ�����RI�WKH�WRWDO�
ZDWHU�FRQVXPSWLRQ���� 

(QHUJ\� FRQVXPSWLRQ� LV� KLJKHU� LQ� WKH� FDVH� RI� LQGXVWULDO� SURFHVVLQJ� GXH� WR� WKH� KLJK� OHYHO� RI�
DXWRPDWLRQ�RI�WKH�ZKROH�SURFHVV��'LHVHO�FRQVXPSWLRQ�LV�DVVRFLDWHG�ZLWK�WKH�XVH�RI�ERLOHUV�IRU�WKH�WXQD�
FRRNLQJ� SURFHVV�� WKH� VWHULOL]DWLRQ� RI� FDQV� DQG� WKH� WUDQVSRUW� RI� UDZ� PDWHULDOV�� /RZHU� GLHVHO�
FRQVXPSWLRQ�LV�REVHUYHG�LQ�WKH�LQGXVWULDO�SURFHVV��SRVVLEO\�GXH�WR�D�EHWWHU�RSWLPL]DWLRQ�RI�WKH�FRRNLQJ�
DQG�VWHULOL]DWLRQ�SKDVH��'XULQJ�VWHULOL]DWLRQ��WKH�KHDW�WUHDWPHQW�LV�FDUULHG�RXW�ZLWK�VWHDP�DQG�LQYROYHV�
WKH�KLJKHVW�WHPSHUDWXUHV�RI�WKH�ZKROH�SURGXFWLRQ�SURFHVV��RYHU�����&���FDUULHG�RXW�LQ�RYHUSUHVVXUH�
UHWRUWV�� 

,Q� WHUPV� RI� SDFNDJLQJ�� WKH�52���� FRPSDUHG� WR� WKH� GLQJOH� IRUPDW�PHDQV� DQ� ���� UHGXFWLRQ� RI�
IROGLQJ�DQG�����UHGXFWLRQ� LQ� WKH�FDUGERDUG�ER[��JLYHQ� WKDW� WKH�52����FDQ� LV� VROG� LQ� WULSDFN�DQG�
SDFNHG�LQ�FDUGERDUG�ER[HV�WKDW�FRQWDLQ�XS�WR����WULSDFNV������FDQV���7KH�'LQJOH�LV�LQGLYLGXDOO\�IROGHG�
DQG�SDFNHG�LQ�ER[HV�RI�XS�WR����FDQV��$OO�SDFNDJLQJ�PDWHULDO�LV�UHFHLYHG�E\�ORUULHV�IURP�QDWLRQDO�DQG�
LQWHUQDWLRQDO�GLVWULEXWRUV��PRUH�GHFHQWUDOL]HG�LQ�WKH�FDVH�RI�WKH�VXSSOLHUV�IRU�'LQJOH� 

7R�DVVHVV� WKH�HQYLURQPHQWDO�EXUGHQV� DVVRFLDWHG�ZLWK�ERWK� FDQQLQJ�SURFHVVLQJ�� VL[�RI� WKH�PRVW�
FRPPRQ�LPSDFW�FDWHJRULHV�LQ�WKH�/&$V�RI�SURFHVVHG�ILVK�DQG�VHDIRRG�SURGXFWV�ZHUH�DQDO\]HG�XVLQJ�
WKH�&0/�9�����EDVHOLQH�PHWKRG��5XL]�6DOPyQ�HW�DO���������$ELRWLF�'HSOHWLRQ��$'3��DQG�$ELRWLF�
'HSOHWLRQ� IURP�)RVVLO�)XHOV� �$'3�))���*OREDO�:DUPLQJ�3RWHQWLDO� �*:3���3KRWRFKHPLFDO�2]RQH�
&UHDWLRQ� 3RWHQWLDO� �32&3���$FLGLILFDWLRQ� 3RWHQWLDO� �$3��� (XWURSKLFDWLRQ� 3RWHQWLDO� �(3��� DQG� WKH�
LPSDFWV�GLUHFWO\�UHODWHG�WR�WKH�DTXDWLF�HQYLURQPHQW��)UHVKZDWHU�:DWHU�$TXDWLF�(FRWR[LFLW\��):$(��
DQG�0DULQH�$TXDWLF�(FRWR[LFLW\�3RWHQWLDO��0$(3��� 

7KH� VRIWZDUH� 6LPD3UR� ���� ZDV� XVHG� IRU� WKH� FRPSXWDWLRQDO� LPSOHPHQWDWLRQ� RI� WKH� OLIH� F\FOH�
LQYHQWRULHV� 

5(68/76�$1'�',6&866,21� 
,Q�JHQHUDO��WKH�DVVHVVPHQW�RI�WKH�HQYLURQPHQWDO�EXUGHQV�UHYHDOV�LQ�DOO�FDVHV�WKDW�WKH�SURFHVVLQJ�RI�
WUDGLWLRQDO�FDQQHG�WXQD�SURYLGHV�D�KLJKHU�FRQWULEXWLRQ�WR�WKH�GLIIHUHQW�LPSDFWV�VWXGLHG��7KH�UHVXOWV�
VKRZHG�WKDW�VXQIORZHU�RLO�IRU�WKH�FRYHULQJ�RI�FDQQHG�WXQD�DQG�SDFNDJLQJ�PDWHULDOV�ZHUH�WKH�PDLQ�
GUDZEDFNV�LQ�WKH�HQYLURQPHQWDO�SURILOH�RI�FDQQHG�WXQD�SURFHVVLQJ��7KXV��VXQIORZHU�RLO�JRYHUQHG�DOO�
LPSDFW�FDWHJRULHV��ZLWK�WKH�H[FHSWLRQ�RI�0$(3��ZKLFK�ZDV�JRYHUQHG�E\�WKH�FDQ�PDWHULDOV��DOXPLQLXP�
LQ�WUDGLWLRQDO�SURFHVV�DQG�WLQSODWH�LQ�LQGXVWULDO�SURFHVV��7KH�FRPELQHG�FRQWULEXWLRQ�RI�WKH�VXQIORZHU�
RLO�DQG�WKH�FDQ�PDWHULDO�DFFRXQWV�IRU�DQ�DYHUDJH�RI��������RI�LPSDFWV�LQ�DOO�LPSDFW�FDWHJRULHV��ZLWK�
D�PLQLPXP�RI�������LQ�WKH�$'3�))�DQG�D�PD[LPXP�RI�������LQ�$'3�LQ�WKH�LQGXVWULDO�FDVH��DQG�
ZLWK�D�PLQLPXP�RI�������DQG�D�PD[LPXP�RI�������LQ�WKH�DUWLVDQDO�FDVH�IRU�WKH�VDPH�FDWHJRULHV��� 

7KH�*:3�LV�D�JRRG�SURFHVVLQJ�LQGLFDWRU�DQG�ZLGHO\�XVHG�IRU�HQYLURQPHQWDO�DVVHVVPHQW�RI�FDQQHU\�
LQGXVWU\��ZLWK� D� UHVXOW� RI� ���� NJ�&2�HT� IRU� LQGXVWULDO� SURFHVVLQJ� DQG� ���� NJ�&2�HT� IRU� DUWLVDQDO�
SURFHVVLQJ��7KH�FRPSDULVRQ�RI�GLHVHO�IRU�KHDW�SURGXFWLRQ�DV�D�PDMRU�FRQWULEXWRU�WR�WKH�*+*�LQ�WKH�
*:3��PDLQO\�UHODWHG�WR�WKH�WKHUPDO�SURFHVVHV�RI�FRRNLQJ�DQG�VWHULOL]DWLRQ���DFFRXQWLQJ�OHVV�WKDQ����
RI�WKH�EXUGHQ�LQ�LQGXVWULDO�SURFHVV�DQG����IRU�WKH�WUDGLWLRQDO��LQGLFDWHV�D�ORZHU�LPSDFW�RQ�LQGXVWULDO�
SURGXFWLRQ�WKDQ�WKH�WUDGLWLRQDO�SHU�NJ�RI�HQG�SURGXFW��SUREDEO\�GXH�WR�HFRQRPLHV�RI�VFDOH� 

7KH�UHVXOWV�VKRZHG�WKDW�DXWRPDWLRQ�RQ�WKH�SURFHVVLQJ�FKDLQ�LQ�ELJJHU�LQVWDOODWLRQV�UHVXOWLQJ�LQ�D�
KLJK�DQQXDO�SURGXFWLRQ�UDWH�RI�FDQQHG�WXQD��ZLWK�D�SURGXFWLRQ������WLPHV�KLJKHU�WKDQ�WKH�DUWLVDQDO�
FDQ���VHHPV�JRRG�WR�UHGXFH�WKH�HPLVVLRQV�SHU�NJ�RI�SURFHVVHG�WXQD�� 

7KH�KLJKHU�HQYLURQPHQWDO�EXUGHQV�IRXQG�LQ�WUDGLWLRQDO�WXQD�FDQQLQJ�SURFHVVHV��DUH�LQIOXHQFHG�LQ�
SDUW�E\�WKH�IDFW�WKDW�WKH�FDQQLQJ�VHFWRU�KDV�D�ODUJH�IDPLO\�WUDGLWLRQ�VWUXFWXUH�DQG�ZLWK�ORZ�RU�QRQ�
RSWLPL]HG� SURFHVVLQJ� SODQWV��ZKHUH�PLQRU� LPSURYHPHQWV� WKDW� FDQ� EH� LPSOHPHQWHG� FDQ� DFKLHYH� D�
VLJQLILFDQW�UHGXFWLRQ�LQ�WKH�FDUERQ�IRRWSULQW��DV�ZDV�GHPRQVWUDWHG�LQ�WKH�SURMHFW�/,)(�,1'8)22'�
�KWWS���ZZZ�LQGXIRRG�RUJ�HV���ZHUH�XVH�RI�LQGXFWLRQ�V\VWHPV�UHGXFHG�WKH�&2��HPLVVLRQ�YDOXHV�FORVH�
WR����� 

���
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 � 

,QGXVWULDO�DXWRPDWHG 

��  
 

7UDGLWLRQDO�DUWLVDQDO 

�  
 

 

)LJXUH����&RPSDULVRQ�RI�WKH�UHODWLYH�FRQWULEXWLRQV�IRU�WKH�FDQQHG�WXQD�E\�LQGXVWULDO�DQG�WUDGLWLRQDO�SURFHVVLQJ�IRU��NJ�
RI�HQG�SURGXFW� 

 
3UHYLRXV�ZRUNV��VXFK�DV�+RVSLGR�HW�DO���������KDG�VKRZHG�WKDW�WKH�SURFHVVLQJ�SKDVH�FDXVHV�WKH�KLJKHVW�
FRQWULEXWLRQ�RI�DOO�HQYLURQPHQWDO�LPSDFW�FDWHJRULHV���������RI�WKH�WRWDO���ZKHUHDV�&RUWpV�HW�DO���������
GHPRQVWUDWHG�WKDW�WKH�PXOWL�SURGXFW�VWUDWHJ\�DSSOLHG�WR�WKH�FDQQLQJ�VHFWRU�LV�HQYLURQPHQWDOO\�YLDEOH��
VLQFH�WKH�HQYLURQPHQWDO� LPSDFWV�DUH�GLYLGHG�EHWZHHQ�PDLQ�SURGXFWV�DQG�SRVVLEOH�FR�SURGXFWV��IRU�
LQVWDQFH�ILVKPHDO���7KLV�FRXOG�EH�D�VWUDWHJ\�IRU�DUWLVDQDO�FRPSDQLHV�WR�UHGXFH�WKH�FDUERQ�IRRWSULQW�RI�
WKH�SURGXFWV��EXW�DOVR��IXUWKHU�VWXGLHV�VKRXOG�EH�GRQH�WR�FRQVLGHUHG�WKH�ZKROH�YDOXH�FKDLQ��IURP�WKH�
ILVKLQJ�VWHS�XQWLO�GH�FRQVXPHU��WR�YDOLGDWH�WKH�UHVXOWV�REWDLQHG�LQ�WKLV�VWXG\�� 
5HJDUGLQJ�SDFNDJLQJ�SRVVLELOLWLHV��SUHYLRXV�DXWKRUV��VXFK�DV�$YDGt�HW�DO���������VXJJHVWHG�WR�LPSURYH�
WKH�HQYLURQPHQWDO�SURILOH�RI�SDFNDJLQJ�VWHS��XVLQJ�ELJ�SDFNDJLQJ�IRUPDWV�LQVWHDG�W\SLFDO�WULSDFN�RU�
QR�PHWDO�SDFNDJLQJ��+RZHYHU��WKH�XVH�RI�SODVWLF�PDWHULDOV�LQ�WKH�FDQ�FRXOG�VLJQLILFDQWO\�FRPSURPLVH�
WKH�VWHULOL]DWLRQ�RSHUDWLRQV�RI�WKH�SURGXFW��ZKLFK�DUH�FRQGXFWHG�XQGHU�KLJK�WHPSHUDWXUHV�DQG�ORQJ�
SURFHVVLQJ�WLPHV��7KHUHIRUH��WR�DSSO\�WKLV�SRLQW�WKH�TXDOLW\�RI�WKH�SODVWLF�IRUPDWV�VKRXOG�EH�LPSURYHG�
LQ�WHUPV�WR�EHDU�SURSHU�VWHULOL]DWLRQ�SDUDPHWHUV� 
 
&21&/866,216 
7KLV� VWXG\� FRPSDUHV� IURP� D� FDQQHG� WXQD� SURFHVVLQJ� VWDJH� DSSURDFK�� WKDW� DUWLVDQDO� SURFHVVLQJ�
FRQWULEXWHV� LQ� JHQHUDO� WR� D� KLJKHU� HQYLURQPHQWDO� EXUGHQ� LQ� DOO� DVVHVVHG� LPSDFWV� FRPSDUHG� WKDQ�
LQGXVWULDO�SURFHVVLQJ��5HVXOWV�VKRZHG�WKDW�WKH�FRYHULQJ�OLTXLGV�RI�FDQQHG�WXQD��VXQIORZHU�RLO���DQG�
WKH�PDWHULDOV�RI�WKH�SDFNDJLQJ�ZHUH�WKH�PDLQ�GUDZEDFNV�LQ�WKH�HQYLURQPHQWDO�SURILOH�RI�FDQQHG�WXQD��
LQGHSHQGHQW�RI� WKH�W\SH�RI�SURFHVVLQJ��7KH�VXQIORZHU�RLO�JRYHUQHG�DOO� LPSDFW�FDWHJRULHV��ZLWK�WKH�
H[FHSWLRQ�RI�PDULQH�DTXDWLF�HFRWR[LFLW\�JRYHUQHG�E\�FDQ�PDWHULDOV�LQ�ERWK�WXQD�SURFHVVLQJ�W\SHV��7KH�
JOREDO�ZDUPLQJ�SRWHQWLDO�FRPSDULVRQ�UHYHDOV�ORZHU�HQHUJ\�FRQVXPSWLRQ�LQ�LQGXVWULDO�SURGXFWLRQ�WKDQ�
WUDGLWLRQDO� FDQQLQJ� SURFHVV�� SUREDEO\� GXH� WR� HFRQRPLHV� RI� VFDOH� DQG� D� EHWWHU� RSWLPL]DWLRQ� RI� WKH�
SURGXFWLRQ�SURFHVV��EXW�IXUWKHU�VWXGLHV�FRQVLGHULQJ�WKH�HQWLUH�YDOXH�FKDLQ��IURP�VHD�WR�IRUN��VKRXOG�EH�
GRQH�WR�FRQILUP�WKHVH�UHVXOWV� 

���
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$&.12:/('*(0(176 

7KLV�ZRUN�ZDV�VXSSRUWHG�E\�WKH�1(378186�SURMHFW��($3$B�����������7KH�DXWKRUV�ZRXOG�OLNH�WR�
DFNQRZOHGJH�WKH�ILQDQFLDO�VXSSRUW�RI�,QWHUUHJ�$WODQWLF�$UHD� 

 
5()(5(1&(6 
 
$1)$&2�&(&23(6&$��������'DWD�IURP�WKH�6SDQLVK�VHDIRRG�DQG�SURFHVVHG�VHDIRRG�SURGXFWLRQ�VHFWRU�DQG�GDWD�IURP�

WKH�6HDIRRG�&OXVWHU�IRU�WKH�\HDU������ 
$YDGt��$��� %RODxRV�� &��� 6DQGRYDO�� ,��� 	�<FD]D�� &�� ������ /LIH� F\FOH� DVVHVVPHQW� RI� (FXDGRULDQ� SURFHVVHG� WXQD�� 7KH�

,QWHUQDWLRQDO�-RXUQDO�RI�/LIH�&\FOH�$VVHVVPHQW��������������±����� 
&RUWpV��$���(VWHYH�/ORUHQV��;���*RQ]iOH]�*DUFtD��6��0RUHLUD��0�7��	�)HLMRR��*��������0XOWL�SURGXFW�VWUDWHJ\�WR�HQKDQFH�

WKH� HQYLURQPHQWDO� SURILOH� RI� WKH� FDQQLQJ� LQGXVWU\� WRZDUGV� FLUFXODU� HFRQRP\�� 6FLHQFH� RI�7KH�7RWDO� (QYLURQPHQW��
9ROXPH������������� 
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1. Introduction and methods 
French organic vegetable farms are diverse with different practices and agronomic approaches. 
Using the terms proposed by Therond et al. (2017), we can range them from simple input-based 
systems with few vegetables to complex biodiversity-based systems, with many vegetables. Beyond 
this conceptual dichotomy, Pépin et al. (2021) described four farmer types: microfarmers (high crop 
diversity and a low level of inputs), medium-sized market gardeners (high crop diversity and 
variable level of inputs), producers specialised in cultivation under shelter (low crop diversity and a 
high level of inputs), and large market gardeners specialised in open-field cultivation (low crop 
diversity and moderate input use). The heterogeneity of input use and farming practices, which can 
EH� LQWHUSUHWHG� DV� VLJQ� RI� ELIXUFDWLRQ� EHWZHHQ� ³DJURHFRORJLFDO´� DQG� ³FRQYHQWLRQDOLVHG´� RUJDQLF�
farming (Pépin et al., 2021), may influence environmental impacts, but these have yet to be 
quantified. Organic farming claims to be environmentally sound, and conventionalisation of organic 
practices is seen as a threat the identity of organic farming (Darnhofer et al., 2010). Quantifying the 
environmental impacts of different types of farms will inform the debate on the conventionalisation 
of organic farming. 

Organic vegetable farms, particularly diversified farms, are complex (Aubry et al., 2011), making 
life cycle assessment (LCA) of such systems challenging. Most often, there is no clear crop rotation, 
several vegetables can be intercropped, and inputs or operations are not always dedicated to one 
crop but can benefit many crops in space (e.g. tillage of a field made at the same time for all 
upcoming vegetables), time (e.g. manure releases nutrients during several years) or both space and 
time (Goglio et al., 2018). These issues exist in LCAs of other production systems, but they are 
more pronounced and complex for organic vegetable farms because of the high number of different 
vegetables that are often grown on a small area (Morel and Leger, 2016). In this perspective, we 
opted for a system LCA considering the farming system as a whole that produces different products. 
We assessed the impacts at farm gate, using two functional units (FU) - kg of vegetable, ha of 
farmland - FRQVLGHULQJ� D� ³IDUPLQJ� V\VWHP� DSSURDFK´� ZKHUH� DOO� WKH� LQSXWV� DQG� RSHUDWLRQV� DUH�
estimated for the whole farm, and the output is the total annual production of vegetables.  

We analysed the impacts on cumulative energy demand (CED), climate change (CC), biodiversity 
and use of plastic on three contrasting farms. Biodiversity is rarely considered in LCA studies 
(Knudsen et al., 2019) although it is a key environmental issue, particularly in organic farming 
which claims to enhance biodiversity (European Commission, 2007) and relies more on natural 
regulations. We adapted the expert system SALCA-Biodiversity (Jeanneret et al., 2014) to vegetable 
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systems to compare the practices and habitats of the farms. SALCA-BD assesses potential impacts 
of land-use types (including semi-natural habitats) and management practices on terrestrial 
biodiversity of 11 indicator-species groups. Field-scale impact scores were aggregated at the farm 
scale. The contribution of each land-use type equalled the land-XVH�W\SH¶V�LQWULQVLF�VFRUH�ZHLJKWHG�
by the proportion of the farm area it occupied. Thus, a large or small contribution could be due to a 
high or low intrinsic score, respectively, or to the occupation of a large or small proportion of the 
farm, respectively, or both.  
Plastic pollution is an emerging concern worldwide. The use of plastic in agriculture and the 
accumulation of microplastic in agricultural soil is a threat to long-term soil quality (Steinmetz et al., 
2016). Vegetable crops, including in organic farming, are a major user of plastic, particularly as 
mulch and tunnels. However, there is no ready-made indicator in current LCA methods to assess 
plastic and microplastic pollution, which remains a challenging issue. We developed an indicator of 
plastic use calculated by summing the mass of plastic used per year on the farm. 

2. Results and discussion 

2.1. Climate change and cumulative energy demand 
Environmental impacts of the three farms differed among impact categories and FUs (Fig. 1). Per 
ha of land occupied, OP had the lowest CC impact (1.3 t CO2 eq./ha) and CED, due to its low input 
use. Conversely, SP had the highest CC impact (13.3 t CO2 eq./ha) and CED per ha due to its high 
input use, which allowed the production of two to three crops per year. MF had an intermediate CC 
impact (7.5 t CO2 eq./ha) and CED. This farm had one crop per year in the open field, and two per 
year in its tunnel. The CC impact of SP per ha was 10.6 times as high as that of OP. Major 
contributors to CC impact and CED included the use of diesel (MF) and electric (SP) pumps for 
irrigation, the tunnel structure (MF and SP), the use of plastic water pipes and mulch (SP), and 
seedling production in heated greenhouses (SP); these inputs were not used by OP. Impacts of 
tunnels were due mainly to their galvanized steel structure, which was assumed to last 20 years, and 
plastic covers, which were assumed to last 4-8 years, depending on the farm. Using the same tunnel 
longer would reduce impacts. 
Per kg of vegetables, MF and SP had a similar CC impact (215 and 198 g CO2 eq./kg, respectively), 
while that of MF was 1.6 times as high as that of OP (134 g CO2 eq./kg). This difference was much 
smaller than for the CC impact per ha because OP had a lower yield than MF and SP. The higher 
productivity of SP gave it a similar or slightly lower CC impact per kg despite using more inputs 
per ha; however, for CED, SP had higher impact than MF. SP used more direct (diesel and 
electricity) and indirect (plastic and seedlings) energy than MF and OP. Higher productivity per ha 
did not fully compensate higher CC and CED impacts. 

    

Fig. 1. Impacts per ha of farmland during one year, per kg of vegetables; and contributions of inputs and field 
emissions for the microfarm (MF), sheltered production farm (SP), and open-field production farm (OP). 
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2.2.Biodiversity 

Assessing biodiversity on the cultivated land alone or on the entire farm gave contrasting results, 
ZKLFK�KLJKOLJKWHG� WKH� LPSRUWDQFH�RI�D� IDUP¶V�VHPL-natural habitats for biodiversity (Chiron et al., 
2010; Jeanneret et al., 2021; Rischen et al., 2021). On SP, the cultivated land yielded a somewhat 
lower biodiversity score (Fig. 2), which was offset by its high share of ruderal area (i.e. spaces 
between tunnels left to ruderal organisms). On OP, fields were generally surrounded by a ruderal 
strip or hedge. As its fields were large, its share of semi-natural habitat was lower than that of SP, 
resulting in a lower biodiversity score at the whole-farm scale. On MF, the cultivated land yielded a 
biodiversity score similar to those of the other systems. Out of a maximum score of 45 in SALCA-
BD for semi-natural habitats such as hedges, biodiversity-friendly managed grasslands and pastures 
can reach a score of 25 (Lüscher et al., 2017), which was the case for the SP grassland. These scores 
were far higher than those of the vegetable fields studied here (3-8).  
Consequently, for all farms, semi-natural habitats contributed more to the biodiversity score than 
cultivated land. This result is in line with ecological studies that conclude that semi-natural habitats 
are important for spiders �H�J�� âiOHN� HW� Dl., 2018), carabid beetles �H�J��.QDSS� DQG�ěH]iþ�� �����, 
butterflies (e.g. Dover et al., 2000), birds (e.g. Billeter et al., 2007), and vascular plants (e.g. Billeter 
et al., 2007). The benefits of small farms for biodiversity are also acknowledged by Ricciardi et al. 
(2021), since these farms tend to have smaller fields, which have a higher perimeter:area ratio than 
larger fields. Smaller farms are also more likely to create heterogeneous landscapes. 
SALCA-BD considers impacts on biodiversity of land-use type, farmer practices, and elements of 
farm spatial organisation. Other biodiversity assessment methods (Chaudhary and Brooks, 2018; 
Knudsen et al., 2017; Koellner and Scholz, 2008; Mueller et al., 2014) quantify impacts on 
biodiversity based on land-use classes and the distinction between organic and conventional 
farming. These methods are not adapted for assessing organic farms that have the same land use 
(arable land) but different farming practices. 

 
Fig. 2. On-farm biodiversity scores (higher = better for biodiversity) and contributions of land-use types for the 
three farms (microfarm (MF), sheltered production (SP), and open-field production (OP)) for cultivated land 
(blue bars) and semi-natural habitats (green bars). 
 

2.3.Plastic use  
OP used very little plastic (2 kg/ha; 0.2 kg/t of vegetables) (Fig. 3). SP used the most plastic (1129 
kg/ha; 16.8 kg/t of vegetables), particularly to cover its tunnels. MF (299 kg/ha; 8.5 kg/t of 
vegetables) also covered its tunnels, but used less plastic, for two reasons: 1) only some of the 
cultivated land was under shelter, whereas all was under shelter on SP, and 2) the plastic lifetime 
was 8 years for MF and 4 for SP. The smaller tunnel area of MF allowed the farmer to repair plastic 
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when damaged. SP also used more plastic for mulching than MF and OP. On SP, all crops were 
mulched with single-use plastic, whereas on MF, straw mulch, manual weed control, and reusable 
plastic mulch were combined.  
Plastic use is not an LCA indicator, and to our knowledge it has not been included before in an 
environmental assessment of vegetable production. In our study, it revealed major differences 
among systems. Plastic use in agriculture is a growing concern (United Nations Environment 
Programme, 2021). Plastic mulch is a major source of microplastics (Bläsing and Amelung, 2018; 
Campanale et al., 2022) as it is thin and hard to remove from the soil (Qi et al., 2020). Microplastics 
may have detrimental effects on plant growth (Liu et al., 2021), soil properties (Zhang et al., 2020), 
and the fitness of soil bacteria and earthworms (Jiang et al., 2020), and can be found in fruit and 
vegetables at worrying concentrations (Oliveri Conti et al., 2020). An alternative to single-use 
plastic mulch is biodegradable plastic mulch, which is a common substitution approach (Hill and 
MacRae, 1995). Its benefits remain uncertain, as some studies conclude that it has no noxious 
effects on soil organisms (Sforzini et al., 2016), while others state that single-use and biodegradable 
plastic mulch have the same effects on earthworms (Ding et al., 2021; Kumar et al., 2020). 

  
Fig. 3. On-farm plastic use per ha of farmland, per t of vegetables, and contributions of plastic uses for the three 
farms: microfarm (MF), sheltered production (SP), and open-field production (OP). 
 

3. Conclusion 
Farming-system LCA allowed the environmental assessment of farms with different practices and 
agronomic approaches, including complex systems with a wide variety of crops grown on small 
areas. It followed the rationale of agroecology, in which inputs are farm-oriented rather than crop-
oriented. Considering the different impacts and FUs, a clear ranking of the farms did not emerge. 
Per ha, differences in the CC impact and CED among the systems were large. SP had the highest 
impacts, whereas OP had the lowest impacts, which correlated with the intensity of input use. Per 
kg, differences in the CC impact and CED among the systems were much smaller. OP had a lower 
CC impact and CED per kg. OP used much less plastic but had a lower biodiversity score and total 
yield than MF and SP (75% and 90% lower, respectively), which required more land to produce the 
same quantity of vegetables. Despite its high total yield, SP did not perform well for CC impact, 
CED, or plastic use per kg. The impact on on-farm biodiversity, which highlighted the importance 
of semi-natural habitats, contrasted with the other impacts. The quantification of plastic use echoes 
growing concerns about (micro-)plastic pollution in agricultural soils and landscapes.  
Microfarming is often promoted as a solution to produce food with lower environmental impacts, 
but in this case study this benefit is not obvious. However, microfarms may be a good compromise 
by having higher yields than large open-field farms and lower impacts per ha than sheltered 
production farms. 
Although we selected farms that were typical of three farming systems, their potential farm-specific 
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effects cannot be ignored. Farming-system LCA required a relatively moderate amount of data, and 
allowed to compare contrasting farming systems and identify hotspots within them. 
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1. Introduction: 
Water-related energy can be defined as energy use that changes with the extent of water use 
(Kenway et al., 2019). While water-related energy and associated greenhouse gas (GHG) emissions 
in agricultural production due to irrigation are well recognized, less is known about the extent of 
water-related energy and GHG emission for the downstream components of food systems, in 
processes such as fresh produce processing, storage, and preparation (Islam et al., 2021). 
Understanding the nature and scale of energy use influenced by the water use over the full life cycle 
is important for eco-efficiency programs for the vegetable food system. With the current interest in 
achieving net-zero GHG emissions, information about where to direct eco-efficiency efforts is 
needed to avoid duplication and cost savings. Therefore, the objective of this work is to assess the 
water-related energy of the food system, and how such energy use influences the GHG emission.  
 

2. Methodology: 
The goal of the LCA study was to quantify the water use, energy use, and GHG emission of 
vegetables over their life cycle, and then identify specifically the water-related energy component. 
As a representation of the Australian food system, this research modeled fresh vegetable production 
in Queensland (QLD). The home consumption was modeled in Southeast Queensland (SEQ) 
consisting of Brisbane City, Gold Coast, Moreton Bay Region, Logan City, Sunshine Coast, Ipswich, 
Redland City, Toowoomba, Noosa, Scenic Rim, Somerset, and Lockyer Valley. In total, 30 types of 
fresh vegetables were evaluated for a field to plate system boundary. Processes included were 
growing, storage, processing, packaging, retail, home transport, home preparation, home 
consumption (waste generation), and waste transport and management. Inputs to all these processes 
were accounted for (fertilizers, pesticides, fuels, plastics, disinfectants, electricity, water, etc.). The 
functional unit (FU) was 1 kg of fresh vegetable produced in QLD and consumed by an average 
SEQ household.  The life cycle environmental impacts were estimated using SimaPro software 
9.1.1.1 (PRé Sustainability, 2020), based on the Australian Life Cycle Assessment Society 
(ALCAS) Best Practice Guide for Life Cycle Impact Assessment (LCIA) in Australia V 2.04 
(Renouf et al., 2018). Impact categories included were Climate change (kg CO2eq), Resource 
depletion ±fossil fuels (MJ) as an indication of primary energy demand, and Consumptive water use 
(Leq), which derived by multiplying water use with water stress factors.  
   

3. Results and discussion: 
Life cycle water-related energy as shown in Figure 1 includes energy used for irrigation, washing 
during the process and in the household, and cooking. Life cycle water-related energy use ranges 
from around 15% to 40% for different studied vegetables, in comparison with the supply chain fuel 
use (diesel use for transport and tractor) (~10% to 30%), agrochemicals (~5% to 15%), and 
packaging materials (~1% to 30%) (Figure 1). Similarly, life cycle GHG emissions from water-
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related energy use ranged from around 12% to 35% for different studied vegetables, in comparison 
with the agrochemicals (~5% to 35%), supply chain fuel use (diesel use for transport and tractor) 
(~2% to 26%), and packaging materials (~1% to 15%). This indicates the importance of directing 
the eco-efficiency programs towards energy saving through water management along with other 
ongoing focuses, such as fertilizer application, transport, and packaging efficiency improvement.     
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Figure 1:  Life cycle (field to plate) energy used for vegetables produced in QLD and consumed in 
SEQ (MJ/kg), disaggregated by (a) supply process versus wider economy aspects, (b) life cycle 
stages, and (c) resources inputs. 
 

 

4. Conclusion: 
This study investigated water, energy, and GHG emissions of city vegetable food systems 
considering field to plate system boundary. It considered 30 fresh produce vegetables grown in 
QLD and consumed in SEQ. The life cycle water-related energy use of the studied vegetable system 
ranged from around 15% to 40% for different studied vegetables, compared to the GHG emissions 
from water-related energy use of 12% to 35%. This indicates the importance of increasing the 
efficiency measures for water-saving, which will also reduce the energy and GHG footprint. 
Through scenario analysis, it was observed that water use efficiency increase (5-30%) in the studied 
vegetable system can reduce the life cycle water-related energy use by ~2-21%, and associated 
GHG emissions by ~2-20%. Therefore, a holistic assessment of the impact of water use efficiency 
along with other measures, such as low-carbon electricity mix, process optimization through waste 
reduction, and energy efficiency can be explored for a climate-friendly and sustainable vegetable 
food system for cities.  
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&RUUHVSRQGLQJ�DXWKRU��7HO��������������������)D[�������������
(�PDLO�DGGUHVV��DOLQH�E#JDWHFK�HGX

$EVWUDFW
7KH OLIH F\FOH QXWULHQW� HQHUJ\� ODQG DQG ZDWHU LPSDFWV RI 86 FRQYHQWLRQDO� JUHHQKRXVH� DQG
K\GURSRQLF OHWWXFH SURGXFWLRQ DUH FRPSDUHG LQ D FUDGOH�WR�JDWH DQDO\VLV� 7KH LQYHQWRU\ LQFOXGHV WKH
SHVWLFLGH DQG IHUWLOL]HU XVH� DQG WKH HQHUJ\ DQG ZDWHU UHTXLUHPHQWV IRU OHWWXFH FXOWLYDWLRQ� (YHQ ZLWK
FURVV�FRQWLQHQWDO WUDQVSRUWDWLRQ� HQHUJ\ UHTXLUHPHQWV DQG JUHHQKRXVH JDV HPLVVLRQV IRU
FRQYHQWLRQDO RSHQ ILHOG FXOWLYDWLRQ DUH VXEVWDQWLDOO\ ORZHU WKDQ WKRVH IRU VWDQGDUG JUHHQKRXVH DQG
K\GURSRQLF FXOWLYDWLRQ� &RQYHUVHO\� ZDWHU FRQVXPSWLRQ DQG SHVWLFLGH DQG IHUWLOL]HU XVH DUH KLJKHU
IRU FRQYHQWLRQDO RSHQ ILHOG SURGXFWLRQ WKDQ IRU JUHHQKRXVH RU K\GURSRQLF FXOWLYDWLRQ� /DQG XVH IRU
FRQYHQWLRQDO DQG JUHHQKRXVH FXOWLYDWLRQ PD\ EH VLPLODU� ZKHUHDV K\GURSRQLFV LV PRUH VSDFH
HIILFLHQW�WKDQ�FRQYHQWLRQDO�DJULFXOWXUH�

,QWURGXFWLRQ
7KHUH KDV EHHQ FRQVLGHUDEOH UHFHQW LQWHUHVW LQ WKH SRWHQWLDO IRU ORFDO VXVWDLQDEOH DJULFXOWXUH WKURXJK
K\GURSRQLFV WHFKQLTXHV �&KHQ HW DO�� ����� 'HODLGH HW DO�� ����� 6XKO HW DO�� ����� .RUQHU HW DO��
����� .XODN HW DO�� ����� %DUERVD HW DO�� ����� %DUW]DV HW DO�� ����� &KHQ HW DO�� �����
5RPHUR�*DPH] HW DO�� ����� 6WRHVVHO HW DO�� ����� 5RPHR HW DO�� ����� 0DUWLQ DQG 0ROLQ� ����� 9DQ
*LQNHO HW DO�� ����� 'RUU HW DO�� ������ 3UHYLRXV ZRUN KDV LQGLFDWHG WKDW FRQYHQWLRQDO DJULFXOWXUH
PD\ KDYH ORZHU HQYLURQPHQWDO LPSDFWV WKDQ ORFDO DJULFXOWXUH XVLQJ JUHHQKRXVHV RU K\GURSRQLFV�
DQG :HEHU HW DO� ������ KDYH VKRZQ WKDW WUDQVSRUWDWLRQ KDV D VPDOO LPSDFW RQ WKH HQYLURQPHQWDO
LPSDFW RI IRRG RYHU VHYHUDO FDWHJRULHV� *ROGVWHLQ HW DO� ������ DOVR ILQG WKDW UHGXFLQJ IRRG PLOHV
GRHV QRW OHDG WR PRUH HIILFLHQW VXSSO\�FKDLQV RU UHGXFHG HQYLURQPHQWDO LPSDFWV� WKH SRWHQWLDO IRU
V\PELRVLV EHWZHHQ IDUP DQG XUEDQ HQYLURQPHQW PD\ EH RYHUVWDWHG� DQG WKDW XUEDQ DJULFXOWXUH �8$�
GRHV QRW SURYLGH UHGXFWLRQV LQ ODQG XVH DQG FDUERQ VHTXHVWUDWLRQ� 0F'RXJDOO HW DO� ������
GRFXPHQW KLJK LQSXWV IRU ORFDO 8$� 1HYHUWKHOHVV� EHVLGHV QHZ WHFKQRORJLFDO IL[HV� RWKHU DFWLRQV
VXFK DV LQFUHDVLQJ VHDVRQDO DQG ORFDO FRQVXPSWLRQ� UHGXFLQJ DQLPDO SURGXFW FRQVXPSWLRQ� DQG
EHWWHU PDQDJHPHQW RI IRRG ZDVWH FDQ KDYH SRVLWLYH DQG VLJQLILFDQW HQYLURQPHQWDO LPSDFWV �6D[H�
����� 7LOPDQ DQG &ODUN� ����� +HOOHU DQG .HROHLDQ� ����� (VKHO HW DO�� ������ 7KLV XQGHUVFRUHV WKDW
WKH FKRLFH RI HQYLURQPHQWDO PHWULFV IRU FRPSDULQJ 8$ WR FRQYHQWLRQDO DJULFXOWXUH LQIOXHQFHV WKH
UHVXOWV� 5RWKZHOO HW DO� ������ VD\ WKDW WKH ³H[DPLQDWLRQ RI D ZLGHU UDQJH RI UHJLRQDOO\ VSHFLILF
HQYLURQPHQWDO LPSDFWV VKRXOG EH FRQVLGHUHG ZLWK DQ\ HQYLURQPHQWDO FODLPV RQ ORFDO IRRG´�
6WRHVVHO HW DO� ������ UHFRPPHQG SD\LQJ DWWHQWLRQ WR LPSDFWV RWKHU WKDQ FDUERQ IRRWSULQW WR SUHYHQW
µSUREOHP VKLIWLQJ¶� +HUH� ZH H[DPLQH WKH OLIHF\FOH HQYLURQPHQWDO LPSDFWV RI OHWWXFH SURGXFWLRQ�
DGGUHVVLQJ ODQG XVH� ZDWHU� HQHUJ\� QXWULHQWV� DQG SHVWLFLGH XVH IRU JUHHQKRXVH� K\GURSRQLFV� DQG
FRQYHQWLRQDO IDUPLQJ� 7KLV H[WHQGV SUHYLRXV ZRUN E\ SURYLGLQJ PRUH FRPSOHWH GDWD RQ SHVWLFLGH
XVH�DQG�WKH�UHODWLYH�HQYLURQPHQWDO�LPSDFWV�RI�GLIIHUHQW�UHPRWH�YHUVXV�ORFDO�DJULFXOWXUDO�SUDFWLFHV�

�

���



��WK ,QWHUQDWLRQDO�&RQIHUHQFH�RQ /LIH�&\FOH�$VVHVVPHQW RI�)RRG�������/&$�)RRGV������
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH�

0DWHULDO�DQG�0HWKRGV
7KH REMHFWLYH RI WKLV VWXG\ LV WR FRPSDUH WKH HQYLURQPHQWDO LPSDFWV RI GLIIHUHQW DJULFXOWXUDO
PHWKRGV RI JURZLQJ OHWWXFH DQG KLJKOLJKW KRWVSRWV IRU LPSURYHPHQW� 7KHUHIRUH� ZH GHYHORS D OLIH
F\FOH LQYHQWRU\ LQFOXGLQJ HQHUJ\� ZDWHU� QXWULHQWV� SHVWLFLGHV� FDUERQ GLR[LGH �&2��� QLWURXV R[LGH
�1�2�� QLWURJHQ R[LGHV� DPPRQLD �1+��� DQG SDUWLFXODWHV� :H DVVHVV WKH LPSDFWV XVLQJ 5H&LSH
LPSDFW�DVVHVVPHQW�PHWKRGV��+XLMEUHJWV�HW�DO��������
7KH V\VWHP ERXQGDU\ LV D FUDGOH�WR�JDWH DQDO\VLV� ZLWK WKH DLP RI SURYLGLQJ D FRPSUHKHQVLYH
DSSURDFK WR FDOFXODWH WKH HQYLURQPHQWDO DQG KXPDQ KHDOWK LPSDFWV RI DJULFXOWXUH� )RU WKH
FXOWLYDWLRQ RI � NJ RI WKH FRQYHQWLRQDO� JUHHQKRXVH� DQG K\GURSRQLF YHJHWDEOHV� ZH LQFOXGH
SURGXFWLRQ DQG XWLOL]DWLRQ RI HOHFWULFLW\� SHVWLFLGHV� QXWULHQW DQG SURYLVLRQ RI ZDWHU� HQHUJ\ XVH LQ
WKH RSHUDWLRQ RI SURGXFWLRQ DQG KDUYHVWLQJ IRU FRQYHQWLRQDO IDUP SURGXFWLRQ� JUHHQKRXVH
SURGXFWLRQ� DQG K\GURSRQLFV SURGXFWLRQ� :H LQFOXGH SRVW�KDUYHVW WUDQVSRUWDWLRQ DW D FRQWLQHQWDO DQG
UHJLRQDO VFDOH WR PDUNHW� ([FOXGHG IURP WKH V\VWHP ERXQGDU\ DUH WKH SRVW�WUDQVSRUWDWLRQ UHWDLO VDOH
RI WKH YHJHWDEOHV� UHVLGHQWLDO RU FRPPHUFLDO SUHVHUYDWLRQ� SUHSDUDWLRQ� FRQVXPSWLRQ� DQG
HQG�RI�OLIH��,Q WKLV FDVH VWXG\� UHJLRQDO RU ORFDO OHWWXFH SURGXFWLRQ LV DVVXPHG WR EH LQ WKH VWDWH RI
*HRUJLD�DQG�ORQJ�GLVWDQFH�LV�OHWWXFH�FXOWLYDWHG�LQ�&DOLIRUQLD�DQG�$UL]RQD�
)RU WKH /&,� ZH XVH QDWLRQDO 8QLWHG 6WDWHV 'HSDUWPHQW RI $JULFXOWXUH �86'$� GDWD RI SHVWLFLGH DQG
IHUWLOL]HU XVH� DQG HQHUJ\ DQG ZDWHU UHTXLUHPHQWV IRU FRQYHQWLRQDO YHJHWDEOH FXOWLYDWLRQ� :H XVH
GDWD IURP 6WRHVVHO HW DO ������� DQG (FRLQYHQW ��� IRU JUHHQKRXVH OHWWXFH FXOWLYDWLRQ� $QG� ILQDOO\�
ZH XVH YHUWLFDO IDUPLQJ LQ PRGLILHG K\GURSRQLF VKLSSLQJ FRQWDLQHU DV D FDVH VWXG\ IRU WKH
K\GURSRQLFV FXOWLYDWLRQ� <LHOG� HQHUJ\� DQG ZDWHU FRQVXPSWLRQ GDWD IRU WKH K\GURSRQLFV OHWWXFH DUH
IURP D FRPPHUFLDO K\GURSRQLFV IDUPLQJ FRPSDQ\¶V ZHEVLWH DQG UHSRUWV �)UHLJKW )DUPV ����� DQG
)UHLJKW )DUPV ������ )RU IHUWLOL]HU XVH LQ K\GURSRQLF IDUPLQJ� ZH XVH OHWWXFH IHUWLOL]HU XVH UDWHV
IURP %UHFKQHU HW� DO ������� 5RPHR HW� DO� ������� 0DUWLQ DQG 0ROLQ ������� DQG &KHQ HW� DO �������
)RU WKH /&,$� WKH LPSDFW FDWHJRULHV FRQVLGHUHG DUH HQHUJ\ XVH� FOLPDWH FKDQJH� ODQG XVH� IUHVKZDWHU
XVH��SDUWLFXODWH�PDWWHU�IRUPDWLRQ��DFLGLILFDWLRQ��HFRWR[RFLW\��HXWURSKLFDWLRQ��DQG�R]RQH�IRUPDWLRQ�

5HVXOWV�DQG�'LVFXVVLRQ
)LJXUHV �� �� DQG � VKRZ WKH UHVXOWV RI WKH /&, DQDO\VLV� )LJXUHV � DQG � VKRZ WKDW HYHQ ZLWK
FURVV�FRQWLQHQWDO WUDQVSRUWDWLRQ� HQHUJ\ UHTXLUHPHQWV DQG JUHHQKRXVH JDV HPLVVLRQV IRU
FRQYHQWLRQDO RSHQ ILHOG FXOWLYDWLRQ ���� 0-�NJ� ��� NJ &2�H�NJ� DUH VXEVWDQWLDOO\ ORZHU WKDQ WKRVH
IRU WKH JUHHQKRXVH ����� 0-�NJ� ��� NJ &2�H�NJ� DQG K\GURSRQLF FXOWLYDWLRQ ���� 0-�NJ� ��� NJ
&2�H�NJ�� &RQYHUVHO\� ILJXUHV � DQG � VKRZ WKDW ZDWHU FRQVXPSWLRQ DQG SHVWLFLGH DQG IHUWLOL]HU XVH
DUH KLJKHU IRU FRQYHQWLRQDO RSHQ�ILHOG SURGXFWLRQ ������� /�NJ� 3HVWLFLGHV ��� J�NJ� 1LWURJHQ ���
J�NJ� 3RWDVVLXP ��� J�NJ� DQG 3KRVSKRUXV ��� J�NJ� WKDQ IRU JUHHQKRXVH ��� /�NJ� 3HVWLFLGHV ����
J�NJ� 1LWURJHQ ���� J�NJ� 3KRVSKRUXV ��� J�NJ� 3RWDVVLXP ��� J�NJ� RU K\GURSRQLF FXOWLYDWLRQ �:DWHU
��� /�NJ� 3HVWLFLGHV � J�NJ� 1LWURJHQ ��� J�NJ� 3KRVSKRUXV ��� J�NJ� 3RWDVVLXP ��� J�NJ�� /DQG XVH
IRU FRQYHQWLRQDO DQG JUHHQKRXVH FXOWLYDWLRQ PD\ EH VLPLODU� ZKHUHDV K\GURSRQLFV LV PRUH
VSDFH�HIILFLHQW��������P��NJ��WKDQ�FRQYHQWLRQDO�DJULFXOWXUH�������P��NJ�����
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8VLQJ 5H&LSH IRU LPSDFW DVVHVVPHQW� )LJXUH � VKRZV WKDW ILQH SDUWLFXODWH PDWWHU LV WKH GRPLQDQW
FRQWULEXWRU WR WKH KXPDQ KHDOWK LPSDFWV DQG WKDW WKH LPSDFW LV JUHDWHU IRU FRQYHQWLRQDO IDUPLQJ WKDQ
IRU JUHHQKRXVH RU K\GURSRQLF FXOWLYDWLRQ� *UHHQKRXVH DQG K\GURSRQLF FXOWLYDWLRQ KDYH VLPLODU
KXPDQ KHDOWK LPSDFWV� )LJXUH � VKRZV WKDW FRQYHQWLRQDO FXOWLYDWLRQ KDV JUHDWHU LPSDFWV RQ VSHFLHV
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GXH WR ODQG XVH� WHUUHVWULDO DFLGLILFDWLRQ� IUHVKZDWHU HXWURSKLFDWLRQ� DQG HFRWR[LFLW\� \HW RYHUDOO�
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Objective 
The avocado sector in New Zealand is growing rapidly, driven particularly by demand in overseas 
markets. To facilitate continuous improvement in the environmental profile of the New Zealand 
avocado supply chain, an environmental Life Cycle Assessment (LCA) of conventional avocado 
production was undertaken, focusing on four impact categories ± climate change, eutrophication, 
water use, and ecotoxicity (freshwater and terrestrial). 
 
Methodology 
The study took a µcradle-to-orchard gate¶ approach (excluding the nursery stage). Using 
disproportionate stratified sampling for subgroups (based on region, size, and performance), data 
were collected for 53 orchards LQ�1HZ�=HDODQG¶V�WKUHH�PDLQ�DYRFDGR�JURZLQJ�UHJions: the Bay of 
Plenty, the Mid North and the Far North1. This sample represents 19% of the New Zealand avocado 
sector. The sample was divided into µTier 1¶ and µTier 2¶ orchards using a scoring system developed 
to reflect the overall quality of the collected data for each orchard. Input data included fertiliser, 
water, electricity, agrichemical, and fuel use. Each orchard was modelled for 1kg of Hass avocados, 
guided by the relevant ISO standards ISO (2006a), ISO (2006b), and the associated guidelines (EC-
JRC-EIS, 2010a; and EC-JRC-IES, 2010b), as well as the International Environmental Product 
Development (EPD) System¶s Product Category Rules (PCRs) for fruits and nuts (EPD 
International, 2019). Climate change and eutrophication impacts were calculated using the CML 
2001 method. Water use impacts were calculated using the Water Use in Life Cycle Assessment 
(WULCA¶s) AWARE method (using the aggregated characterisation factor for New Zealand). 
USEtox 2.12 was used for freshwater ecotoxicity and both recommended and interim 
characterisation factors were used as advised (USEtox, 2022) 2 . Since USEtox only assesses 
freshwater ecotoxicity, ReCiPe 2016 (V1.1) (H) was used for terrestrial ecotoxicity impacts as this 
method includes emission flows for most of the pesticides used on avocado orchards. Ranges, 
averages, and production-based weighted averages in each region, for the Tier 1 and 2 orchards 
separately, were calculated for each impact category. The weighted average impact values for both 
tiers were weighted again against total production of the sampled orchards in each region to provide 
regional weighted average values for each impact category.  
 
LCA Inventory Analysis and Modelling 
The main agrichemicals used in avocado growing in New Zealand are fungicides (mostly copper-
based), insecticides (including miticides), mineral oil, herbicides (mainly glyphosate and 
glufosinate), and a plant growth regulator. All conventional avocado production in New Zealand 
also involves the use of synthetic (mineral) fertilisers (straight, blended, and complex), organic and 

 
1 Of these, four recently established supra-massive orchards were excluded from the baseline model, since their low productivity 
resulted in unusually high impact values when using a mass-based functional unit. 
2 USEtox provides a distincWLRQ�EHWZHHQ�µUHFRPPHQGHG¶�DQG�µLQWHULP¶�Fharacterisation factors, based mainly on the applicability to 
respective substances or the availability/quality/reliability of input data. However, USEtox (2022) recommends that ideally, both 
should be included  
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natural fertilisers like kelp, and in small quantities, compost. Most of the products are 
straight/simple fertilisers, but a few blended and complex fertiliser products are also used frequently. 
Based on informal consultations with industry members, all agrichemical and fertiliser products 
were modelled for transport from Germany (except a few like lime and urea, and gypsum which 
was imported from South Australia). Application impacts of insecticides, herbicides, fungicides, and 
mineral oil were modelled as 100% of their respective Active Ingredients (AIs) being emitted to 
agricultural soil. Fertilisers were modelled for emissions of direct and indirect N2O, NOx, NO3

- 
(leaching), NH3, P2O5, P, and CO2). Emission factors for all of the listed emissions (except CO2) 
were obtained from EPD International (2019). The MfE (2020) guide was used for CO2 emissions 
from urea and lime. The New Zealand electricity grid mix was used to model electricity use on 
orchard. Electricity use data on orchard was obtained from the growers and was mainly used by 
pumps for extracting groundwater. In addition, water use data was classified by source 
(groundwater, town supply, etc.), and electricity use was modelled for water purification when town 
water supply was used. Fuel use predominantly comprised diesel and petrol, and was mainly 
attributed to activities like mowing, spraying pesticides and fertilisers, pruning, chipping, mulching, 
harvesting, shelter belt trimming, and diesel-powered bore pumps on irrigated orchards. Overall 
fuel use was modelled as not all growers had data readily available for fuel use disaggregated by 
activity. Data related to the manufacturing of production equipment, building, and capital goods 
were not included in this analysis. 
 
Results and Discussion 
For each impact category, the Life Cycle Impact Assessment (LCIA) values for Tier 1 and 2 
orchards and the regional averages are presented in Figure 13. 
 

 
Figure 1 Environmental impact scores of sampled orchards, in all five impact categories. The error bars 
represent the 95% confidence interval of the impact values of the orchards in each region. 
 

 
3 There was only one Tier 2 orchard in the Far North sample. Thus, there is only one score for this orchard for all impact categories, 
and therefore, no weighted average or confidence interval. 
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The regional impact scores for climate change are similar, apart from the Tier 2 orchard in the Far 
North, which had a higher score. The main contributing sub-stages/inputs to the climate change 
impact category in all three regions are fuel and fertilisers. All fertiliser-related impacts are due to 
emissions of CO2 and N2O to air. These impacts are related to both µQRQ-DSSOLFDWLRQ¶ activities 
(production/formulation, and transport), and application on the orchard. Of these, the regional non-
application activities account for >62% of the impacts on average. 
The Mid North has the largest eutrophication impact, followed by the Bay of Plenty and the Far 
North. Fertiliser and soil conditioner use contribute the most to the eutrophication impact category 
in all three regions. The majority of the impacts (80% on average) are from fertiliser application due 
to the emission of nitrates, phosphates, and phosphorous.  
The water use impacts in the Far North are much higher than those the Mid North and Bay of Plenty, 
and the Bay of Plenty has the lowest impact. The water use on orchards is the main contributor to 
the overall water use impact score for the Mid North and the Far North. This is on account of the 
water sourced from town supply or drawn from aquifers by bore pumps for irrigation (and to a 
smaller extent, spraying) in these two regions. In contrast, the water requirement for many of the 
orchards in the Bay of Plenty are met with rainfall and harvested rainwater. Thus, the water used on 
orchards in the Bay of Plenty is not a major contributor to this impact category. A conservative 
approach was taken to model water use impacts ± water µconsumed¶ was considered to be equal to 
water µwithdrawn¶ for use in irrigation. 
The Far North had the highest scores for both the average freshwater and terrestrial ecotoxicity 
scores. Agrichemical use dominates the freshwater ecotoxicity impact (on average, 47% of total 
freshwater ecotoxicity impact in each region), particularly when copper-based fungicides are used 
on the orchard. In the absence of fungicide inputs, the production and transport of fertilisers 
contributes more to this impact category. Terrestrial ecotoxicity impacts are mainly due to emissions 
of heavy metals (particularly copper) to air during the manufacturing of agrichemicals and 
fertilisers.  
Overall, fertiliser and fuel inputs are the hotspots for all impact categories except water use, where 
irrigation-related water use on orchard is the hotspot. For ecotoxicity, agrichemical use is an 
additional hotspot. Regional impact score analyses shows that for water use, the Far North score is 5 
and 9 times the value of the Mid North and Bay of Plenty respectively, and the Far North is 
therefore a regional hotspot for this impact category. However, there is variability in both inputs and 
impact category results between orchards in all three regions. For example, the values of the 
orchards with the highest climate change impacts are 252%, 238%, and 387% greater than the 
orchards with the smallest impacts in the Far North, the Mid North and the Bay of Plenty, 
respectively. In contrast, the Tier 1 and Tier 2 results for each region (per impact category) are 
relatively similar to each other, which suggests that the data estimated by the Tier 2 growers in each 
region are fairly accurate. 
Some methodological challenges, and associated recommendations, were identified in this study: 
a For this study, the nursery stage was excluded. However, the nursery stage can be 

environmentally demanding, depending on the specific conditions required to grow saplings of 
different species ± for example, there may be requirements for growth substrates or plastics to 
protect certain plant species in the sapling stage (Cerutti et al., 2014). If the temporal aspect of 
the avocado life cycle is considered, and the impacts of the nursery stage allocated across its life 
cycle of approximately 50 years, these impacts are likely to be insignificant compared to the 
core agricultural production stage. However, until such an assessment is done, the exact 
contribution of the nursery stage to overall impacts remains unknown.  

a This study focuses only on the productive stage of the orchard and excludes the initial years 
between orchard establishment and commercial production as well as the low-yield years of 
senescent trees). For future studies, it is recommended to include this initial stage, and then 
allocate the impacts across the perennial fruit tree life cycle ± but report them separately from 
the productive stage. 
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a It was assumed that 100% agrichemical emissions go to agricultural soil. However, ReCiPe 
2016 does not account for emissions to agricultural land because agricultural soil is modelled as 
part of the technosphere; therefore, the terrestrial ecotoxicity impacts on agricultural soil are not 
assessed. For freshwater ecotoxicity, the actual fractions of emissions emitted to air and water 
are overlooked, and corresponding impacts are not assessed. The Danish collaborative research 
project called Operational Life Cycle Assessment of Pesticides (OLCA-Pest) recently 
recommended methods to incorporate default emission fractions to different environmental 
components within LCI databases (Nemecek et al., 2022). Use of these default factors along 
with a consensus-backed impact assessment method like USEtox, could provide a more realistic 
assessment of actual pesticide-related impacts at the orchard stage. 

a The main challenge with using the CML 2001 (2016 version) characterisation model for 
eutrophication is its spatial and temporal environmental relevance, due to nearly total absence of 
fate modelling. However, until more updated methods are available that are globally valid and 
yet have site-specific characterisation factors based on all limiting nutrients of local relevance, it 
is recommended to use this approach to model eutrophication impacts for New Zealand.  

a For this study, the annual, national level, aggregated and undifferentiated (average of 
agricultural and non-agricultural factors) characterization factor was used was assessing water 
use impacts via the AWARE method. It is recommended that future studies build on this and 
calculate impact values with more resolution, by using the sub-national, agricultural 
characterisation factors for monthly time intervals.  
 

Conclusion 
This study quantified the life cycle-based environmental impacts associated with avocado 
cultivation in the three main avocado growing regions of New Zealand ± the Far North, Mid North, 
and Bay of Plenty. Impacts were assessed in five categories ± climate change, eutrophication, water 
use, and ecotoxicity (freshwater and terrestrial), and environmental hotspots were identified for 
each impact category. Fertiliser and fuel use were the main contributors to all impact categories, 
except water use, in which irrigation-related on-orchard water use was the main contributor. One 
interesting learning that emerged from the study was the significant difference in water use impacts 
between the Far North and the other two regions. The regional average (weighted by production) 
climate change impact was 0.46 kg CO2 per kg avocados for both the Far North and Mid North, and 
0.4 kg CO2 eq./kg avocados for the Bay of Plenty. These values are at the lower end of the range 
calculated in other avocado studies which range from 0.5 to 2.24 kg CO2 eq./kg avocados (Bartl et 
al., 2012; Stoessel et al., 2012; Astier et al., 2014; Frankowska et al., 2019; Esteve-Llorens et al., 
2022). However, these results are not directly comparable with each other because of the different 
system boundaries and/or orchard life cycle stages addressed in each study.   
 
The lack of site-specificity with respect to modelling of the eutrophication, water use, and 
ecotoxicity impacts were noted in this study. However, aiming for site-specificity when modelling 
these impacts for a large sample size is very challenging, therefore it might be appropriate to 
continue using simpler indicators when the goal of the study is to develop national level 
benchmarks, and not for comparing the environmental performance of individual orchards.  Another 
point of interest is the high variability in both the input and environmental impact scores across 
orchards in all three regions, across all the four impact categories. The results of this study are being 
used to develop a more extensive model that includes packhouse and coolstore activities, and 
distribution to domestic and overseas markets. This could potentially lead to the development of a 
sector-based environmental monitoring system and/or certification scheme. It will be important to 
consider the reasons for the variability between orchards when establishing such a  system so that it 
can be tailored to support individual orchards to improve their environmental profiles (Poore & 
Nemecek, 2018).  
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7KH�LPSDFW�RI�IDUP�LQKHUHQW�YDULDELOLW\�LQ�HQYLURQPHQWDO�DVVHVVPHQW�RI�GDLU\�
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�,QVWLWXWH�RI�$JULIRRG�5HVHDUFK�DQG�7HFKQRORJ\��6XVWDLQDELOLW\�LQ�%LRV\VWHPV�5HVHDUFK�3URJUDP��&DWDORQLD��6SDLQ 
�,QVWLWXWH�RI�$JULIRRG�5HVHDUFK�DQG�7HFKQRORJ\��5XPLQDQW�3URGXFWLRQ�5HVHDUFK�3URJUDP��&DWDORQLD��6SDLQ 
�&RRSHUDWLYD�OOHWHUD�5DPDGHUV�GHO�%DL[�(PSRUGj��&DWDORQLD��6SDLQ 
 
.H\ZRUGV��PLON��PHDW��OLYHVWRFN�IDUPLQJ��/&$��VXVWDLQDELOLW\��VXSSO\�FKDLQ 
 

&RUUHVSRQGLQJ�DXWKRU��7HO������������������� 
�(�PDLO�DGGUHVV��PDUWD�UXL]#LUWD�FDW 
 
7KH�(XURSHDQ�&RPPLVVLRQ¶V�3URGXFW�(QYLURQPHQWDO�)RRWSULQW��3()��LQLWLDWLYH��LQ�LWV�ZRUN�WRZDUGV�
GHYHORSLQJ� D� KDUPRQL]HG�PHWKRGRORJ\� WR� FDOFXODWH� DQG� KHOS� WR� FRPPXQLFDWH� WKH� HQYLURQPHQWDO�
IRRWSULQW�RI�DJUL�IRRG�SURGXFWV��PXVW�GHDO�ZLWK� LQKHUHQW�YDULDELOLW\�RI� WKH�DJULFXOWXUDO� VHFWRU��7KLV�
VWXG\�DLPV�WR�DVVHVV�WKH�HQYLURQPHQWDO�LPSDFW�RI�WKH�GDLU\�YDOXH�FKDLQ�LQ�&DWDORQLD��QRUWK�HDVWHUQ�
6SDLQ�� IURP� FUDGOH� WR� GLVWULEXWLRQ�� DQG� WR� WHVW� WKH� VXLWDELOLW\� RI� WKH� 3()� DQG� GDLU\�VSHFLILF� 3()�
&DWHJRU\�5XOHV��3()&5V��JXLGHOLQHV�WR�RXU�SURGXFWLRQ�V\VWHPV�� 
 
7KH�HQYLURQPHQWDO�LPSDFW�RI�FRZ�PLON��FKDUDFWHUL]HG��QRUPDOL]HG��ZHLJKHG�YDOXHV��ZDV�DVVHVVHG�DW�
WKUHH�GDLU\�IDUPV�ORFDWHG�LQ�&DWDORQLD��)RU�WKH�VWXG\�WR�EH�3()�FRPSOLDQW�DOO�WKH�LPSDFW�FDWHJRULHV�
OLVWHG�LQ�WKH�GDLU\�VSHFLILF�3()&5�JXLGHOLQHV�ZHUH�DVVHVVHG�DFFRUGLQJ�WR�WKH�()�����0HWKRG��DGDSWHG��
9������)D]LR�HW�DO����������WKURXJK�/&$�6RIWZDUH��35p&RQVXOWDQWV���������2QO\�VRPH�FKDUDFWHUL]HG�
UHVXOWV�DUH�VKRZQ�LQ�WKLV�VWXG\��VHOHFWHG�DFFRUGLQJ�WR�PRGHO�UREXVWQHVV�DQG�UHOHYDQFH�IRU�WKH�VHFWRU��
7KH�IXQFWLRQDO�XQLW�ZDV���WRQQH�RI�IDW�SURWHLQ�FRQYHUWHG�PLON��)3&0���7KH�VFRSH�RI�WKH�VWXG\�ZDV�
FUDGOH�WR�LQGXVWU\�JDWH�LQFOXGLQJ�SDFNDJLQJ�DQG�GLVWULEXWLRQ��$�TXHVWLRQQDLUH�ZDV�GHVLJQHG�WR�FROOHFW�
SULPDU\�GDWD�IURP�HDFK�VWDJH��'DWD�FROOHFWLRQ�ZDV�DQ�LWHUDWLYH�SURFHVV��FRPSOHWHG�ZLWK�LQWHUYLHZV�
DQG�IDUP�YLVLWV��'DWDVHWV�XVHG�IRU�VHFRQGDU\�GDWD�ZHUH�UHWULHYHG�IURP�(FRLQYHQW�����GDWDEDVH��:HUQHW�
HW�DO���������DQG�$JULEDO\VH��$VVHOLQ�%DOHQoRQ�HW�DO����������DQG�DGDSWHG�WR�ORFDO�FRQGLWLRQV�ZKHQ�
SRVVLEOH��5HJDUGLQJ�IHHG��ZKHQ�LQJUHGLHQWV�ZHUH�JURZQ�LQ�WKH�VDPH�IDUPV��LWV�LPSDFW�ZDV�FDOFXODWHG�
XVLQJ�SULPDU\�GDWD��,PSDFW�IURP�FRPPHUFLDO�IHHG�ZDV�DVVHVVHG�XVLQJ�VHFRQGDU\�GDWDVHWV�IRU�HDFK�RI�
WKH�LQJUHGLHQWV�RI�WKH�FRPSRXQG��(PLVVLRQV�ZHUH�FDOFXODWHG�IROORZLQJ�7LHU�,,�IURP�,3&&��������DQG�
(XURSHDQ�(QYLURQPHQWDO�$JHQF\��(0(3�(($���������'DWD�IURP�GDLU\�SURFHVVLQJ�SODQW��FRQILGHQWLDO��
ZHUH� FROOHFWHG�� DQG� LPSDFW�ZDV� DVVHVVHG� LQFOXGLQJ� SDFNDJLQJ� DQG� GLVWULEXWLRQ� �WKXV�� WUDQVSRUW� WR�
PDUNHW�DQG�VXSHUPDUNHW�FHQWUDOV��� �7R�DFFRXQW�IRU� WKH�HQYLURQPHQWDO� IRRWSULQW�IURP�WKH�UDZ�PLON��
LPSDFW�IURP�WKH���IDUPV�ZDV�ZHLJKHG�DFFRUGLQJ�WR�WKHLU�SURGXFWLYLW\�� 
 
5HJDUGLQJ�V\VWHP�PXOWLIXQFWLRQDOLW\��HPLVVLRQV�IURP�PDQXUH�VWRUDJH��WUDQVSRUW�DQG�DSSOLFDWLRQ�ZHUH�
DOORFDWHG�WR�WKH�ILHOG�FURSV�IURP�WKH�IDUP�ZKHUH�LW�ZDV�YDORULVHG�DV�IHUWLOL]HU��7KH�UHVW�RI�WKH�PDQXUH�
ZDV�FRQVLGHUHG�DV�D�UHVLGXDO�SURGXFW��E\�SURGXFW��DQG�WKHUHIRUH�EXUGHQ�ZDV�DOORFDWHG�WR�UDZ�PLON�
SURGXFHG�DW�IDUP��(XURSHDQ�&RPPLVVLRQ���������)RU�WKH�IDUP�LPSDFW�DOORFDWLRQ�WR�WKH�GLIIHUHQW�FR�
SURGXFWV��XSVWUHDP�EXUGHQV�ZHUH�VKDUHG�EHWZHHQ�UDZ�PLON�DQG�OLYH�DQLPDOV�DW�WKH�IDUP�JDWH�EDVHG�RQ�
WKH�ELRSK\VLFDO�DOORFDWLRQ�PHWKRG��,')��������DV�LQGLFDWHG�E\�3()&5�IRU�GDLU\�SURGXFWV��(XURSHDQ�
&RPPLVVLRQ���������7KH�UHVXOWV�IURP�WKLV�PHWKRG�ZHUH�WKHQ�FRPSDUHG�ZLWK�WKH�DOORFDWLRQ�PHWKRG�
SURSRVHG�E\�1HPHFHN� DQG�7KRPD� ��������ZKLFK� SURSRVHG� DQ� DOWHUQDWLYH� DOORFDWLRQ� DSSURDFK� IRU�
IDUPV�ZLWK�KLJK��!����%05��UDWLR�EHWZHHQ�OLYH�ZHLJKW�RI�VROG�DQLPDOV�DQG�)3&0��YDOXHV��$W�WKH�
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GDLU\�SURFHVVLQJ�LQGXVWU\��LPSDFW�RI�WKH�XSVWUHDP�EXUGHQ�ZDV�GRQH�E\�PDVV�DOORFDWLRQ�EHWZHHQ�WKH�
GLIIHUHQW� FR�SURGXFWV� �FUHDP� DQG� OLTXLG�PLON� LQ� WKLV� FDVH�� GHSHQGLQJ� RQ� WKHLU� GU\�PDWWHU� FRQWHQW�
IROORZLQJ�WKH�3()&5�IRU�GDLU\�SURGXFWV��(XURSHDQ�&RPPLVVLRQ�������� 
 
)DUP�LQYHQWRU\�GDWD�ZHUH�FROOHFWHG�WR�FDOFXODWH�WKH�HQYLURQPHQWDO�LPSDFW�RI�SURGXFLQJ�UDZ�PLON�DW�
IDUP�JDWH�IRU�WKUHH�GLIIHUHQW�IDUPV�UHSUHVHQWDWLYH�RI�WKH�VWXGLHG�V\VWHP�� 
 
x )DUP�����IDPLO\�GDLU\�IDUP��$QLPDO�KHDGV�����FDOYHV�����KHLIHU�����PDWXUH�IHPDOHV��%UHHG�+ROVWHLQ�
)ULHVLDQ��&RPPHUFLDO�PLON�UDWH�RI������WRQQH�D�\HDU�SHU�SURGXFWLYH�DQLPDO��2ZQ�FURSV�����KHFWDUHV�
�IRGGHU�����WRQQH�SHU�\HDU�DQG�IDUP��DQG�FRPSRXQG�IHHG��XQZHDQHG�FDOI�������WRQQH�SHU�\HDU�DQG�
IDUP��GU\�FRZV������WRQQH�SHU�\HDU�DQG�IDUP��ODFWDWLQJ�FRZV������WRQQH�SHU�\HDU�DQG�IDUP� 
x )DUP����GDLU\�H[SHULPHQWDO�IDUP��$QLPDO�KHDGV�����FDOYHV�����KHLIHUV������PDWXUH�IHPDOHV��%UHHG�
+ROVWHLQ�)ULHVLDQ��&RPPHUFLDO�PLON�UDWH�RI������WRQQH�D�\HDU�SHU�SURGXFWLYH�DQLPDO��2ZQ�FURSV�����
KHFWDUHV��IRGGHU������WRQQH�SHU�\HDU�DQG�IDUP��DQG�FRPSRXQG�IHHG��XQZHDQHG�FDOI������WRQQH�SHU�
\HDU�DQG�IDUP��GU\�FRZV������WRQQH�SHU�\HDU�DQG�IDUP��ODFWDWLQJ�FRZV������WRQQH�SHU�\HDU�DQG�IDUP� 
x )DUP����IDPLO\�GDLU\�IDUP��$QLPDO�KHDGV�����FDOYHV�����KHLIHUV�����PDWXUH�IHPDOHV��&URVV�EUHHG�
+ROVWHLQ�)ULHVLDQ�%HOJLXP�%OXH��&RPPHUFLDO�PLON�UDWH�����WRQQH�D�\HDU�SHU�SURGXFWLYH�DQLPDO��2ZQ�
FURSV�����KHFWDUHV��IRGGHU�����WRQQH�SHU�\HDU�DQG�IDUP���FRPSRXQG�IHHG��XQZHDQHG�FDOI��GU\�FRZV��
ODFWDWLQJ�FRZV��������������WRQQH�SHU�\HDU�DQG�IDUP�UHVSHFWLYHO\�� 

 
7DEOH���VKRZV�WKH�UHVXOWV�IURP�D�VHOHFWLRQ�RI�LPSDFW�FDWHJRULHV�IRU�HDFK�IDUP��UDZ�PLON��DV�ZHOO�DV�
WKH� LPSDFW� LQFOXGLQJ� SURFHVVLQJ�� SDFNDJLQJ�� DQG� GLVWULEXWLRQ� �)3&0��� ,PSDFW� DW� LQGXVWU\� JDWH��
LQFOXGLQJ� WKH�PLON�SURFHVVLQJ� LPSDFW�� DV�ZHOO�DV� WKH�SDFNDJLQJ�RI� WKH�PLON� DQG� LWV�GLVWULEXWLRQ� WR�
PDUNHW�DQG�VXSHUPDUNHW�FHQWUDOV��ZDV�DVVHVVHG��&DUERQ�IRRWSULQW��&&��UHVXOWHG�LQ�������NJ�&2��HT�
WRQQH���)3&0��7DEOH������7KLV�ZDV�LQ�WKH�UDQJH�RI�WKH�(XURSHDQ�EHQFKPDUN�YDOXH�ZKLFK�LV�������NJ�
&2��HT�WRQQH���LQFOXGLQJ�SURFHVVLQJ�DQG�GLVWULEXWLRQ��(XURSHDQ�&RPPLVVLRQ���������5HJDUGLQJ�WKH�
PDLQ�GULYHUV�RI�WKH�LPSDFW�IRU�WKH�VWXGLHG�PLON�SURGXFWLRQ�V\VWHP��LW�ZDV�WKH�UDZ�PLON�SURGXFWLRQ�WKH�
SURFHVV�ZLWK�JUHDWHU�FRQWULEXWLRQ�WR�PRVW�LQGLFDWRUV��RYHU�����FRQWULEXWLRQ�WR�WKH�SRWHQWLDO�LPSDFW�RI�
DOO�WKH�LQGLFDWRUV���7KHUHIRUH��LW�LV�DW�WKH�IDUP�VWDJH�ZKHUH�PRUH�HIIRUWV�VKRXOG�EH�SODFHG�LI�WKH�DLP�LV�
WR�LPSURYH�WKH�VXVWDLQDELOLW\�RI�WKH�ILQDO�SURGXFW�� 
 
&&�IURP�WKH�GDLU\�IDUPV�UDQJHG�EHWZHHQ�������DQG�������NJ�&2��HT�WRQQH���RI�UDZ�PLON�DW�IDUP�JDWH�
�7DEOH�����&RQVLGHULQJ�IDUP�VSHFLILF�IDW�DQG�SURWHLQ�YDOXHV��EHWZHHQ������DQG������IRU�IDW�FRQWHQW�
DQG������DQG������IRU�SURWHLQ�FRQWHQW��&&�IURP�PLON�UHVXOWHG�EHWZHHQ�������DQG�������NJ�&2��HT�
WRQQH���)3&0�DW�GDLU\�IDUP�JDWH��0DLQ�FRQWULEXWLRQ�FDPH�IURP�IHHG�ZKLFK�H[SODLQHG��������RI�WKH�
WRWDO� LPSDFW� WR�&&� �LQ� SDUWLFXODU�� RZQ� FURSV� FRQWULEXWHG� EHWZHHQ� ��� DQG� ���� WR�&&���7KLV�ZDV�
IROORZHG�E\�FRQWULEXWLRQ�RI�HQWHULF�IHUPHQWDWLRQ�HPLVVLRQV�ZKLFK�H[SODLQHG�DURXQG��������RI�WKH�
WRWDO�LPSDFW�WR�&&��7KLV�ZDV�LQ�OLQH�ZLWK�GDWD�IRXQG�LQ�OLWHUDWXUH��)$2�������� 
 
2YHUDOO��GHVSLWH�WKH�KLJK�YDULDELOLW\�LQKHUHQW�LQ�DJULFXOWXUDO�DFWLYLWLHV��UHVXOWV�ZHUH�ORZHU��DFLGLILFDWLRQ��
RU�LQ�WKH�UDQJH��&&�DQG�HXWURSKLFDWLRQ��RI�WKH�(XURSHDQ�EHQFKPDUN�YDOXHV�JLYHQ�E\�WKH�3()&5�IRU�
GDLU\�SURGXFWV��7DEOH�����,PSDFW�WR�DFLGLILFDWLRQ�EHLQJ�ORZHU�WKDQ�WKH�EHQFKPDUN�LV�H[SODLQHG�E\�WKH�
XVH�RI�UHJLRQDOL]HG�IDFWRUV�LQ�WKH�IRUHJURXQG�GDWD��H�J���DPPRQLD�IORZ�UHJLRQDOL]HG�&)�IRU�6SDLQ�LV�
�������ZKLFK�DUH�FRQVLGHUDEO\�ORZHU�WKDQ�LQ�RWKHU�(XURSHDQ�FRXQWULHV��VLWH�XQVSHFLILF &)�RI�������
GXH� WR� WKH� ORFDWLRQ� RI� WKH� HPLVVLRQ� VRXUFH� � DQG� LWV� ORFDO� DWPRVSKHULF� FRQGLWLRQV�� VRLO� S+�� DQG�
VHQVLWLYLW\�RI�WKH�HFRV\VWHPV��6HSSlOl�HW�DO���������3RVFK�HW�DO����������+RZHYHU��WKLV�ZDV�QRW�WKH�FDVH�
IRU� WKH�ZDWHU� XVH� LPSDFW� FDWHJRU\� �&$���ZKLFK� VFRUHG� FRQVLGHUDEO\� KLJKHU� LQ� WKH� DVVHVVHG� IDUPV�
FRPSDUHG�WR�WKH�(XURSHDQ�UHIHUHQFH�YDOXH��7KH�SRWHQWLDO�LPSDFW�WR�ZDWHU�XVH�LPSDFW�FDWHJRU\�FDPH�
IURP�GLIIHUHQW�VRXUFHV�DW�HDFK�IDUP��$W�IDUP���WKH�FRQWULEXWLRQ�WR�WKLV�LQGLFDWRU�FDPH�PDLQO\�IURP�
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LUULJDWLRQ�RI�VRPH�RI�WKH�LQJUHGLHQWV�RI�WKH�IRGGHU��LQ�SDUWLFXODU��PDL]H��JURZQ�DW�WKH�IDUP��IROORZHG�
E\� WKH�ZDWHU� XVHG� DW� WKH� IDUP� �PDLQO\� DQLPDO� GULQNLQJ�� IROORZHG� E\� FOHDQLQJ��� ,Q� IDUP� ���PDLQ�
FRQWULEXWLRQ�FDPH�IURP�WKH�ZDWHU�XVHG�DW�WKH�IDUP��PDLQO\�DQLPDO�GULQNLQJ��IROORZHG�E\�FOHDQLQJ�DQG�
FRROLQJ��� DV�ZHOO� DV� IURP� WKH�ZDWHU�QHHGHG� IRU� SURGXFLQJ� WKH� LQJUHGLHQWV�RI� WKH� FRPPHUFLDO� IHHG�
FRPSRXQGV��LQ�SDUWLFXODU��PDL]H�JUDLQ���,Q�IDUP���PDLQ�FRQWULEXWLRQ�FDPH�IURP�WKH�ZDWHU�QHHGHG�IRU�
SURGXFLQJ�WKH�LQJUHGLHQWV�RI�WKH�FRPPHUFLDO�IHHG�FRPSRXQGV��LQ�SDUWLFXODU��PDL]H�IORXU��IROORZHG�E\�
WKH�ZDWHU�XVHG�DW�WKH�IDUP��PDLQO\�DQLPDO�GULQNLQJ��IROORZHG�E\�FOHDQLQJ���$�PRUH�HIILFLHQW�XVH�RI�
ZDWHU�� WRJHWKHU�ZLWK�PRUH� UHVHDUFK� LQ� VOXUU\� WUHDWPHQW� IRU� LWV�XVH�DV� LUULJDWLRQ�DQG�FOHDQLQJ�ZDWHU�
�ZLWKRXW� FRPSURPLVLQJ� VDIHW\� DQG� KHDOWK�� FRXOG� KHOS� UHGXFH� LPSDFW�� 0RUHRYHU�� WR� FDOFXODWH� WKH�
LPSDFW� IRU� WKLV� LQGLFDWRU��ZDWHU�ZDV� FKDUDFWHULVHG� DFFRUGLQJ� WR� WKH� DYDLODELOLW\� DW� D�QDWLRQDO� OHYHO�
IROORZLQJ�WKH�3()�JXLGHOLQHV��7KH�FKDUDFWHUL]DWLRQ�IDFWRU��&)��RI�6SDLQ�IRU�D�\HDU�������P��HT��LV�RQH�
RI� WKH� KLJKHVW� IURP�(XURSH� �H�J��� HTXLYDOHQW�&)� IRU�*UHHFH�� �����P�� HT��&)� IRU�(XURSH�ZLWKRXW�
6ZLW]HUODQG�������P��HT���'XH�WR�ODUJH�GLIIHUHQFHV�DPRQJ�ZDWHUVKHGV�LQVLGH�6SDLQ��XVLQJ�UHJLRQDOL]HG�
&)V�ZKHQ�KLJKHU�VSDWLDO�UHVROXWLRQ�LV�DYDLODEOH�FRXOG�UHGXFH�XQFHUWDLQW\�LQ�WKH�UHVXOWV��+RZHYHU��LQ�
WKLV�FDVH�IDUPV�ZHUH�OHVV�WKDQ����NP�DSDUW��DQG�ZDWHUVKHG�VFDOH�&)V�YDULHG�IURP������WR�����P��HT�
DPRQJ�WKHP��7KHUHIRUH��ZDWHU�LPSDFW�UHVXOWV�VKRXOG�EH�FRQVLGHUHG�SUHFDXWLRQDU\�GXH�WR�WKH�QHHG�RI�
IXUWKHU�UHVHDUFK�DQG�GHYHORSPHQW�RI�LPSURYHG�PRGHOV�IDFWRUV�� 
 
&RQFHUQLQJ�YDULDELOLW\�DFURVV�WKH�VWXGLHG�IDUPV��FOLPDWH�FKDQJH�LPSDFW�YDULHG�XS�WR�����NJ�&2��HT�
SHU�WRQQH�RI�)3&0�DFURVV�IDUPV��ZKLFK�LV�����RI�WKH�EHQFKPDUN�YDOXH��������NJ�&2��HT�SHU�WRQQH�
)3&0��� ,W�ZRXOG�EH�PHDQLQJIXO� WR�GLVWLQJXLVK�EHWZHHQ� GLIIHUHQW� IDUPV�RI�RULJLQ�RI� WKH� UDZ�PLON�
HQWHULQJ�WKH�LQGXVWU\�LQVWHDG�RI�XVLQJ�DYHUDJHV�ZKHUH�LPSDFW�IURP�KLJKHU�IRRWSULQW�PLON�JHWV�GLOXWHG�
LQ�WKH�ILQDO�UHVXOWV�� 
 
7KH�3()&5�IRU�GDLU\�SURGXFWV�KDV�EHHQ�GHYHORSHG�ZLWK�WKH�IRFXV��L�H��IRUHJURXQG��RQ�WKH�LQGXVWU\�
VWDJH��7KLV�PDNHV� VHQVH� LQ�PRVW� FDVHV� DV�� IURP� DQ� HFRODEHOOLQJ� SHUVSHFWLYH��ZH� DUH� EX\LQJ�PLON�
NQRZLQJ�WKH�SURFHVVLQJ�SODQW��EXW�QRW�WKH�H[DFW�IDUP�LW�FRPHV�IURP��7KH�PLON�DUULYLQJ�WR�DQ�LQGXVWULDO�
SURFHVVLQJ� SODQW� WR� SURFHVV� WKH� OLTXLG�PLON� IRU� D� VSHFLILF� ODEHO� FRXOG� FRPH� IURP� GR]HQV� RU� HYHQ�
KXQGUHGV�RI�GLIIHUHQW�IDUPV��:KHQ�DSSO\LQJ�WKH�3()�JXLGHOLQHV�WR�SHUIRUP�DQ�/&$�IURP�OLTXLG�PLON�
DW�WKH�LQGXVWU\�JDWH��RQH�FKDOOHQJH�ZRXOG�EH�KRZ�WR�DFFRXQW�IRU�WKH�KLJK�LPSDFW�WKDW�WKLV�YDULDELOLW\�
DW�WKH�IDUP�OHYHO�FDQ�KDYH�RQ�WKH�UHVXOWV��7KH�PRVW�DFFXUDWH�ZD\�ZRXOG�EH�WR�SHUIRUP�D�ZHLJKWHG�
PHDVXUH�� 6HOHFWLQJ�� VXUYH\LQJ�� DQG� DVVHVVLQJ� D� UHSUHVHQWDWLYH� VDPSOH�� FRXOG� EH� WLPH� DQG� HIIRUW�
FRQVXPLQJ�DV�IDUPV�FDQ�EH�YHU\�GLIIHUHQW�IURP�HDFK�RWKHU��)XUWKHUPRUH��SRWHQWLDO�ODFN�RI�GDWD�UHJLVWU\�
DW� IDPLO\� DQG� VPDOO�VFDOH� IDUPV� FDQ� FRPSOLFDWH� WKLV� WDVN��$QRWKHU� VROXWLRQ� ZRXOG� EH� WR� KDYH� D�
UHSUHVHQWDWLYH� SLFWXUH� �ORFDO� GDWDEDVHV�� RI� WKH� GLIIHUHQW� IDUP� W\SHV� �L�H��� DFFRUGLQJ� WR� WKRVH�
PDQDJHPHQW�FKRLFHV�DQG�SDUDPHWHUV�WKDW�KDYH�JUHDWHU�SRWHQWLDO�WR�FRQWULEXWH�WR�HQYLURQPHQWDO�LPSDFW��
RQ�WKH�UHJLRQ��LQLWLDWLYH�WKDW�VKRXOG�EH�SURPRWHG��,Q�DGGLWLRQ��ZH�ZRXOG�SURSRVH�ODEHOV�WKDW�VKRZ�WKH�
UDQJH�LQ�ZKLFK�WKH�LPSDFW�YDU\��UDWKHU�WKDQ�DEVROXWH�YDOXHV��WR�DFFRXQW�IRU�WKH�SULPDU\�VHFWRU�KLJK�
YDULDELOLW\�LQ�DJULIRRG�SURGXFWV��7KLV�ZRXOG�EHWWHU�UHSUHVHQW�WKH�LPSDFW�DQG�LW�FRXOG�KHOS�WR�PRWLYDWH�
LQGXVWU\�WR�WDNH�UHVSRQVLELOLW\�IRU�WKRVH�SURYLGHUV�RQ�WKH�ORZHU�ERXQG�� 
 
$OORFDWLRQ� RI� HQYLURQPHQWDO� LPSDFW� UHPDLQV� FKDOOHQJLQJ� ZKHQ� DSSO\LQJ� 3()� JXLGHOLQHV�� :KHQ�
DOORFDWLQJ� WKH� EXUGHQ� IURP� PLON� ORVVHV� DW� LQGXVWU\� VWDJH�� LPSDFW� RI� PLON� WKDW� LV� GLVSRVHG� ZLWK�
ZDVWHZDWHU�LV�DFFRXQWHG�IRU��+RZHYHU��PLON�ORVVHV�XVHG�IRU�D�GLIIHUHQW�SXUSRVH��H�J���SURGXFLQJ�ELRJDV�
RU� DQLPDO� IHHG�� WKDQ� WKH� SURGXFW� XQGHU� VWXG\� VKRXOG� EH� FRQVLGHUHG� DV� D� FR�SURGXFW� �(XURSHDQ�
&RPPLVVLRQ���������7KLV�GRHV�QRW�GLVWLQJXLVK�ZKHWKHU�WKHUH�LV�DQ�HFRQRPLF�YDOXH�IRU�WKLV�PLON�ORVVHV��
7KLV�DSSURDFK�VHHPV�LQFRQVLVWHQW�ZLWK�WKH�DOORFDWLRQ�DSSURDFK�IRU�RWKHU�E\�SURGXFWV�DW�WKH�IDUP�VWDJH��
H�J��� LI�PDQXUH� GRHV� QRW� KDYH� DQ� HFRQRPLF� YDOXH� LW� LV� WUHDWHG� DV� D� UHVLGXDO� SURGXFW� �L�H��� EXUGHQ�
DOORFDWHG� WR� UDZ�PLON���0RUHRYHU�� HFRQRPLF� DOORFDWLRQ� LV� RIWHQ� TXHVWLRQHG� E\� LWV� WHPSRUDU\� DQG�
JHRJUDSKLF�YDULDELOLW\��:H�ZRXOG�UHFRPPHQG�UHYLVLQJ�WKLV�DSSURDFK�IRU�FRQVLVWHQF\�DFURVV�GLIIHUHQW�
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VWDJHV�RI�WKH�SURGXFWLRQ�OLIH�F\FOH��DV�ZHOO�DV�DFURVV�GLIIHUHQW�VHFWRUV��,Q�SDUWLFXODU�LI�D�E\�SURGXFW�RI�
RQH�V\VWHP�FDQ�EHFRPH�DQ�LQSXW�IRU�DQRWKHU�V\VWHP��H�J���PDQXUH�IURP�OLYHVWRFN�XVHG�DV�IHUWLOL]HU�LQ�
FURSV��WR�DYRLG�GRXEOH�FRXQWLQJ�LPSDFW�DW�D�WHUULWRULDO�OHYHO��$�SULFH�LQGHSHQGHQW�DSSURDFK�VXFK�DV�
FLUFXODU�IRRWSULQW�IRUPXOD�FRXOG�EH�H[SORUHG�� 
 
5HJDUGLQJ�DOORFDWLRQ�RI�HQYLURQPHQWDO�PLON�PHDW�EXUGHQ�DW�GDLU\�IDUPV��DSSURDFK�IURP�1HPHFHFN�
DQG�7KRPD��������UHVXOWHG�PRUH�DSSURSULDWH��PLON�DOORFDWLRQ�IDFWRU��������YHUVXV��������IROORZLQJ�
3()&5�IRU�GDLU\�SURGXFWV���LQ�SDUWLFXODU�LQ�IDUPV�ZLWK�PXOWL�SXUSRVH�EUHHGV��)DUP����� 
 
Table 1. Characterised results of the environmental impact assessment for a selection of categories 

by tonne of raw milk at farm gate and by tonne of FPCM produced at industry including processing, 
packaging, and distribution. BMR: ratio between live weight of sold animals and FPCM. 

Comparisons are only feasible between the farms and between the two last columns.   

 Units Farm 1  Farm 2 Farm 3 Including 
Processing 

+ 
Distribution 

Characterised 
benchmark 

values  

BMR % 2.13 3.35 9.47  N/A 
Climate change kg CO2 eq 1.45E+03 1.46E+03 2.27E+03 1.46E+03 1.53E+03 
Acidification mol H+ eq 5.32E+00 8.13E+00 7.85E+00 6.50E+00 1.25E+01 
Eutrophication, 
freshwater 

kg P eq 1.70E-01 1.74E-01 2.75E-01 1.98E-01 1.04E-01 

Eutrophication, 
marine 

kg N eq 4.27E+00 7.88E+00 8.61E+00 5.77E+00 3.75E+00 

Eutrophication, 
terrestrial 

mol N eq 3.32E+01 5.50E+01 6.38E+01 4.21E+01 5.34E+01 

Water use m3 depriv. 3.15E+03 2.82E+03 2.92E+03 2.64E+03 3.11E+02 
 

,Q�FRQFOXVLRQ��IDUP�VWDJH�ZDV�GHWHUPLQDQW�LQ�PLON�HQYLURQPHQWDO�IRRWSULQW�DW�LQGXVWU\�JDWH��)HHG�ZDV�
WKH�PDMRU�FRQWULEXWRU�WR�WKH�LPSDFW�IRU�PRVW�LPSDFW�FDWHJRULHV��5HVXOWV�VKRZHG�WR�EH�ORZHU�RU�LQ�WKH�
UDQJH�RI�WKH�(XURSHDQ�EHQFKPDUN��H[FHSW�IRU�ZDWHU�IRRWSULQW��7KLV�ZDV�PDLQO\�GXH�WR�WKH�ORFDWLRQ�RI�
WKH�IDUPV��ZKHUH�DFFRUGLQJ�WR�WKH�PHWKRGRORJ\�WKH�XVH�RI�ZDWHU�LV�SHQDOL]HG��:H�ZRXOG�UHFRPPHQG�
D� UHYLVLRQ� RI� WKH� JXLGHOLQHV� WR� DGGUHVV� WKH� FKDOOHQJHV� HQFRXQWHUHG� ZKHQ� XWLOLVLQJ� WKH� 3()�
PHWKRGRORJ\�LQ�UHDO�ZRUOG�DSSOLFDWLRQV�WR�DVVHVV�HQYLURQPHQWDO�LPSDFW�RI�DJUL�IRRG�SURGXFWV��KRZ�
WR�FDSWXUH�WKH�DJULFXOWXUH�LQKHUHQW�YDULDELOLW\�LQ�ILQDO�SURGXFW�UHVXOWV��3()&5�IRU�GDLU\�SURGXFWV�KDV�
WKH�IRFXV�RQ�WKH�LQGXVWU\��7R�LPSURYH�WKHLU�3()&5�SURILOH�DQG�DFKLHYH�D�FRPSHWLWLYH�DGYDQWDJH��WKH�
PLON�LQGXVWU\�VKRXOG��IRU�HQYLURQPHQWDO�UHDVRQV��DQG�ZLOO��IRU�HFRQRPLF�UHDVRQV��SXUFKDVH�UDZ�PLON�
IURP�IDUPV�ZLWK�D�EHWWHU�HQYLURQPHQWDO�SHUIRUPDQFH�ZKLFK�QHHGV�WR�WDNH�UHVSRQVLELOLW\�IRU�WKH�RULJLQ�
RI�WKH�UDZ�PLON��*LYHQ�WKH�ODUJH�FRQWULEXWLRQ�RI�WKH�GDLU\�IDUP�VWDJH�WR�PLON�HQYLURQPHQWDO�IRRWSULQW�
DW�LQGXVWU\�JDWH��UDZ�PLON�LPSDFW�VKRXOG�QRW�EH�DFFRXQWHG�DW�LQGXVWU\�XVLQJ�DYHUDJHG�VHFRQGDU\�GDWD��
$V�SULPDU\�UHSUHVHQWDWLYH�GDWD�FDQ�EH�FKDOOHQJLQJ�WR�REWDLQ��ZH�SURSRVH�WR�SURPRWH�ZRUN�WRZDUGV�
KDYLQJ�D�UHSUHVHQWDWLYH�SLFWXUH�RI�IDUPV�DW�UHJLRQDO�OHYHO��WKXV��UHJLRQDO�GDWDEDVHV���,Q�UHODWLRQ�WR�HFR�
ODEHOOLQJ��ZH�SURSRVH�WDONLQJ�LQ�WHUP�RI�UDQJHV�LQVWHDG�DEVROXWH�YDOXHV��ZKDW�VKRXOG�EH�DGGUHVVHG�
ZKHQ�WUDQVODWLQJ�HQYLURQPHQWDO�LPSDFW�LQWR�$%&�W\SH�VFRUHV�� 
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$FNQRZOHGJHPHQWV 
(&
V�(,3�$*5,�2SHUDWLRQDO�*URXS�58035,17��IXQGHG�E\�'HSDUWPHQW�RI�$JULFXOWXUH��/LYHVWRFN��
)LVKHULHV�DQG�)RRG�*RYHUQPHQW�RI�&DWDORQLD�DQG�(XURSHDQ�$JULFXOWXUDO�)XQG�IRU�5XUDO�'HYHORSPHQW�� 
 
&LWDWLRQV�DQG�5HIHUHQFHV 
$VVHOLQ�%DOHQoRQ��$���%URHNHPD��5���7HXORQ��+���*DVWDOGL��*���+RXVVLHU��-���0RXWLD��$���5RXVVHDX��9���

:HUPHLOOH��$���	�&RORPE��9��������$*5,%$/<6(�Y�����WKH�)UHQFK�DJULFXOWXUDO�DQG�IRRG�/&,�
GDWDEDVH��0HWKRGRORJ\�IRU�WKH�IRRG�SURGXFWV��(G��$'(0(������ 

(0(3�(($��������(0(3�(($�DLU�SROOXWDQW�HPLVVLRQ�LQYHQWRU\�JXLGHERRN�������7HFKQLFDO�JXLGDQFH�
WR�SUHSDUH�QDWLRQDO�HPLVVLRQ�LQYHQWRULHV��(($�7HFKQLFDO�5HSRUW���������� 

(XURSHDQ�&RPPLVVLRQ��������3()&5������IRU�'DLU\�3URGXFWV�YHUVLRQ�������±����� 
)$2��������(QYLURQPHQWDO�SHUIRUPDQFH�RI�ODUJH�UXPLQDQW�VXSSO\�FKDLQV��*XLGHOLQHV�IRU�DVVHVVPHQW��

/LYHVWRFN�(QYLURQPHQWDO�$VVHVVPHQW�DQG�3HUIRUPDQFH�3DUWQHUVKLS��)$2��5RPH��,WDO\� 
)D]LR�� 6���&DVWHOODQL��9��� 6DOD�� 6��� 6FKDX��(��0��� 6HFFKL��0���=DPSRUL��/��� DQG�'LDFRQX��(�� ������

6XSSRUWLQJ�LQIRUPDWLRQ�WR�WKH�FKDUDFWHULVDWLRQ�IDFWRUV�RI�UHFRPPHQGHG�()�/LIH�&\FOH�,PSDFW�
$VVHVVPHQW�PHWKRGV��YHUVLRQ������IURP�,/&'�WR�()������(85������(1��(XURSHDQ�&RPLVVLRQ��
,VSUD��������,Q�,6%1��������������������GRL�����������������38%6<�1R��-5&�������� 

,')��������$�FRPPRQ�FDUERQ� IRRWSULQW� DSSURDFK� IRU�'DLU\��7KH� ,')�JXLGH� WR� VWDQGDUG� OLIH� F\FOH�
DVVHVVPHQW�PHWKRGRORJ\�IRU�WKH�GDLU\�VHFWRU��%UXVVHOV��%HOJLXP� 

,3&&��������&KDSWHU����(PLVVLRQV�)URP�/LYHVWRFN�DQG�0DQXUH�0DQDJHPHQW��5HILQHPHQW�WR�WKH������
,3&&�*XLGHOLQHV�IRU�1DWLRQDO�*UHHQKRXVH�*DV�,QYHQWRULHV�������� 

,62�������� ������ (QYLURQPHQWDO� PDQDJHPHQW�/LIH� F\FOH� DVVHVVPHQW�3ULQFLSOHV� DQG� IUDPHZRUN��
,QWHUQDWLRQDO�VWDQGDUG��������,QWHUQDWLRQDO�2UJDQLVDWLRQ�IRU�6WDQGDUGLVDWLRQ�,62��*HQHYD� 

1HPHFHN�� 7��� DQG� 7KRPD�� *�� ������$OORFDWLRQ� EHWZHHQ� PLON� DQG� PHDW� LQ� GDLU\� /&$�� FULWLFDO�
GLVFXVVLRQ�RI�WKH�,')¶V�VWDQGDUG�PHWKRGRORJ\��,Q��7HEHUOH��8���6PHWDQD��6���%RV��8���(GV����������
��WK� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� /LIH� &\FOH�$VVHVVPHQW� RI� )RRG� �/&$)RRG������� ������
2FWREHU�������%HUOLQ�9LUWXDOO\��*HUPDQ\��',/��4XDNHQEU�FN��*HUPDQ\���S�������� 

3RVFK��0���6HSSlOl��-���+HWWHOLQJK��-��3���-RKDQVVRQ��0���0DUJQL��0���DQG�-ROOLHW��2��������7KH�UROH�RI�
DWPRVSKHULF� GLVSHUVLRQ� PRGHOV� DQG� HFRV\VWHP� VHQVLWLYLW\� LQ� WKH� GHWHUPLQDWLRQ� RI�
FKDUDFWHULVDWLRQ�IDFWRUV�IRU�DFLGLI\LQJ�DQG�HXWURSK\LQJ�HPLVVLRQV�LQ�/&,$��,QWHUQDWLRQDO�-RXUQDO�
RI�/LIH�&\FOH�$VVHVVPHQW������������±����� 

35p&RQVXOWDQWV��������6LPD3UR��������� 
6HSSlOl��-���3RVFK��0���-RKDQVVRQ��0���DQG�+HWWHOLQJK��-��3��������&RXQWU\�GHSHQGHQW�FKDUDFWHULVDWLRQ�

IDFWRUV�IRU�DFLGLILFDWLRQ�DQG�WHUUHVWULDO�HXWURSKLFDWLRQ�EDVHG�RQ�DFFXPXODWHG�H[FHHGDQFH�DV�DQ�
LPSDFW�FDWHJRU\�LQGLFDWRU��,QWHUQDWLRQDO�-RXUQDO�RI�/LIH�&\FOH�$VVHVVPHQW������������±����� 

:HUQHW�� *��� %DXHU�� &��� 6WHXELQJ�� %��� 5HLQKDUG�� -��� 0RUHQR�5XL]�� (��� 	�:HLGHPD�� %�� ������ 7KH�
HFRLQYHQW�GDWDEDVH�YHUVLRQ����SDUW�,���RYHUYLHZ�DQG�PHWKRGRORJ\��7KH�,QWHUQDWLRQDO�-RXUQDO�RI�
/LIH�&\FOH�$VVHVVPHQW�������������±����� 
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Nowadays, the use of pesticides to remove weeds from the crops is a controversial 
technique. In that context, regulations are becoming more consistent with environmental 
issues. The European Commission, through its action plan European Green Deal 
(European Commission, 2019) and in the frame of Farm to Fork strategy (European 
Commission, 2020) has as an objective the reduction of pesticides dependence in 
agriculture, setting two key targets for pesticides by 2030 aiming to reduce by 50%: the 
use and risk of chemical pesticides as well as the use of more hazardous pesticides.  

In this study, the main objective was to conduct an LCA following the defined 
methodology in the ISO reference framework (ISO-14040, 2006) to analyse the 
contribution of different weeding strategies to each environmental impact category for 
maize production, including the use of pesticides. It is for that purpose that scenarios were 
defined considering three different strategies: chemical weeding, mechanical weeding, 
and a mix of both.  

Primary data had its origin in experimental fields in Girona, Catalunya. Emissions related 
to the use of fertilizers were estimated considering the emission factors proposed in 
PEFCR guideline (European Commission, 2017) but for phosphorus losses due to surface 
water erosion, Per, which were estimated considering local conditions using Prasuhn 
methodology (Prasuhn, 2006). To estimate pesticides application emissions, PestLCI 
consensus model (Nemecek et al., 2022) was followed, which gives air, water and soil 
emission factors according to the type of crop, growth stage and the machinery used to 
apply pesticides.  

The followed production process was equal for all the scenarios but for weeding process. 
Nine scenarios were assessed: i) control (no weeding process included); ii) chemical 
weeding, high load; iii) chemical weeding, low load; iv) simplified mechanical weeding 
(1-2 weedings); v) intensive mechanical weeding (required number of weedings); vi) 
chemical pre-emergence (total) plus mechanical weeding; vii) mechanical plus chemical 
post-emergence (total) weeding; viii) precision chemical pre-emergence plus mechanical 
weeding; ix) mechanical plus precision chemical post-emergence weeding. These four 
last scenarios corresponded with two strategies, ones which applied pesticides in the total 
crop area but in different crop stages, and the others, which apply the pesticides just in 
crop rows, reducing approximately by up to 60% the pesticide amount applied. The 
weeding machinery used was a row-crop cultivator, finger hoes, a precision tine harrow, 
and a boom sprayer.  
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Regarding the use of pesticides, the following types and amounts were applied to the 
scenarios analysed.  

Table 1. Amount of herbicides active matter applied in scenarios analysed. Mechanical weeding specification.

 

Secondary data were retrieved from Ecoinvent 3.6 database (Wernet et al., 2016) and 
Agribalyse (Asselin-Balençon et al., 2020), adapting the processes to local conditions 
whenever possible. 

The functional unit was 1 tonne of maize. The environmental impact assessment was done 
following the Environmental Footprint, EF, 3.0 method from European Commission 
initiative (European Commission, 2013) (European Commission, 2017) using Simapro 
9.1.1.7 (PRéConsultants, 2020). 

Table 2 shows the contribution of each scenario for each impact category. Bars indicate 
the contribution in one impact category of each scenario from highest to lowest. As seen 
from the results, the last three scenarios (vii, viii, ix) have a lower environmental impact 
in all impact categories analysed, affected by crop yield, which is considerably higher 
compared with the other scenarios. As crops have been developed in same conditions, the 
yield differences could be allocated to the weeding technique. 

Table 2. Results per tonne of maize grain expressed in equivalent units for the 16 impact categories (yellow marks 
highest contribution). 

 

As it can be seen in table 2, scenarios vii, viii and ix have the highest yield, consequently 
a lower impact per tonne of product is assigned; scenario i (control), is the one with the 
lowest yield, most affected by the weeds leaved in crop; chemical scenarios (ii and iii), 
have relatively higher yields; yield differences between scenarios vi and v come from the 
number of mechanical weedings, as the machinery damaged the crop, but both of them 

Herbicides, active matter i ii iii iv v vi vii viii ix
Terbutilazine - 0,66 - - - 0,66 - 0,26 -
Mesotrione - 0,13 - - - 0,13 - 0,05 -
S-metolachlor - 1,09 - - - 1,09 - 0,44 -
Nicosulfuron - - 0,06 - - - 0,06 - 0,02
Mesotrione - - 0,09 - - - 0,09 - 0,03
Dicamba - - 0,19 - - - 0,19 - 0,06
Mechanical weeding no no no yes yes yes yes yes yes

kg/ha

Management

Scenario i ii iii iv v vi vii viii ix
        Yield (tons/ha)

Unit
14.84 16.39 16.11 15.53 15.25 15.85 17.54 17.15 17.53

Climate change kg CO2 eq 2.75E+02 2.52E+02 2.56E+02 2.65E+02 2.72E+02 2.61E+02 2.37E+02 2.40E+02 2.37E+02

Ozone depletion kg CFC11 eq 2.18E-05 2.10E-05 2.06E-05 2.13E-05 2.19E-05 2.18E-05 1.93E-05 1.96E-05 1.92E-05

Ionising radiation kBq U-235 eq 1.14E+01 1.05E+01 1.06E+01 1.10E+01 1.13E+01 1.09E+01 9.90E+00 1.00E+01 9.88E+00

Photochemical ozone formation kg NMVOC eq 1.80E+00 1.66E+00 1.68E+00 1.75E+00 1.79E+00 1.71E+00 1.56E+00 1.58E+00 1.56E+00

Particulate matter disease inc. 9.05E-05 8.22E-05 8.34E-05 8.65E-05 8.82E-05 8.50E-05 7.67E-05 7.84E-05 7.68E-05

Human toxicity, non-cancer CTUh 7.32E-06 7.26E-06 6.84E-06 7.09E-06 7.26E-06 7.51E-06 6.35E-06 6.62E-06 6.34E-06

Human toxicity, cancer CTUh 1.80E-07 1.66E-07 1.71E-07 1.74E-07 1.78E-07 1.72E-07 1.59E-07 1.58E-07 1.57E-07

Acidification mol H+ eq 1.77E+00 1.65E+00 1.65E+00 1.72E+00 1.76E+00 1.71E+00 1.53E+00 1.56E+00 1.53E+00

Eutrophication, freshwater kg P eq 3.14E-02 2.92E-02 3.04E-02 3.04E-02 3.12E-02 3.02E-02 2.83E-02 2.77E-02 2.76E-02

Eutrophication, marine kg N eq 2.81E+00 2.55E+00 2.60E+00 2.69E+00 2.75E+00 2.64E+00 2.39E+00 2.44E+00 2.39E+00

Eutrophication, terrestrial mol N eq 2.10E+01 1.91E+01 1.94E+01 2.02E+01 2.06E+01 1.98E+01 1.79E+01 1.83E+01 1.79E+01

Ecotoxicity, freshwater CTUe 1.71E+04 2.04E+04 1.65E+04 1.64E+04 1.67E+04 2.11E+04 1.52E+04 1.67E+04 1.48E+04

Land use Pt 3.36E+04 3.05E+04 3.10E+04 3.21E+04 3.28E+04 3.15E+04 2.85E+04 2.91E+04 2.85E+04

Water use m3 depriv. 1.89E+04 1.71E+04 1.74E+04 1.81E+04 1.84E+04 1.77E+04 1.60E+04 1.64E+04 1.60E+04

Resource use, fossils MJ 1.91E+03 1.77E+03 1.79E+03 1.86E+03 1.91E+03 1.83E+03 1.67E+03 1.68E+03 1.67E+03

Resource use, minerals and metals kg Sb eq 4.82E-03 4.48E-03 4.54E-03 4.73E-03 4.88E-03 4.64E-03 4.27E-03 4.28E-03 4.27E-03

Maize

Convencional
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have a lower yield than chemical scenarios. Pre-emergence pesticides (scenario vi) had 
less efficiency in controlling weeds than post-emergence (scenario vii), what affected 
yields. 

Regarding freshwater ecotoxicity results, mainly affected by the use of pesticides, it can 
be detected that a greater impact is assigned in scenarios ii and vi, coinciding in the type 
and amount of herbicides used (table 1). Comparing the last three scenarios (vii, viii and 
ix), which is probably the clearest way to compare a weeding behaviour for their similar 
yield, it can be detected that the type of post-emergence pesticides has a lower effect to 
freshwater ecotoxicity than pre-emergence pesticides.  

In addition, Monte Carlo uncertainty analysis was conducted. This analysis allows to 
know the probability that the results are significantly different or not. It is considered 
significantly different when 95% of runs a specific scenario produces higher or lower 
environmental impact than other.  

The Monte Carlo analysis was conducted taking as reference the lower potential 
environmental impact scenario (with 1000 fixed number of runs and a 95% confidence 
interval). Results suggest that there is no better or worse scenario as the differences 
between scenarios are not significant enough in all the environmental categories. 

However, significant differences were found in some categories. Specifically, for 
freshwater ecotoxicity between all scenarios but for iv and vii (in scenario iv a low 
intensity mechanical weeding is applied, thus a similar result in this category makes sense 
as no pesticides are applied; in scenario vii the pesticides applied are the same type than 
reference scenario), for water use between all scenarios but for vii and viii, for mineral 
and metal resources depletion between scenarios i, iv and v, and for acidification and 
terrestrial eutrophication between scenario i. 

Yield differences between scenarios vi and viii (scenarios with a pretty similar 
management) could be attributed to the amount of pesticide used, as in scenario viii the 
strategy followed was to apply pesticides just in crop rows (the use of hoeing machine 
enable to conduct this kind of management). Although in scenario vi a hoeing machine 
was also used, the strategy was to test the yield behaviour when additionally applying 
pesticides in all the crop, and the result was a 1.3 tonne decrease, reaffirming that pre-
emergence pesticides in maize crops (same as chemical weeding high LOAD scenario, 
ii) tends to affect the crop yield to a greater extent in comparison with post-emergence 
pesticides (in which there are no significant differences between the yield of scenarios xii 
and ix). 

Considering other categories with significant differences in Monte Carlo analysis, results 
showed that water use, category mainly affected by irrigation, is influenced by crop yield, 
The amount of irrigation was the same in all scenarios and the difference between 
maximum and minimum yield was 2.7 tonnes (standard deviation of 0.99 tonnes). 
Acidification and terrestrial eutrophication follow the same line than water use, differing 
in the origin of affecting inputs, being in that case the emissions related to the use of 
fertilisers and the production process itself, and also due to diesel consumption for 
acidification. Finally, for minerals and metals resource depletion, the differences come 
not just from crop yield but also the agricultural machinery needed for agricultural 
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operations, which changes between scenarios according to the mechanical weeding 
intensity and the amount of pesticides used.  

In conclusion, although the environmental impact differences between scenarios are not 
significant enough to define clearly a better or worse scenario for all the environmental 
impact categories, some insights are given. It must be considered how weeding techniques 
affect the crop yield.  

Mixed weeding scenarios had the highest yields except for scenario vi, affected by the 
use of a large amount of pre-emergence pesticides, so impact per tonne can be reduced 
with a mixed weeding. Also, it has been proven that environmental impact changes in 
relation to the use of different types of pesticides, mainly related to toxicity impact 
categories. 

In addition, other points should be considered. There are other processes such as the diesel 
consumption due to other agricultural operations but weeding process that contribute even 
more to the environmental impact, including toxicity. As an example, diesel consumption 
due to other agricultural operations contributes around 55 to 60% to ozone depletion. 
Emissions from fertilizer application or irrigation infrastructure are also inputs that 
considerably contribute to environmental impact.  

Summarizing, mechanical and mixed weeding (excluding scenario vi) allow to reduce 
impact to toxicity categories, being that reduction strongly dependent on the active matter 
used in chemical weeding, in line with study done in 1999 (Gaillard & Irla, 1999). 
However, mechanical weeding affects other environmental categories as climate change, 
or acidification to a greater extent (Ahlgren, 2004). A mixed weeding with herbicide band 
application maintain a high yield while allows to reduce the amount of herbicide applied 
(Loddo et al., 2020).  Herbicide impact can be reduced considering the type of active 
matter and the amount applied while still optimizing weed control. 
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Soil organic carbon in the agriculture sector has often been looked to as a long-term climate 
change mitigation strategy. It is associated with better soil health and often included in critical 
climate change mitigation documents (Drever et al., 2021). However, the true impact of soil organic 
carbon and sequestration has potentially been overemphasized (Powlson et al., 2011; Amundson & 
Biardeau, 2018; Popkin, 2021). Evidence reveals that carbon sequestration in the form of soil 
organic carbon (SOC) storage is not an effective method for long-term climate change mitigation 
(Powlson et al., 2011; Amundson & Biardeau, 2018). Moreover, carbon that is sequestered by soil is 
finite and can be released back into the atmosphere (Amundson & Biardeau, 2018). Therefore, the 
significance of carbon sequestration to mitigating climate change impacts in the long term has 
dwindled and remains contentious. Hence, understanding the true impact of SOC and sequestration 
has never been more crucial. 

To understand the true impact of SOC in agriculture, there needs to be a holistic assessment 
of greenhouse gas (GHG) emissions resulting from crop production. This includes assessing factors 
such as soil type, precipitation, and land management practices. Life cycle assessment (LCA) is 
RIWHQ�FKRVHQ�DV�D�PHWKRG� WR�PRGHO� WKRVH�KROLVWLF�HPLVVLRQV�� L�H��� HPLVVLRQV� WKURXJKRXW� WKH�FURS¶V�
life cycle. However, modeling soil organic carbon fluxes in LCA is often left out due to lack of clear 
procedure (Joensuu et al., 2021; Goglio et al., 2015). A previous study by Goglio et al. (2015), 
analyzes soil carbon (C) accounting methods in LCA and recommends that a universal method 
should be applied to future LCA studies in assessing SOC fluxes. The study also reviews how land 
management practices (LMP) are considered in the various methods (Goglio et al., 2015). Since the 
VWXG\¶V� SXEOLFDWLRQ�� QHZ� VRLO� &� DFFRXQWLQJ�PHWKRGV� KDYH� HPHUJHG. Moreover, studies show that 
model initialization method and timeframe have significant impacts in SOC estimations (Joensuu et 
al., 2021). Consequently, an in-depth and up-to-date exploration of SOC modeling approaches is 
necessary to provide consensus within future LCA studies. This is particularly true of LCA studies 
that model organic field cropping systems. Organic field crop systems are underrepresented in LCA 
and their heterogenous land management practices (LMPs) make assessing and comparing SOC 
fluxes complicated across studies. 

Whether or not soil carbon sequestration can be relied on as a climate change mitigation 
solution, there are multiple co-benefits of sequestration that highlight its importance in agricultural 
V\VWHPV�� 7KH� EHQHILWV� RI� KHDOWK\� VRLO� &� VWRFNV� LQFOXGH� ³DGYDQFLQJ� IRRG� DQG� QXWULWLRQDO� VHFXULW\��
LQFUHDVLQJ�UHQHZDELOLW\�DQG�TXDOLW\�RI�ZDWHU«VWUHQJWKHQing elemental recycling (Lal et al., 2015, p. 
79), species conservation (Flores-Rios et al., 2020), and increased biodiversity (De Beenhouwer et 
al., 2016; Lal et al., 2015; Miles et al., 2009), among others. These co-benefits illustrate the 
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importance of studying SOC regardless of its use as a mitigation solution. 
As previously mentioned, SOC fluxes are often left out of LCAs because there is no clearly 

defined procedure for modeling (Joensuu et al., 2021; Goglio et al., 2015). A paper by Goglio et al. 
(2015) outlines several common modeling techniques but conclude that a common methodology to 
assess soil C fluxes in LCA be developed. Further, Sevenster and colleagues (2020) echo the 
importance of modeling SOC changes, advocating that ongoing development of SOC methodology 
and modelling is vital. An assessment of the current SOC methodologies is needed. Hence, the 
purpose of this review is twofold: (1) further the learning surrounding how land management 
practices are approached in regard to modeling carbon fluxes, and (2) learn about challenges and 
specifications that exist for soil C accounting in LCA that can be applied to the organic agricultural 
sector. This will aid in understanding how LMPs are assessed with each method and what can be 
learned from these approaches in order to better model SOC in organic agriculture. 

To understand the approaches to modeling C flux, a literature review search was conducted 
to capture current soil organic carbon modeling techniques used in life cycle assessment studies. 
The Scopus database was used to perform this systematic literature review search. The following 
keywords were included: "LCA" OR "life AND cycle AND assessment" OR "life AND cycle AND 
analysis" OR "carbon footprint*" OR "environmental footprint*" AND "corn*" OR "pea*" OR 
"oat*" OR "lentil*" OR "potato*" OR "wheat" OR "hay" OR "grain*" OR "cereal*" OR "oilseed*" 
OR "barley" OR "rye" OR "soy" OR "soybean*" OR "maize" 25�³PDLVH´�OR "pulse*". Terms such 
DV�³VRLO�RUJDQLF�FDUERQ´�RU�³FDUERQ�IOX[´�RU�³VRLO�FDUERQ�IOX[´�ZHUH�OHIW�RXW�RI�WKLV�VHDUFK�EHFDXVH�
preliminary searches revealed those terms are exclusive to LCA studies which looked at SOC, but 
do not include SOC in the title or keywords. Thus, this all-encompassing search included papers 
with SOC in the title and keywords, and those without which still assessed SOC. Further, search 
results were narrowed by including the publishing dates of 2010-present (2022). This ensured the 
timeliest papers were chosen and the most modern modeling techniques were showcased. An 
additional geography filter was included: selecting papers with a similar climate and soil types as 
the US and Canada.  

The final number of papers that were included in the full analysis was 125. This list of 
papers was used to understand and categorize current modeling approaches of soil organic carbon in 
life cycle assessment studies. From this list, papers were analyzed in-depth for the land management 
practices that were simulated with each modeling approach. Furthermore, the modeling approaches 
were looked at for their usefulness and accuracy in the organic agriculture sector. 

In total, 20 different SOC accounting approaches were identified in the literature review. 
The most common method, calculation, is a combination of calculation-based approaches such as 
minimum residue return rate, estimations based on prHYLRXV�VWXGLHV¶�FDOFXODWLRQV��DQG�SOXJJLQJ�LQ�
emissions factors. Field-level sampling was the chosen method for ten studies. Finally, the method 
using external, downloadable software packages to assess SOC are common, but there are a 
multitude of these models which makes choosing an appropriate one difficult. The immense number 
of these software mean that LCA results are not as readily comparable due to potential differences 
in software parameters. Some studies have compared several modeling methods (e.g., Obnamia et 
al., 2019; Peter et al., 2016) or even combined methods (e.g., Riggers et al., 2019), but there is no 
comparison which encompasses the holistic breadth of models. Hence, the necessity for best 
practices in choosing an SOC modeling approach is great. 

There is not an organic-VSHFLILF�PRGHOLQJ�DSSURDFK�WR�WKH�DXWKRUV¶�NQRZOHGJH��+RZHYHU��WKH�
IOH[LELOLW\�RI�WKH�PRGHOV¶�DELOLW\�WR�Vimulate a variety of LMP makes incorporating organic practices 
easier. CropSyst and EPIC have the ability to simulate both organic and inorganic fertilizer. DNDC 
and ICBM have an organic soil option. For the above reasons, CropSyst, EPIC, DNDC, and ICBM 
can be considered for use with organic systems. However, data availability and geography still have 
a more important role in choosing a soil C accounting method due to the ability to simulate LMP in 
a certain region. 
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Due to the controversy surrounding the reliability and effectiveness of soil organic carbon as 
a climate change mitigation solution, a literature review was undertaken to assess current SOC 
modeling approaches in life cycle assessment, how land management practices are approached with 
each model, and which model or models can be applied to organic systems. Results show that from 
125 analyzed studies, over 20 different modeling approaches exist, meaning a procedure to choose 
an appropriate SOC modeling approach is necessary. A set of best practices for choosing a modeling 
method will guide LCA researchers and achieve a higher consistency and comparability between 
LCA studies. Furthermore, the literature review assessed which LMP were simulated with each 
model and revealed that most models have the same essential LMP modeling capability. Applying 
these models to organic, however, may be more difficult. Since no model is informed solely by 
organic data, LCA practitioners should rely more heavily on geography and available data, rather 
than on underlying organic data within the models. 
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Introduction 
The Carbon footprint (CF), expressed as CO2-eq per kg of product or per ha of cultivated land is the 
most popular indicator to assess the environmental performance of products (Martinez et al. 2019). 
The CF is linked to C farming, which refers to the management of carbon pools, flows and 
Greenhouse gas (GHG) fluxes at farm level, with the purpose of mitigating climate change. Besides 
the CF, reconciling agricultural production and biodiversity conservation remains a challenge 
globally even though historically agriculture and biodiversity have always had a mutualistic 
relationship. Biodiversity continues to support agriculture through several services (e.g., genetic 
resources, soil fertility, pest, and disease resistance) while in the EU 50% of all species and 63 
habitat types rely on agricultural habitats and/or agricultural activities. Therefore, determining the 
CF and impact of agricultural activities on biodiversity are essential for sustainable agriculture. 

Viticulture and winemaking are important for the EU economy and as in most Mediterranean 
countries, they are essential for the economy and rural development in Cyprus (Litskas et al. 2020). 
Most of the vineyards on the island are located in High Nature Value farmland (HNVf) areas, i.e., 
agricultural areas important for the conservation of species and habitats of EU importance (Zomeni 
et al. 2018). Climate change and vineyard abandonment are considered as long term threats for 
viticulture on the island (Chrysargyris et al. 2018). 

The aim of this work was to determine the C balance in vineyards, under different management 
practices, after applying LCA. In addition, a biodiversity metric was developed and validated, to 
assess the impact of viticultural management practices on biodiversity.  
 
Methodology 
 
GHG emissions 
For achieving the aims of this work, we have used the CFT (Cool Farm Tool- 
www.coolfarmtool.org), modified for grapes. Its development was based on 1) the Ledo et al. 
(2018) perennial GHG model and 2) the Cool Farm Tool (CFT; Hillier et al. 2011; 
www.coolfarmtool.org). All the information about the tool, the equations and modelling approach 
are provided in detail in these sources and will not be repeated here. Briefly, the CFT is used 
worldwide for estimating the GHG impacts of agricultural production and is largely based on IPCC 
Tier 1 quantification methods (Hillier et al., 2011; Whittaker et al., 2013). Its most recent version 
supports carbon farming projects development worldwide and incorporates the latest IPCC work. It 
also incorporates the philosophy of the ROTH-C model (https://www.rothamsted.ac.uk/rothamsted-
carbon-model-rothc), for assessing the C balance in the soil. The tool follows the LCA principles 
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from cradle to winery door. The CFT was tested after monitoring management practices in a 
vineyard cultivated with the indigenous grape cultivar “Xynisteri” (Table 1). The management 
practices applied are representative for vines cultivation in the PDO area of Limassol, Cyprus and 
semi-arid non irrigated vines.  
      The soil in the vineyard was clay with 4% organic carbon and pH 7.5. Annual rainfall was 600 
mm. Pruning was practiced once (0.1-1 kg w.w. per vine) and the material was burned. In the field 
margins, natural vegetation was present at the density of 100 shrubs per ha (e.g., Quercus infectoria, 
Olea europea, Pistacia terebinthus). The vineyard life is typically 30 years and the planting density 
2500 vines ha-1. These and the data presented in Table 1 were used for modelling to estimate the 
GHG emissions (baseline scenario). The next step was to explore a scenario to mitigate GHG 
emissions focusing on reducing synthetic fertilizer use, energy consumption and avoiding burning 
of the plant residues (e.g. pruning).  
 
Table 1. Management practices for Xynisteri grapes.  

Input/practice Value Comments  
Pesticides application 2 times/season Insecticides a cypermethrin; 

Acetamiprid 20%; applied 
according to label for grapes 
(500l spraying machine) 
Sulfur 100-150 kg/ha 

Fertilizer (21-0-0) 60 kg N/ha 286 kg product incorporated once 
(mid-February) 

Tillage 3 times per year  Rotary cultivator at the depth of 
40 cm 

Energy use 150 L diesel/year/ha Machinery for the field practices 
(pesticides application; tillage; 
field visits) 

Pruning management 0.7 kg/vine/year Burned 
Transportation 3,800 kg grapes ha-1  for 20 km With a light goods vehicle 

(diesel) 
Yield per vine 1.52 kg Average for the last 3 years 

 
Biodiversity metric 

 To develop the biodiversity metric, a questionnaire survey was used to identify the main 
management practices applied in each of 36 vineyards, 12 in each of three regions. The vineyards 
were located in the Commandaria Protected Designation of Origin region and the Krasochoria 
Protected Geographic Indication region. The Commandaria region is famous for the production of 
the sweet desert homonymous wine for more than three millennia, and is very interesting 
ecologically as it covers two distinct sub-regions, one within an agricultural landscape with 
calcareous soils, and one within a forested landscape with volcanic soils. Vineyards in 
Commandaria have a production cap at 6000 kg /ha to maintain product quality. The Krasochoria 
region is similar to Commandaria-agricultural without a production cap. Pairwise comparisons 
between the three regions enabled the assessment of the effect of a production cap on biodiversity in 
an agricultural landscape (Commandaria-agricultural vs Krasochoria), and the effect of landscape 
type on biodiversity (Commandaria-agricultural vs Commandaria-forest).  

Monitoring of flora and fauna was carried out in each vineyard from May to July of 2020 and 
2021. A multi-taxon approach monitoring was carried out focusing on five taxonomic groups (wild 
bees, butterflies, reptiles, birds, and plants). Monitoring was performed once per month, from April 
to July, for wild bees, butterflies, reptiles and plants and from April to June for birds. The 
monitoring period has been chosen to cover the main flight period of the target groups as well as the 
period with the most intensive agricultural activity (pesticide application, tillage). Sampling for 
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pollinators (butterflies and wild bees), reptiles and plants was carried out both in the center and the 
margin of the vineyards, following a transect of 100 m, while for birds, data were recorded at the 
vineyard level.  

A scoring system ranging from 0 (lowest) to 100 (highest – positive effect) was developed to 
assign a score on the effect of nine management practices on biodiversity for four taxonomic groups 
(plants, pollinators, reptiles, and birds). Scores were assigned based on expert opinion informed by 
personal experiences as well as literature data. 

 
Results and discussion 
 
GHG emissions 
For the management practices presented in Table 1, the CF was 0.034 kg CO2 eq kg-1. Therefore, for 
the life cycle of the vineyard the emissions were 3923 kg CO2 eq ha-1. Per ha and for the life cycle 
of the vineyard (30 years), C storage in the plant biomass (biogenic emissions) was estimated at 
14718 kg CO2 eq ha-1 and the respective stored in the soil and margins natural vegetation was 10653 
kg CO2 eq ha-1 (land use related emissions) (Figure 1). On the other hand, emissions related to 
inputs (e.g., fuel, fertilizer, pesticides) were equal to 29294 kg CO2 eq ha-1 (fossil fuel related 
emissions). The respective values per ton of grapes were 129, 93 and 257 kg CO2-eq. Energy use 
for cultivation, spraying and transportation, soil emissions due to fertilizer application and fertilizer 
production were the hotspots for GHG emissions in the vineyard system studied.  
      Carbon storage in the vineyard could be achieved by 1) reducing fertilizer use by 30%, 2) 
reducing tillage frequency (from 3 to 2 times) to reduce fuel consumption by 10%, 3) maintaining 
natural vegetation in the field margins and 4) stop burning the pruning material and leaving it into 
the vineyard (soil incorporation) for the life cycle of the vineyard. In this case (Figure 1), biogenic 
emissions would be 18619 kg CO2 eq ha-1, and the fossil fuel related emissions 25481 kg CO2 eq ha-

1. The respective values per ton of grapes were 129, 93 and 257 kg CO2-eq. Since natural vegetation 
was assumed not to be preserved, the land use related emissions were the same as the baseline case 
(10653 kg CO2 eq ha-1). Therefore, it seems feasible that C credits schemes could be achieved, 
where farmers could cooperate with other entities to store C. 
 

  
Figure 1. GHG emissions for the baseline and the C farming case a) total per ha and 30 years 

vineyard life and b) per ton of grapes and year.  
 
Biodiversity assessment/metric:  
The vegetation inventories identified 329 species of vascular plants, 30 genera of wild bees, 35 species 
of butterflies, eight species of reptiles and 41 species of birds. The diversity of plants, pollinators and 
reptiles was higher in the margins than the center of the fields. Preliminary results show that there was a 
trend of higher species richness in the region located Krasochoria for plants and pollinators, whereas 

a
) 

b) 
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there was a trend of lower bird diversity in Commandaria-forest. Reptile richness was higher in the 
Commandaria-forest. 
      The excel Tool incorporates three main groups of management practices, namely soil tillage, 
fertilizer application (synthetic / organic), and pesticide use (insecticides, fungicides and herbicides). 
In addition, the Tool incorporates three main vineyard characteristics with potential impact on 
species abundance and diversity: a) The proportion of (semi-)natural vegetation in the vineyard plot, 
b) The number of cultivated trees per decare (da) in the vineyard area, and c) The length of 
stonewalls in the vineyard area per ha. A score of 50 means a neutral effect, whereas a higher score 
a positive effect and a lower score a negative effect. Application of the Tool in the 36 sampling 
vineyards resulted in total biodiversity scores ranging from 35 to 80, with a mean score at 56. 
Current work focuses on further validation and adjustment of the Tool. 
 
Conclusions 
The results of the GHG emissions study support the design of eco-schemes relevant to C farming. 
The practices typically applied in Cypriot viticulture could be relatively easily transformed towards 
Zero emissions grape production. For this, reduced tillage and preserving natural vegetation is the 
key. In general, practices that reduce the carbon footprint, such as reduced tillage and natural 
vegetation, provide biodiversity benefits, and therefore optimizing CF-biodiversity relevant 
practices provides double benefits. The work is a good starting point towards sustainable, zero 
emissions viticulture, also highlighting the maintenance of natural vegetation and not only the 
reduction of inputs for cultivation. 
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VHOHFWLRQ� JULG� ZDV� HVWDEOLVKHG� LQ� FRQVXOWDWLRQ� ZLWK� WKH� UHVHDUFK� WHDP� DQG� EDVHG� RQ� WKH� LQLWLDO�
ELEOLRJUDSKLFDO�VWXG\�RI�WKH�PRGHOV��%UHQWUXS��.�VWHUV�HW�DO��������7KLROOHW�������)DLVW�(PPHQHJJHU��
5HLQKDUG�HW�DO���������%HOORQ�0DXUHO��3HWHUV�HW�DO��������WR�GHWHUPLQH�WKH�PRGHOV�FRUUHVSRQGLQJ�WR�
WKH�QHHGV�RI�WKH�SURMHFW��7KH�VFRULQJ�RI�WKH�FULWHULD�XVHG�IRU�WKH�VFRUH�LV�DV�IROORZV�� 

x 7RWDO�QXPEHU�RI�HQWU\�SDUDPHWHUV� �Q����� IRU�KLJK��Q�EHWZHHQ����DQG�������� IRU�PHGLXP��Q�
EHWZHHQ���DQG����DQG���IRU�ORZ��Q�OHVV�WKDQ����� 

x 'DWD�DFFHVVLELOLW\����IRU�YHU\�KLJK����IRU�KLJK����IRU�PHGLXP�����IRU�ORZ�DQG����IRU�YHU\�ORZ� 
x &RQVLGHUDWLRQ�RI�YLWLFXOWXUDO�SUDFWLFHV����IRU�YHU\�JRRG����IRU�JRRG����IRU�PHGLXP�DQG���IRU�

ORZ�� 
x 6LWH� GHSHQGHQF\� WDNLQJ� DFFRXQW� HQWU\� SDUDPHWHUV� �Q��� �� IRU� KLJK� �Q�PRUH� WKDQ� ����� �� IRU�

PHGLXP��Q�EHWZHHQ���DQG�����DQG���IRU�ORZ��Q�OHVV�WKDQ����� 
x 7LPH�GHSHQGHQF\�WKURXJK�WLPH�UHODWHG�HQWU\�SDUDPHWHUV����IRU�YHU\�KLJK����IRU�KLJK����IRU�

PHGLXP�DQG���IRU�ORZ�� 
x (DVH� LQWHJUDWLQJ� IRUPXOD� LQ�06�([FHO�� �� IRU� YHU\� GLIILFXOW�� �� IRU� GLIILFXOW�� �� IRU� QRW� YHU\�

GLIILFXOW�DQG���IRU�HDV\�� 
x 0RGHO�ILHOG�YDOLGDWLRQ����IRU�FORVHU����IRU�FORVH�HQRXJK�DQG���IRU�OHVV�FORVH�� 

7KH�WRWDO�VFRUH�IRU�HDFK�PRGHO�ZDV�REWDLQHG�E\�VXPPLQJ�WKH�SURGXFW�RI�WKH�FULWHULRQ�ZHLJKW�ZLWK�WKH�

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

FRUUHVSRQGLQJ�VFRUH� 
 
5(68/76�$1'�',6&866,21�� 
3UHVHOHFWLRQ�RI�WKH�PRGHOV��� 
7KUHH� PRGHOV� ZHUH� SUH�VHOHFWHG� IRU� DQ� DGYDQFHG� FRPSDULVRQ� EHFDXVH� RI� WKHLU� DSSOLFDELOLW\� WR�
YLWLFXOWXUH�DQG�WKHLU�FRQVLGHUDWLRQ�RI�YLWLFXOWXUDO�SUDFWLFHV��UHVLGXH�PDQDJHPHQW��ZHHG�FRQWURO��HWF����
DQG�WKH�FRQVWUDLQW�RI�KDYLQJ�GDWD�HDV\�WR�REWDLQ��,1',*2���7KLROOHW��������$]RWH9LWL��%HOORQ�0DXUHO��
3HWHUV� HW� DO�� ������ DQG� 64&%�12�� �)DLVW�(PPHQHJJHU�� 5HLQKDUG� HW� DO�� ������� ,1',*2�� DQG�
$]RWH9LWL�ZHUH�XVHG�WKURXJK�([FHO�FDOFXODWRUV�H[LVWLQJ��$]RWH9LWL��RU�DGDSWHG�E\�XV��,1',*2���DQG�
64&%�WKURXJK�FDOFXODWLRQ�IRUPXODV��7ZR�RWKHU�PRGHOV�ZHUH�VHW�DVLGH���%UHQWUXS��.�VWHUV�HW�DO��������
5LFKQHU��2EHUKRO]HU�HW�DO��������DV�WKH\�ZHUH�QRW�GLUHFWO\�VXLWDEOH�IRU�YLWLFXOWXUH�RU�WKH�IRUPXODV�IRU�
FDOFXODWLRQ�ZHUH�QRW�DYDLODEOH��PRUHRYHU��6DOFD12��LV�PRUH�VXLWDEOH�IRU�WKH�UHODWLYH�FRPSDULVRQ�RI�
GLIIHUHQW�FURS�YDULDQWV��WKDQ�IRU�WKH�FDOFXODWLRQ�RI�DEVROXWH�QLWUDWH�OHDFKLQJ�DPRXQWV��1HPHFHN�DQG�
6FKQHW]HU�������5LFKQHU��2EHUKRO]HU�HW�DO�������� 
 
7HVW�DQG�&RPSDULVRQ�RI�WKH�UHVXOWV�RI�PRGHOV� 
7KH�ILJXUHV��D�DQG�E�EHORZ�LV�D�FRPSDULVRQ�RI�WKH�PRGHOV�XVHG�WR�FDOFXODWH�OHDFKHG�QLWUDWHV��,W�VKRZV�
WKDW�64&%�PRGHO�YDOXHV�DUH�QHDUO\�FRQVWDQW�EHWZHHQ����DQG����NJ�1R��KD�LQ�DOO�WHVWHG�VLWXDWLRQV��LW�
LV� WKXV� QRW� XVHIXO� WR� GLVWLQJXLVK� D� PRGDOLW\� RU� D� YLQWDJH� IURP� WKH� RWKHUV�� ,1',*2�� VKRZV� IHZ�
YDULDWLRQV�EHWZHHQ�YLQWDJHV�RU�PRGDOLWLHV�IRU�D�VDPH�SORW�KRZHYHU�LW�GLIIHUHQWLDWHV�D�SORW�IURP�WKH�
RWKHU��$]RWH9LWL� LV� WKH�PRVW�VHQVLWLYH�WR�YDULDWLRQV�RI�IHUWLOLVDWLRQ�WKDQ�WKH�RWKHU�PRGHOV�DQG�JLYHV�
KLJKHU�YDOXHV�RQ�WKH�3(369,�SORW�WKDQ�RQ�WKH�$QMRX�RQH��,W�ZLOO�EH�LQWHUHVWLQJ�WR�FRQVROLGDWH�WKHVH�
UHVXOWV�ZLWK�GDWD�IURP�RWKHU�SORWV��DQG�E\�D�VHQVLWLYLW\�DQDO\VLV�RI�WKH�PRGHOV�WR�WKH�HQWU\�SDUDPHWHUV�
YDULDWLRQ�WR�EHWWHU�LGHQWLI\�WKH�UHDFWLRQ�RI�HDFK�PRGHO�WR�SUDFWLFHV�DQG�ZHDWKHU�� 
 

64&%
��64&%�LQ�9LW
/&$�ZLWK�IL[HG�DVVXPSWLRQ�RQ�VRLO�GHSWK� ��P�DQG�VRLO�1�RUJ�FRQWHQW� ����NJ�1�KD� 
 
9DOLGDWLRQ�RI�WKH�PRGHOV�ZLWK�SORW�PHDVXUHPHQWV� 
7KH�ILJXUH��E�LQFOXGHV�OHDFKHG�QLWUDWHV�SORW�PHDVXUHPHQWV�IRU�WKH�3(369,�SORWV��,W�VKRZV�WKDW�WKH���
PRGHOV�UHVXOWV�DUH�DOO�KLJKHU�WKDQ�WKH�PHDVXUHG�YDOXHV��7KH�ORZHVW�PRGHOV¶�UHVXOWV�DUH�IRU�,1',*2��
PRGHO��$QG�,1',*2��PRGHO�UHVXOWV�DUH�WKH�FORVHVW�WR�WKH�PHDVXUHG�YDOXHV��:KHUHDV�$]RWH9LWL�PRGHO�
UHVXOWV�DUH�GLIIHUHQW�IRU�%,2������DQG�3,������SORWV�������DQG������UHVSHFWLYHO\��DQG�IRU�5(6������
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��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
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 � 

DQG�5(6������������DQG������UHVSHFWLYHO\��� 
7KH�PRGHOV� JDYH� UHVXOWV� VRPHWLPHV� YHU\� IDU� IURP� ILHOG�PHDVXUHPHQWV� SDUWO\� EHFDXVH� WKH\� GRQ¶W�
FRQVLGHU�WKH�YDULDWLRQV�RI�1�VWRFN�GXH�WR�SUHYLRXV�\HDUV�SUDFWLFHV��DQG�SRVVLEO\�GXH�WR�WKH�YDULDELOLW\�
RI�WKH�UHVXOWV�RI�ILHOG�PHDVXUHPHQWV�E\�O\VLPHWHUV�XQGHU�WKH�YLQH\DUGV� 
7KH�ORZ�QXPEHU�RI�GDWD�LV�D�OLPLW�WR�WKH�UHVXOWV�RI�WKLV�VWXG\��EXW�SORWV�LQVWUXPHQWHG�IRU�QLWUDWH�OHDFKLQJ�
PHDVXUHPHQWV�DUH�UDUH�LQ�YLWLFXOWXUH��LW�ZRXOG�WKXV�EH�LQWHUHVWLQJ�WR�LQFUHDVH�WKH�QXPEHU�RI�GDWD�ZLWK�
IXWXUH�\HDUV�RI�PHDVXUHPHQWV�RQ�WKH�3(369,�SORW�WR�FRQVROLGDWH�RXU�UHVXOWV�DQG�FRQFOXVLRQV� 
 
&RPSDULVRQ�RI�WKH�PRGHOV�DFFRUGLQJ�WR�WKH�VHOHFWLRQ�JULG�� 
7KH� 7DEOH� �� ZKLFK� VXPPDULVHV� WKH� FRPSDULVRQ� RI� WKH� PRGHOV� E\� VFRULQJ� IURP� WKH� DVVHVVPHQW�
DFFRUGLQJ�WR�WKH����SDUDPHWHUV� 
7KH�$QMRX�GDWDVHW�ZDV�XVHG�WR�FKHFN�GDWD�DYDLODELOLW\�IRU�ILOOLQJ�WKH�PRGHOV�IURP�D�FODVVLFDO�/&,�GRQH�
LQ�D�ZLQHJURZHU¶V�LQWHUYLHZ��64&%�ZDV�WKH�HDVLHVW�WR�ILOO�DV�LW�GHPDQGV�WKH�ORZHVW�QXPEHU�RI�HQWU\�
SDUDPHWHUV� ����� RI� ZKLFK� ��� YHU\� DFFHVVLEOH� DQG� �� GLIILFXOW� WR� DFFHVV�� JLYLQJ� D� WRWDO� VFRUH� RI�
DFFHVVLELOLW\�RI�����,1',*2��GHPDQGV����SDUDPHWHUV�RI�ZKLFK����HDV\�WR�DFFHVV�DQG����GLIILFXOW�WR�
DFFHVV� JLYLQJ� D� WRWDO� VFRUH� RI� DFFHVVLELOLW\� RI� ���� GXH� WR� WKH� KLJK� QXPEHU� RI� HDVLO\� DFFHVVLEOH�
SDUDPHWHUV���DQG�$]RWH9LWL�GHPDQGV����SDUDPHWHUV�RI�HQWU\�RI�ZKLFK����HDV\�WR�ILQG�DQG����GLIILFXOW�
WR� DFFHVV�� LW� JHWV� WKH� ORZHVW� DFFHVVLELOLW\� VFRUH� ��� :KHUHDV� 64&%� FRQVLGHUV� �� SDUDPHWHUV� RI�
YLWLFXOWXUDO�SUDFWLFHV��DQG�,1',*2������WKH\�GLGQ¶W�SURYH�WR�EH�VHQVLWLYH�WR�WKHP�LQ�WKH�FDOFXODWLRQ�
UHVXOWV��7KLV�KDV�WR�EH�IXUWKHU�LQYHVWLJDWHG�E\�VHQVLWLYLW\�DQDO\VLV� 
 
7DEOH����1LWUDWH�HPLVVLRQ�PRGHOV�UHVXOWV�LQ�WKH�VHOHFWLRQ�JULG� 


&ULWHULD�ZHLJKW��9HU\�LPSRUWDQW����LPSRUWDQW����TXLWH�LPSRUWDQW���DQG�OHVV�LPSRUWDQW���� 
7KH�,1',*2��PRGHO�JRW� WKH�RYHUDOO�KLJKHVW�VFRUH��WDEOH�����+RZHYHU�� WKH�GLIILFXOW\�RI�DFFHVVLQJ�
FHUWDLQ�SDUDPHWHUV�DQG�WKH�PRGHO�UHDGMXVWPHQW�WR�WKH�YLQH�GXULQJ�WKLV�VWXG\�PDNH�WKH�,1',*2��WKH�
PRVW�VXEMHFW�WR�XQFHUWDLQWLHV�DPRQJ�WKH�PRGHOV�WHVWHG��0RUHRYHU��VRPH�DVVXPSWLRQV�OLNH���FP�IRU�
WKH�VRLO�KRUL]RQ�GHSWK�IRU�QLWURJHQ�PLQHUDOL]DWLRQ�RU�WKH�FDOFXODWLRQ�RI�YLQH¶V�QLWURJHQ�UHTXLUHPHQW�
QHHG�IXUWKHU�UHILQHPHQW��$�QHZ�YHUVLRQ�RI�WKLV�PRGHO�VKRXOG�EH�DYDLODEOH�VRRQ�DQG�ZLOO�SHUPLW� WR�
FRQVROLGDWH�WKHVH�UHVXOWV�� 
 
&21&/86,21�� � � 7KH�PRGHO� VHOHFWLRQ� JULG� HVWDEOLVKHG� GXULQJ� WKH� VWXG\�ZDV� D� JRRG�PHDQV� WR�
FRPSDUH�WKH�PRGHOV�RQ�D�VHW�RI�GLIIHUHQW�FULWHULD��,W�VKRXOG�EH�FRPSOHWHG�E\�D�VHQVLWLYLW\�DQDO\VLV�RI�
WKH�PRGHOV�WR�WKHLU�HQWU\�SDUDPHWHUV��,W�SRLQWHG�RXW�WKH�,1',*2��PRGHO�DV�WKH�EHVW�VXLWHG�WR�WKH�QHHGV�
RI�WKH�VWXG\�KRZHYHU�QHHGLQJ�IXUWKHU�UHILQHPHQW��7KH�VWXG\�DOVR�VKRZHG�WKH�GLIILFXOW\�RI�D�FRQVLVWHQFH�
EHWZHHQ�ILHOG�GDWD�DQG�PRGHO� UHVXOWV��)LHOG�YDOLGDWLRQ�SXW� LQ�HYLGHQFH� WKH� LPSRUWDQFH�RI�SUHYLRXV�
\HDUV�IHUWLOL]DWLRQ�SUDFWLFHV�WKDW�DUH�QRW�DFFRXQWHG�LQ�DOO�WKH�PRGHOV��)XUWKHU�LQYHVWLJDWLRQV�QHHG�WR�EH�
GRQH� LQ� WKH�IXWXUH�ZLWK�DQ�H[WHQGHG�GDWDVHW� WR�FRQVROLGDWH� WKHVH�UHVXOWV� DQG�ZLWK� WKH�FRPLQJ�QHZ�
,1',*2��FDOFXODWRU�WKDW�VWLOO�PXVW�EH�DGDSWHG�WR�YLQH\DUGV��/DVW��WKH�TXHVWLRQ�RI�KRZ�PDQ\�SUHYLRXV�
IHUWLOL]DWLRQ� \HDUV� VKRXOG� EH� FRQVLGHUHG� LQ� WKH� FKRVHQ�PRGHO� VKRXOG� EH� DGGUHVVHG��7KH� FDOFXODWRU�
VKRXOG�WKHQ�EH�LQWHJUDWHG�LQWR�WKH�9LW
/&$�WRRO�IRU�/&$�FDOFXODWLRQ�IRU�YLWLFXOWXUH�  

Criteria Criteria 
weight* 

Model score 
AzoteViti INDIGO®  SQCB 

Total number of entry parameters 2 1 1 2 
Data accessibility 4 5 32 34 

Consideration of viticultural practices 3 1 15 3 
Site dependency 3 3 3 2 

Time dependency 2 4 6 2 
Ease Integrating formulas in MS Excel 4 1 2 3 

Model field validation 4 1 3 2 
Total score  50 216 179 
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 � 

$.12:/('*(0(176 
7KH�$XWKRUV�WKDQN� 

- WKH�IXQGLQJ�ERGLHV�IRU�)('(5�IXQGV�ILQDQFLQJ�WKH�$9$7(&�SURMHFW 
- $QWRLQH�3RXSDUG��'RPDLQH�GH�OD�3HWLWH�5RFKH��/\V�+DXW�/D\RQ��)UDQFH��IRU�GDWD�DQG�WLPH�

VSHQW�IRU�WKH�VWXG\ 
- &DUROH�6LQIRUW�IRU�SURYLGLQJ�KHU�$]RWH9LWL�([FHO�ILOH 
- $XGH�$OODSKLOLSSH�IRU�SURYLGLQJ�WKH�([FHO�YHUVLRQ�RI�,QGLJR��12��IRU�IUXLW�WUHHV 
- 8($9��,15$(��������9LWLFXOWXUH�)DFLOLW\��'2,�����������������������������(��� 

 
5()(5(1&(6 
$XGVOH\��(���6��$OEHU��HW�DO�����������+DUPRQLVDWLRQ�RI�HQYLURQPHQWDO�OLIH�F\FOH�DVVHVVPHQW�IRU�DJULFXOWXUH���)LQDO�

5HSRUW��&RQFHUWHG�$FWLRQ�$,5��&7���������(XURSHDQ�&RPPLVVLRQ��'*�9,�$JULFXOWXUH����� 
%HOORQ�0DXUHO��9���*��0��3HWHUV��HW�DO�� ���������6WUHDPOLQLQJ� OLIH�F\FOH� LQYHQWRU\�GDWD�JHQHUDWLRQ�LQ�DJULFXOWXUH�

XVLQJ� WUDFHDELOLW\� GDWD� DQG� LQIRUPDWLRQ� DQG� FRPPXQLFDWLRQ� WHFKQRORJLHV� ±� SDUW� ,,�� DSSOLFDWLRQ� WR�
YLWLFXOWXUH���-RXUQDO�RI�&OHDQHU�3URGXFWLRQ������������� 

%UHQWUXS��)���-��.�VWHUV��HW�DO�����������0HWKRGV�WR�HVWLPDWH�RQ�ILHOG�QLWURJHQ�HPLVVLRQV�IURP�FURS�SURGXFWLRQ�DV�
DQ�LQSXW�WR�/&$�VWXGLHV�LQ�WKH�DJULFXOWXUDO�VHFWRU���7KH�,QWHUQDWLRQDO�-RXUQDO�RI�/LIH�&\FOH�$VVHVVPHQW�
���������� 

)DLVW�(PPHQHJJHU�� 0��� -�� 5HLQKDUG�� HW� DO�� �������� �6XVWDLQDELOLW\� 4XLFN� &KHFN� IRU� %LRIXHOV��� ,QWHUPHGLDWH�
EDFNJURXQG�UHSRUW��$JURVFRSH�5HFNHQKRO]�7lQLNRQ��'�EHQGRUI� 

)DLVW� (PPHQHJJHU�� 0��� -�� 5HLQKDUG�� HW� DO�� ��������� 6XVWDLQDELOLW\� 4XLFN� &KHFN� IRU� %LRIXHOV� �� LQWHUPHGLDWH�
EDFNJURXQG�UHSRUW��'�EHQGRUI� 

.RFK�3���6��7����������$*5,%$/<6(���5DSSRUW�0pWKRGRORJLTXH�±�9HUVLRQ������$QJHUV������ 
1HPHFHN�DQG�.DJL���������(FRLQYHQW�Y����/LIH�&\FOH�,QYHQWRULHV�RI�$JULFXOWXUDO�3URGXFWLRQ�6\VWHPV��=XULFK�DQG�

'XEHQGRUI����� 
1HPHFHN��7�� DQG�-��6FKQHW]HU� ��������0HWKRGV�RI�DVVHVVPHQW�RI�GLUHFW� ILHOG� HPLVVLRQV� IRU�/&,V�RI�DJULFXOWXUDO�

SURGXFWLRQ�V\VWHPV��'DWD�Y������������$57����� 
5HQRXI��0���&��5HQDXG�*HQWLp��HW�DO�����������9LW/&$���D�QHZ�WRRO�WR�WHVW�WKH�HQYLURQPHQWDO�LPSURYHPHQWV�LQ�YLQH�

JURZLQJ���5HYXH�VXLVVH�GH�YLWLFXOWXUH��DUERULFXOWXUH�HW�KRUWLFXOWXUH���������������� 
5LFKQHU��:���+��2EHUKRO]HU��HW�DO����������0RGHOO�]XU�%HXUWHLOXQJ�GHU�1LWUDWDXVZDVFKXQJ�LQ�gNRELODQ]HQ±6$/&$�

12���$JURVFRSH�6FLHQFH�1R�������S� 
7KLROOHW�6FKROWXV�� 0��� $�� 0XOOHU�� HW� DO�� �������� �$VVHVVPHQW� RI� QHZ� ORZ� LQSXW� YLQH� V\VWHPV�� 'DWDVHW� RQ�

HQYLURQPHQWDO��VRLO��ELRGLYHUVLW\��JURZWK��\LHOG��GLVHDVH�LQFLGHQFH��MXLFH�DQG�ZLQH�TXDOLW\��FRVW�DQG�VRFLDO�
GDWD���'DWD�LQ�%ULHI������������ 

7KLROOHW��0����������&RQVWUXFWLRQ�GHV�LQGLFDWHXUV�YLWL�HQYLURQQHPHWDX[�GH�OD�PpWKRGH�,1',*2���,15$�FROPDU��
���� 
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�

� �

�
�

'HYHORSLQJ�D�SRLQW�V\VWHP�IRU�IDUPV�WR�UHGXFH�JUHHQKRXVH�JDV�HPLVVLRQV�E\�����
�

0DULD�%\VWULFN\��
��0DUWLQ�6W�VVL���$QGUHDV�5RHVFK���*pUDUG�*DLOODUG��
�

�$JURVFRSH��/LIH�&\FOH�$VVHVVPHQW�5HVHDUFK�*URXS��=XULFK��6ZLW]HUODQG�
�
.H\ZRUGV��*+*�HPLVVLRQV�RI�IDUPV��*:3�UHGXFWLRQ�JRDOV��SRLQW�V\VWHP�FOLPDWH�SURWHFWLRQ�
�

7HO������������������
�(�PDLO�DGGUHVV��PDULD�E\VWULFN\#DJURVFRSH�DGPLQ�FK�
�
,QWURGXFWLRQ�
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Introduction: Viticulture territorial bodies like protected denominations of origin (PDO) are 
expected to develop their environmental policies and actions. The Cognac PDO, through the 
DOMECCO project, chose to implement Life Cycle Assessment (LCA) with researchers for 
environmental burdens and best practices identification in grape production and transformation. As 
all winegrowing territories in Europe, Cognac is on the way to replace herbicides in the vineyards 
by alternative soil management strategies. The PDO wishes to involve some of its members for 
generation and discussion of ideas and solutions and to assess the environmental soundness of these 
strategies. Participatory design is implemented in agriculture, it permits stakeholders empowerment 
and knowledge sharing around an common object (Meynard et al. 2012; Belmin et al. 2022) 
However, to be effective, this innovative design must 'mobilise collective and distributed 
intelligence' (Belmin et al. 2022). Basing agricultural co-design on LCA results has still been little 
implemented (Kulak et al. 2016). In viticulture, Rouault et al. (2020) proposed and tested a 
framework and tools for participatory eco-design of vineyard management at field scale with 
winegrowers. A serious game, was derived from this work (Renaud-Gentié et al. 2020).  
This research aims to explore the feasibility and interest of an LCA based participatory eco-design 
process for a prospective reflection in a collective organisation covering a wide territory and 
implying a variety of stakeholders like a PDO. Vineyard soil management will be the case study. 
 
Material and methods: Rouault et al.(2020)¶s framework and the serious game Vitigame (Renaud-
Gentié et al. 2020) providing tools for participatory eco-design in viticulture were used and adapted 
to meet the objectives of the research and time constraints of the participants. The eco-design 
workshop was introduced by knowledge input to participants about LCA and environmental 
impacts. The participants were dispatched around 3 tables (Fig.1), each facilitated by an LCA and 
viticulture scientist and an agent of the PDO specialised in viticulture or environment. Eco-design 
was based on LCA results of a real case of vineyard pathway of technical operations (PTO) 
representative of the PDO main soil management practices. The eco-design work was focused on 
soil management, and fertilisation was included as this practice is correlated to soil management 
choices, with the objective to design a low impact soil management PTO without herbicides. The 
main fixation bias - i.e. reluctance to propose innovations too different from what they already 
know (Della Rossa et al. 2022) - identified by the scientists through the experience of previous eco-
design workshops with winegrowers was related to the fact that the eco-designed PTO is for 
contemporaneous implementation, then some participants resist to introduce very innovative 
solutions that they judge not possible to implement immediately in the vineyard. To limit this 
fixation bias, the participants had to design a PTO for year 2030.  
The 17 participants were elected members of commissions of the PDO with various profiles: 
winegrowers, vine nursery manager, individual distillers, environmental or technical managers of 
big distilleries, viticulture extension officers, and agents of the PDO. The LCA results of the eco-
designed cases were calculated and presented to them in the same day and they were asked to fill in 
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a feedback survey at the end the day to feed the reflexive analysis. 
The LCA results used for and from the workshop were calculated from cradle to field gate with 
Recipe 2016(H), thanks to VitLCA calculator (Renouf et al. 2018) which includes LCI calculations. 
The functional unit was ³1ha of vineyard cultivated for 1 year´. Primary data came from field 
survey and secondary data from Ecoinvent 3 and Agribalyse 3.  
 

 
Figure 1: One of the three tables where participants were dispatched with facilitators and a view of the 
Vitigame eco-design serious game used here for eco-design of vineyard soil management and fertilisation. 
 
Results: Hotspots of the initial case: LCA results were shown to the participants after explanation 
of the meaning and phenomenons concerning each impact category, for a selection of categories 
(see Fig.2). We presented the contributions to the impacts of the part of the PTO on which the 
workshop was focused i.e. soil management and fertilisation (SM & F) relatively to the full PTO¶s 
(tot PTO). The main hotspots are fertilisers manufacturing and emissions, pesticides manufacturing 
and emissions and fuel combustion emissions from machine use, and SM& F represent from 8 to 
93% of the impacts depending on the impact category. 
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Figure 2: LCA Contribution chart shown to the participants for the reference case, Recipe Midpoint (H) FU: 
1ha of vineyard cultivated for one year. SM&F = annual soil management and fertilisation pathway; Tot PTO 
= total annual pathway of technical operations for the vineyard. 
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Interactions between the participants and eco-design choices: The workshop lasted 1h30. After a 
time to learn about the case and understand the causes of its impacts calculated by LCA, the 
dynamics of exchange and of eco-design were different in the three tables according to the profiles 
and personalities of participants and facilitators. The participatory design generated rich discussions 
and point of views confrontations around the tables. The ecodesign levers mobilised by the 
participants in response to identified sources of impact concerned fossil energy replacement, 
fertilisers, use of grass cover and green manure, grass mowing by sheep or robots, and tools 
combination on the tractor.  
At table 1, the decision was made not to worry about the yield of the vineyard and the participants 
decided to grass all the floor with green manure, permanent grass in the alleys and non-competitive 
plants (still to be found by research) under the vine row; however, the competition from grass 
imposed to add organic fertilisation to limit yield decrease. Choice of green manure was made after 
careful consideration. An autonomous diesel robot, lighter than a tractor, was taken for mowing 
under the row. Solutions adopted to save diesel for the other operations, were ³Vario´ technology, 
eco-driving and reduction of the number of passes by tools combination on the tractor. The group 
imagined tools and grass varieties that do not yet exist, particularly for soil maintenance under the 
vine row. For table 2, we noticed fixation, a participant imposed to the group the necessity of a high 
technical feasibility of the strategies based on nowadays available solutions. However, they 
proposed a well optimised PTO in terms of machinery use and searched for the best solutions for 
weed management under the vine row. Different important questions were discussed: i) The yield: 
should we fertilise and maintain it or leave it decrease to reduce the impacts of fertilisation? leading 
to the following question to be explored in further studies for their PDO: "is it better for the 
environment to produce more on a smaller area or less and with fewer inputs especially fertilisers, 
on a larger area? ii) Energy: solutions were looked for to replace fossil fuels with used cooking oil 
from restaurants, Hydrogen, leading to the following question to be explored in further studies for 
their PDO: ³which sources of energy for viticulture machines will be available and should we 
encourage for the future on our territory?´, iii) incompatibility between ³green practices´ like green 
manure and sheep grazing or mowing robots and protection of hedgehogs. At table 3, another 
element of fixation was observed, one of the participants imposed to maintain production at the 
maximum yield authorised today in the Cognac PDO. A long period of discussion on yield, on the 
opportunity of the use of wooden chips mulching and the most appropriate green manure 
management preceded the construction of the PTO. The decrease of impacts was targeted by 
replacing fossil fuels 100% per electricity, synthetic fertilizers by organic ones, herbicide use by 
sowing green manure and roll it later to create a mulch on half of the surface and tillage on the other 
half, and by tool combinations on the machine (sowing+blade+discs), however the competition 
from grass imposed to add fertilisation to maintain the targeted yield. 
 
Eco-design results:  
The replacement of synthetic and organo-mineral fertilisers by organic ones permitted important 
decreases of impacts (Fig. 3) due to their manufacturing for all the tables like mineral depletion (-
94%), fossil depletion (-35 to -59%), Ozone depletion (-48% to -90%), or due to their emissions of 
N or heavy metals as human toxicities and ecotoxicities. Impacts decreases were more limited in 
table 2 by the quantity of organic fertiliser used (3 times more than in table 1 for example) and the 
introduction of sheep grazing generating water use and emissions of CH4 and N compounds, Table 
1, with a low organic fertilisation, generated the best results. The replacement or decrease of Fossil 
energy use were the main drivers for diminution of Contribution to climate change, particulate 
matter formation, Fossil resources depletion and Acidification. The table 3, with 100% electric 
machinery got the best results overall but even more on these categories.  
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Figure 3: Percentage of decrease in environmental impacts, obtained by the 3 groups (called tables 1 to 3) of 
stakeholders, related to a reference case (identical case for all groups), FU: 1ha vineyard cultivated for 1year. 
 
Feedbacks from participants: A participant suggested to add the Gustafson index for water pollution 
by pesticides as a complementary indicator to LCA. Some facilitators pointed out the complexity of 
results chart for the participants. Most participants (85%) felt that the session had enabled them to 
gain a better knowledge and understanding of the contributions of practices to environmental 
impacts, and that the LCA method was useful in helping to clarify technical choices in Cognac AOC 
from an environmental point of view. All the participants felt that the session had provided useful 
elements for reflection on AOC Cognac, and 62% of the participants felt that the discussions helped 
them to reflect on soil maintenance practices. Several mentioned that it would be interesting to 
repeat this experience with a complete technical itinerary. Suggestions for improvement were given 
(more information on the type of soil, more time to put together the technical itinerary, more people 
in the field at each table, etc.).  
 
Discussion and conclusions: This process, as a step in the definition of environmental policy of the 
PDO, was successful to involve stakeholders, to make them understand and manipulate LCA results 
and eco-design and catalysed discussions and prospective thinking at PDO scale. It could 'mobilise 
collective and distributed intelligence' as advised by Belmin et al (2022), the diversity of profiles of 
the participants brought richness to the debates; it might, also have increased the power of fixation 
of certain participants with a better technical knowledge and could impose their views. Concerning 
LCA, fertilisation was the main hotspot of the viticulture reference case for the workshop, making it 
a priority for eco-design, followed by diesel combustion. The participants, helped by the facilitators 
and the initial presentation, well identified the ecodesign objectives and levers, even if the charts 
were sometimes difficult to read. They mobilised different solutions according to the groups giving 
average improvement rates (38%, 22% and 51% respectively for the three tables) comparable to 
previous experiences made by Rouault et al. (2020) with 33% in average. However, as they also 
could experience, some LCA results are not in line with general thinking like the case of sheep 
grazing in the vineyard which increased the impacts. The workshop raised new strategic questions 
for the territory like environmental soundness of intensive versus extensive evolution of the 
production, the replacement of fossil fuels on the territory, the need of experiments on green 
manures and grass species little competitive to the vines, the role of fertilisers in the environmental 
performance of the territory. A future step of the study will be to estimate effect of the eco-designed 
PTOs on yield and potential alcoholic degree and thus on impacts per kg of grapes and par Hl of 
pure alcohol. Finally, communicating LCA results to stakeholders for eco-design and more widely 
for decision remains a challenge as pointed out by Guérin-Schneider et al. (2018), which should be 
addressed and tested in such context in the future. More generically, this experience showed that 
participatory eco-design can successfully be used at PDO scale in a prospective reflection process. 
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 � 

3URVSHFWLYH�OLIH�F\FOH�DVVHVVPHQW�RI�YLWLFXOWXUH�XQGHU�FOLPDWH�FKDQJH�VFHQDULRV 
 

,YDQ�9LYHURV�6DQWRV�
��3KLOLSSH�5RX[���&KULVWHO�5HQDXG�*HQWLp���$QQLH�/HYDVVHXU����&pFLOH�%XOOH���
$QQH�0DULH�%RXOD\� 

 
��&,5$,*��&KHPLFDO�(QJLQHHULQJ�'HSDUWPHQW��3RO\WHFKQLTXH�0RQWUpDO��0RQWUHDO��&DQDGD 
��,7$3��8QLY�0RQWSHOOLHU��,15$(��(/6$�5HVHDUFK�*URXS��0RQWSHOOLHU��)UDQFH 
�86&������*5$33(��(FROH�6XSpULHXUH�G¶$JULFXOWXUHV��(6$��,15$(��$QJHUV��)UDQFH 
��'HSDUWPHQW�RI�&RQVWUXFWLRQ�(QJLQHHULQJ��eFROH�GH�7HFKQRORJLH�6XSpULHXUH��0RQWUHDO��&DQDGD 
��&,5$,*��(6*�84$0��6WUDWHJ\��&RUSRUDWH�	�6RFLDO�5HVSRQVLELOLW\�'HSDUWPHQW��0RQWUHDO��&DQDGD 
 

&RUUHVSRQGLQJ�DXWKRU��7HO������������������������ 
�(�PDLO�DGGUHVV��LYDQ�YLYHURV�VDQWRV#SRO\PWO�FD 
 
$EVWUDFW 
3XUSRVH�7KH�YLWLFXOWXUH�VHFWRU�LV�IDFLQJ�FOLPDWH�FKDQJH��ZKLFK�KDV�DOUHDG\�FDXVHG�ORVV�RI�SURGXFWLRQ�
GXH� WR� PRUH� IUHTXHQW� H[WUHPH� HYHQWV�� ZLWK� SRWHQWLDO� LQFUHDVHG� LPSDFWV� LQ� WKH� IXWXUH�� 7KHUHIRUH��
ZLQHJURZHUV�QHHG�WR�HQYLVLRQ�DGDSWDWLRQ�OHYHUV�WR�FRSH�ZLWK�WKH�HIIHFWV�RI�H[SHFWHG�FOLPDWH�FKDQJH�
RQ� IXWXUH� JUDSH� SURGXFWLRQ�� 1RQHWKHOHVV�� WKH� LQIOXHQFH� RI� SURMHFWHG� FOLPDWH� FKDQJH� DQG� WKH�
LPSOHPHQWDWLRQ�RI�DGDSWDWLRQ�RSWLRQV�RQ�WKH�HQYLURQPHQWDO�SHUIRUPDQFH�RI�YLWLFXOWXUH�KDV�QRW�EHHQ�
HYDOXDWHG��7KLV�VWXG\�DLPV�WR�SHUIRUP�D�SURVSHFWLYH�OLIH�F\FOH�DVVHVVPHQW��/&$��RI�JUDSH�SURGXFWLRQ�
LQ� WZR� FRQWUDVWHG� )UHQFK� YLQH\DUGV�� RQH� ORFDWHG� LQ� WKH� /RLUH�9DOOH\�� DQG� DQRWKHU� LQ� /DQJXHGRF�
5RXVVLOORQ��DFFRUGLQJ�WR�WZR�6KDUHG�6RFLRHFRQRPLF�3DWKZD\V��663V��DVVRFLDWHG�ZLWK�ORZ�DQG�KLJK�
JUHHQKRXVH�JDV��*+*��HPLVVLRQV� 
0HWKRGV�:H�SHUIRUPHG�D�SURVSHFWLYH�/&$�DW�WZR�OHYHOV�RI�DQDO\VLV��)LUVW��ZH�HYDOXDWHG�WKH�HIIHFW�RI�
FOLPDWH�LQGXFHG�\LHOG�FKDQJH�RQ�WKH�HQYLURQPHQWDO�LPSDFWV�RI�IXWXUH�YLWLFXOWXUH�DFFRUGLQJ�WR�WKH�WLPH�
VHULHV�RI�JUDSH�\LHOG�� WHPSHUDWXUH��DQG�SUHFLSLWDWLRQ��6HFRQG�� LQ�DGGLWLRQ� WR�FOLPDWH�LQGXFHG�\LHOG�
FKDQJH�� ZH� LQFOXGHG� WKH� SURMHFWHG� LPSDFWV� RI� H[WUHPH� ZHDWKHU� HYHQWV�� QDPHO\� KDLO�� KHDWZDYHV��
GURXJKWV��VSULQJ�IURVW��DQG�SK\WRSDWKRORJ\�RQ�JUDSH�SURGXFWLRQ�DQG�WKH�DGRSWLRQ�RI�DGDSWDWLRQ�RSWLRQV�
DFFRUGLQJ�WR�WKH�IRUHFDVWHG�SUREDELOLW\�DQG�SRWHQWLDO�\LHOG�ORVV�UDWH�FDXVHG�E\�H[WUHPH�HYHQWV� 
5HVXOWV�DQG�GLVFXVVLRQ�:KHQ�DFFRXQWLQJ�IRU�RQO\�WKH�FOLPDWH�LQGXFHG�\LHOG�FKDQJH��WKH�/&$�VFRUHV�
LQGLFDWH� GLYHUJHQW� FRQFOXVLRQV� IRU� WKH� DQDO\]HG� YLQH\DUGV�� 7KH� FDUERQ� IRRWSULQW� RI� WKH� YLQH\DUG�
ORFDWHG�LQ�/DQJXHGRF�5RXVVLOORQ�LV�IRUHFDVWHG� WR�LQFUHDVH�E\�����XQGHU�WKH�KLJK�*+*�HPLVVLRQV�
VFHQDULR��663��������ZKLOH�WKH�FDUERQ�IRRWSULQW�RI�WKH�YLQH\DUG�VLWXDWHG�LQ�/RLUH�9DOOH\�LV�H[SHFWHG�
WR�GHFOLQH�E\�URXJKO\������1HYHUWKHOHVV��ZKHQ�DFFRXQWLQJ�IRU�WKH�LPSDFWV�RI�H[WUHPH�HYHQWV�DQG�WKH�
DGRSWLRQ�RI�DGDSWDWLRQ�OHYHUV��WKH�SRWHQWLDO�HQYLURQPHQWDO�LPSDFWV�RI�JUDSH�SURGXFWLRQ�XQGHU�IXWXUH�
VFHQDULRV�DUH�IRUHFDVWHG�WR�ULVH�FRQVLGHUDEO\�IRU�WKH�YLQH\DUGV�RI�WKH�FDVH�VWXG\��%\�WKH�HQG�RI�WKH�
FHQWXU\��DFFRUGLQJ� WR� WKH�663������VFHQDULR�� WKH�FDUERQ�IRRWSULQW� IRU� WKH�YLQH\DUG�RI�/RLUH�9DOOH\�
ZRXOG�ULVH�WKUHHIROG�FRPSDUHG�WR�WKH�SUHVHQW�IRRWSULQW��ZKHUHDV�LW�ZRXOG�LQFUHDVH�IRXUIROG�IRU� WKH�
YLQH\DUG�RI�/DQJXHGRF�5RXVVLOORQ� 
&RQFOXVLRQV�2YHUDOO�� RXU� VWXG\�GHPRQVWUDWHV� WKH� IHDVLELOLW\�RI� FRQGXFWLQJ�D�SURVSHFWLYH�/&$�E\�
DSSO\LQJ�WKH�SULQFLSOH�RI�SDUVLPRQ\��L�H���XVLQJ�UHODWLYHO\�VLPSOH�PRGHOV�ZLWK�DYDLODEOH�GDWD��RQ�WZR�
FRQWUDVWHG�)UHQFK�YLQH\DUGV��7KH�ILQGLQJV�LQGLFDWH�WKH�UHOHYDQFH�RI�FRQVLGHULQJ�WKH�LPSDFW�RI�ERWK�
FOLPDWH�FKDQJH�DQG�H[WUHPH�HYHQWV�RQ�WKH�/&$�UHVXOWV�RI�YLWLFXOWXUH�XQGHU�SURVSHFWLYH�VFHQDULRV� 
 
.H\ZRUGV��&OLPDWH�FKDQJH��/LIH�&\FOH�$VVHVVPHQW��(QYLURQPHQWDO�LPSDFWV��9LWLFXOWXUH��3URVSHFWLYH�/&$ 
� 
,QWURGXFWLRQ 
7KH�YLWLFXOWXUH�VHFWRU�LV�IDFLQJ�FOLPDWH�FKDQJH��ZKLFK�KDV�DOUHDG\�SURYRNHG�WKH�HDUOLQHVV�RI�KDUYHVW�
GDWHV�� DQ� LQFUHDVH� RI� SHVWV� DQG� GLVHDVH� LQ�ZHWWHU� UHJLRQV�� IUHTXHQW�ZDWHU� VWUHVV� LQ�0HGLWHUUDQHDQ�
YLQH\DUGV��FKDQJHV�LQ�JUDSH�FRPSRVLWLRQ��KLJKHU�DOFRKRO�FRQWHQW��ORZHU�DFLGLW\��DQG�PRUH�GUDPDWLFDOO\��
ORVV�RI�SURGXFWLRQ�GXH� WR�PRUH� IUHTXHQW� H[WUHPH�HYHQWV� �0DUtQ� HW� DO��� ������6DQWRV� HW� DO��� �������
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1HYHUWKHOHVV��IXWXUH�HVWLPDWHV�RI�JUDSH�\LHOG�LQ�(XURSH�VKRZ�GLYHUJHQW�SDWWHUQV��:KLOH�DXJPHQWHG�
GURXJKW� RYHU� VRXWKHUQ� UHJLRQV�ZLOO� HQWDLO� UHGXFWLRQV� LQ� JUDSH� \LHOG�� LQFUHDVHV� LQ� WKH� DWPRVSKHULF�
FRQFHQWUDWLRQ�RI�&2��PD\�SDUWLDOO\�RIIVHW�WKH�GU\QHVV�LPSDFWV��SURPRWLQJ�\LHOG�LQFUHDVHV�LQ�FHQWUDO�
DQG�QRUWKHUQ�(XURSH��)UDJD�HW�DO���������YDQ�/HHXZHQ�HW�DO����������6LQFH�PRUH�IUHTXHQW�H[WUHPH�
HYHQWV�DUH�H[SHFWHG�XQGHU�FOLPDWH�FKDQJH��SDUWLFXODUO\�KHDWZDYHV�DQG�GURXJKW�� WKHUH� LV�D�JURZLQJ�
FRQFHUQ�WKDW� WKHVH�HYHQWV�FDXVH�D�UHGXFWLRQ�LQ�JUDSH�\LHOG�DQG�TXDOLW\�XQGHU�IXWXUH�FRQGLWLRQV��7R�
FRSH�ZLWK�H[WUHPH�HYHQWV��VRPH�VKRUW�WHUP�DGDSWDWLRQ�OHYHUV�FRPSULVH�LUULJDWLRQ��PRGLILFDWLRQ�RI�YLQH�
PDQDJHPHQW�SUDFWLFHV��DQG�WKH�LQVWDOODWLRQ�RI�DQWL�KDLO�QHWV��IDQV��DQG�KHDWHUV��1DXOOHDX�HW�DO���������
6DFFKHOOL�HW�DO����������1RQHWKHOHVV��WKH�LQIOXHQFH�RI�IRUHFDVWHG�FOLPDWH�FKDQJH�DQG�WKH�DGRSWLRQ�RI�
DGDSWDWLRQ�RSWLRQV�RQ� WKH�HQYLURQPHQWDO� LPSDFWV�RI�YLWLFXOWXUH�KDV�QRW�EHHQ�HYDOXDWHG��7KLV�VWXG\�
DLPV� WR�SHUIRUP�D�SURVSHFWLYH�/&$�RI�JUDSH�SURGXFWLRQ� LQ� WZR�FRQWUDVWHG�)UHQFK�YLQH\DUGV��RQH�
ORFDWHG� LQ� WKH� /RLUH� 9DOOH\�� DQG� DQRWKHU� LQ� /DQJXHGRF�5RXVVLOORQ�� DFFRUGLQJ� WR� WZR� 6KDUHG�
6RFLRHFRQRPLF�3DWKZD\V��663V��JLYLQJ�WKH�UDQJH�RI�ORZ�DQG�KLJK�*+*�HPLVVLRQV� 
 
0DWHULDOV�DQG�PHWKRGV 
%DVHOLQH�VFHQDULRV�ZHUH�ILUVW�GHILQHG�IRU�WKH�/&$�RI�WZR�)UHQFK�YLQH\DUGV��RQH�ORFDWHG�LQ�WKH�/RLUH�
9DOOH\�DQG�DQRWKHU�LQ�/DQJXHGRF�5RXVVLOORQ��7KH�OLIH�F\FOH�LQYHQWRU\�ZDV�EDVHG�RQ�WUDFHDELOLW\�DQG�
ZRUNLQJ� UHSRUWV� RI� WKH� DQDO\]HG� YLQH\DUGV�� 'LUHFW� HPLVVLRQV� UHVXOWLQJ� IURP� WKH� DSSOLFDWLRQ� RI�
IHUWLOL]HUV�DQG�PHWDO�EDVHG�IXQJLFLGHV�ZHUH�FRPSXWHG�ZLWK�$*(&�/&,��9LYHURV�6DQWRV�HW�DO����������
DQG� HPLVVLRQV� IURP� RUJDQLF� SHVWLFLGHV� ZHUH� PRGHOOHG� ZLWK� WKH� YHUVLRQ� DGDSWHG� WR� YLWLFXOWXUH� RI�
3HVW/&,�����5HQDXG�*HQWLp�HW�DO����������,Q�D�VHFRQG�VWHS��E\�PHDQV�RI�GHWUHQGLQJ��WKH�VHQVLWLYLW\�RI�
JUDSH�\LHOG�WR�FOLPDWH�YDULDEOHV�ZDV�FRPSXWHG�EDVHG�RQ�JUDSH�\LHOG�GDWDVHWV�IURP�$JUHVWH��������DQG�
FOLPDWH�GDWD�IURP�$JUL�&DVW�5HVRXUFH�3RUWDO��%LDYHWWL�HW�DO����������'HWUHQGLQJ�SURGXFHG�UHVLGXDOV�
RI�\LHOG�ሺȟܻ݈݅݁݀���NJ�KD��\U�����DYHUDJH�WHPSHUDWXUH�ሺȟ ௔ܶ௩௚����&�\U����DQG�WRWDO�SUHFLSLWDWLRQ�ሺȟݐ݌݌��
�PP� \U����� 6XFFHVVLYHO\�� ZH� SHUIRUPHG� OLQHDU� UHJUHVVLRQV� ZLWK� \LHOG� UHVLGXDOV� ሺȟܻ݈݅݁݀��� DV� WKH�
GHSHQGHQW�YDULDEOH�DQG�UHVLGXDOV�RI�DYHUDJH�WHPSHUDWXUH��ȟ ௔ܶ௩௚��DQG�WRWDO�SUHFLSLWDWLRQ�ሺȟݐ݌݌��DV�
H[SODQDWRU\�YDULDEOHV��7KH�VORSH�FRHIILFLHQWV�RI�WKHVH�OLQHDU�UHJUHVVLRQV�FRUUHVSRQG�WR�\LHOG�FKDQJH�
SHU� XQLW� FKDQJH� LQ� PHDQ� WHPSHUDWXUH� �NJ� KD��� �&���� DQG� WRWDO� SUHFLSLWDWLRQ� �NJ� KD��� PP�����:H�
FRPSXWHG�PDSV�RI�FKDQJH�LQ�DYHUDJH�WHPSHUDWXUH�DQG�WRWDO�SUHFLSLWDWLRQ�GXULQJ�WKH�JURZLQJ�VHDVRQ�
RI�ZLQH�JUDSHV�E\�FDOFXODWLQJ�WKH�GLIIHUHQFH�EHWZHHQ�FXUUHQW�DQG�IXWXUH�FOLPDWH��DFFRUGLQJ�WR�IRXU�
IXWXUH�SHULRGV�DQG�WZR�663V��663������DQG�663�������GHULYHG�E\�WKH�*&0�,36/�&0�$�/5��)LFN�
DQG�+LMPDQV���������6XFFHVVLYHO\��DFFRUGLQJ�WR�(T������WKH�H[SHFWHG�FKDQJH�LQ�JUDSH�\LHOG�൫ܧሺܻܥሻ௧ǡ௦൯�
GXH�WR�SURMHFWHG�FOLPDWH�FKDQJH�IRU�HDFK�SHULRG��W��DQG�663��V��ZDV�FRPSXWHG�E\�DGGLQJ�WKH�SURGXFW�
RI�WKH�VHQVLWLYLW\�RI�JUDSH�\LHOG�Ⱦ௖�WR�HDFK�FOLPDWH�YDULDEOH��F���L�H���WKH�VORSH�FRHIILFLHQWV�RI�OLQHDU�
UHJUHVVLRQV��NJ�KD����&���DQG�NJ�KD���PP���IRU�DYHUDJH�WHPSHUDWXUH�DQG�WRWDO�SUHFLSLWDWLRQ��UHVSHFWLYHO\��
DQG�WKH�SURMHFWHG�FKDQJH�LQ�DYHUDJH�WHPSHUDWXUH�DQG�WRWDO�SUHFLSLWDWLRQ��ȟܥ௖ǡ௧ǡ௦��IRU�SHULRG��W��DQG�
663��V�� 
 

�ሺܻܥሻ௧ǡ௦ ൌ෍Ⱦୡ
௖

ڄ ȟ�௖ǡ௧ǡ௦ (1) 

7KLUG�� WKH� IUDPHZRUN� SURSRVHG� E\� 6DFFKHOOL� HW� DO�� �������ZDV� HPSOR\HG� WR� LQFOXGH� WKH� HIIHFW� RI�
H[WUHPH�HYHQWV�RQ�IXWXUH�JUDSH�\LHOG�DQG�WKH�LPSOHPHQWDWLRQ�RI�DGDSWDWLRQ�OHYHOV���$FFRUGLQJ�WR�(T��
�����WKH�H[SHFWHG�\LHOG�ORVV�UDWH��ܧሺܻܴܮሻ௧ǡ௦������IRU�HDFK�SHULRG��W��DQG�663��V��FDXVHG�E\�DQ�H[WUHPH�
HYHQW��H��ZDV�FDOFXODWHG�EDVHG�RQ�WKH�H[SHFWHG�SUREDELOLW\�RI�WKH�H[WUHPH�HYHQW�±�ܲሺ݁ሻ௧ǡ௦�����±�DQG�
LWV�SRWHQWLDO�OHYHO�RI�GDPDJH��݀௘���7KH�H[SHFWHG�SUREDELOLW\�ܲሺ݁ሻ௧ǡ௦�����RI�IURVW��GURXJKW��KHDWZDYHV��
DQG�SK\WRSDWKRORJ\�ZDV�HVWLPDWHG�EDVHG�RQ�DJURFOLPDWLF�LQGLFDWRUV��&RSHUQLFXV���������ZKLOH�WKH�
FRUUHVSRQGLQJ�SUREDELOLW\�RI�KDLO�ZDV�EDVHG�RQ�SURMHFWHG�FKDQJHV�LQ�VXPPHU�PHDQ�WHPSHUDWXUH��)LFN�
DQG�+LMPDQV�� ������� %HVLGHV��ZH� DVVXPHG� WKDW� ZLQHJURZHUV� DFWLYDWH� DGDSWDWLRQ� OHYHUV�ZKHQ� WKH�
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 � 

�ሻ௧ǡ௦�LV�JUHDWHU�WKDQ�����7KH�DGDSWDWLRQܴܮሺܻܧ OHYHUV�FRQVLGHUHG�ZHUH�DQWL�KDLO�QHWV��ZRRG�EXUQLQJ�
V\VWHP��LUULJDWLRQ��DQG�LQFUHDVH�RI�SK\WRVDQLWDU\�WUHDWPHQWV��7KH�PRGHOOLQJ�RI�H[WUHPH�HYHQWV�DQG�
WKHLU�FRUUHVSRQGLQJ�DGDSWDWLRQ�OHYHUV�LV�GHVFULEHG�LQ�PRUH�GHWDLO�LQ�9LYHURV�6DQWRV��HW�DO��������� 

ሻ௧ǡ௦ܴܮሺܻܧ ൌ ෍ܲሺ݁ሻ௧ǡ௦

௠

௘ୀଵ

ڄ ݀௘ (2) 

5HVXOWV�DQG�GLVFXVVLRQ 
7KH�SURMHFWHG�LQFUHDVH�LQ�WHPSHUDWXUH�ZDV�IRXQG�WR�QHJDWLYHO\�DIIHFW�JUDSH�\LHOG�LQ�WKH�YLQH\DUG�IURP�
/DQJXHGRF�5RXVVLOORQ��ZLWK�D�YDOXH�RI���������NJ�KD����&�����1HYHUWKHOHVV��WKH�VHQVLWLYLW\�RI�JUDSH�
\LHOG�WR� WHPSHUDWXUH�ZDV�HVWLPDWHG�DW��������NJ�KD����&����IRU� WKH�YLQH\DUG�LQ�/RLUH�9DOOH\��ZKLFK�
LQGLFDWHV�WKDW�WHPSHUDWXUH�LQFUHDVH�LQ�WKLV�YLQH\DUG�LV�IDYRUDEOH�WR�JUDSH�\LHOG��)RU�ERWK�YLQH\DUGV�RI�
WKH�FDVH�VWXG\��SUHFLSLWDWLRQ�UHGXFWLRQ�DGYHUVHO\�DIIHFWV�JUDSH�\LHOG��ZLWK�YDOXHV�RI�������DQG�������
�NJ�KD���PP����LQ�/DQJXHGRF�5RXVVLOORQ��DQG�LQ�WKH�/RLUH�9DOOH\��UHVSHFWLYHO\�� 
7KH�JUDSH�\LHOG�VHQVLWLYLWLHV�UHSRUWHG�SUHYLRXVO\�LQ�FRPELQDWLRQ�ZLWK�WKH�SURMHFWHG�FKDQJHV�LQ�PHDQ�
WHPSHUDWXUH�DQG�WRWDO�SUHFLSLWDWLRQ�OHDG�WR�SRWHQWLDO�LQFUHDVHV�LQ�WKH�HQYLURQPHQWDO�LPSDFW�RI�JUDSH�
SURGXFWLRQ�LQ�WKH�YLQH\DUG�IURP�/DQJXHGRF�5RXVVLOORQ��+RZHYHU��WKH�RSSRVLWH�FRQFOXVLRQ�ZDV�IRXQG�
IRU�WKH�YLQH\DUG�IURP�WKH�/RLUH�9DOOH\��7KH�663������VFHQDULR�SURMHFWV�WKH�ORZHVW�LQFUHDVHV�LQ�WKH�
FDUERQ�IRRWSULQW�SHU�NJ�RI�ZLQH�JUDSHV�LQ�WKH�YLQH\DUG�IURP�/DQJXHGRF�5RXVVLOORQ�ZLWK�D�PD[LPXP�
LQFUHDVH�RI�DURXQG������IRU�WKH�SHULRG�����������FRPSDUHG�WR�WKH�EDVHOLQH�VFHQDULR��ZKHUHDV�WKH�
663������VFHQDULR�SURMHFWV�KLJKHU�LQFUHDVHV�RI���������DQG�����VWDUWLQJ�IURP�WKH�SHULRG������������
2Q�WKH�RWKHU�KDQG��XQGHU�WKH�VFHQDULR�663�������WKH�FDUERQ�IRRWSULQW�SHU�NJ�RI�ZLQH�JUDSHV�IRU�WKH�
YLQH\DUG�IURP�WKH�/RLUH�9DOOH\�FRXOG�SRWHQWLDOO\�GHFUHDVH�E\�DURXQG�����E\�WKH�HQG�RI�WKH�FHQWXU\��
1HYHUWKHOHVV�� WKH� SRWHQWLDO� UHGXFWLRQ� RI� WKH� FDUERQ� IRRWSULQW� RI� WKLV� YLQH\DUG� LV� OHVV� SURQRXQFHG�
DFFRUGLQJ� WR� WKH�VFHQDULR�663�������ZKLFK�SURMHFWV�D�GHFUHDVH�RI� DURXQG���� IRU� WKH�VDPH�SHULRG�
FRPSDUHG�WR�WKH�FXUUHQW�VFHQDULR��)LJXUH�����7R�SXW�WKHVH�UHVXOWV�LQWR�SHUVSHFWLYH��DQ�/&$�RI�RUJDQLF�
YLWLFXOWXUH�LQ�)UDQFH�IRXQG�WKDW�WKH�LQWHUDQQXDO�YDULDELOLW\�HQWDLOV�XS�WR�����RI�YDULDELOLW\�SHU�LPSDFW�
FDWHJRU\�GXH�WR�WKH�PRGLILFDWLRQ�RI�PDQDJHPHQW�SUDFWLFHV�IROORZLQJ�WKH�GLYHUVH�FOLPDWLF�FRQGLWLRQV�
DQG�GLVHDVH�DQG�SHVW�SUHVVXUH��5HQDXG�*HQWLp�HW�DO��������� 

 
)LJXUH����3URMHFWHG�FDUERQ�IRRWSULQW��NJ�&2�HT�NJ�JUDSHV����DVVRFLDWHG�ZLWK�JUDSH�SURGXFWLRQ�LQ�WZR�)UHQFK�YLQH\DUGV�
�FDOFXODWHG�ZLWK�,03$&7�:RUOG���%XOOH�HW�DO�����������7KH�KHLJKW�RI�WKH�OLJKWHU�VKDGHG�HQYHORSH�EHKLQG�WKH�EDUV�

UHSUHVHQWV�WKH�LPSDFW�VFRUH�RI�EDVHOLQH�VFHQDULRV� 
 

7KH�SRWHQWLDO�\LHOG�ORVV�UDWHV�GXH�WR�H[WUHPH�HYHQWV�IRU�JUDSH�SURGXFWLRQ�REWDLQHG�IURP�SUHYLRXV�ZRUN�
�9LYHURV�6DQWRV�HW�DO���������ZHUH�XVHG�WR�DFFRXQW�IRU�WKH�LQIOXHQFH�RI�H[WUHPH�HYHQWV�DQG�DGDSWDWLRQ�
OHYHUV�RQ�WKH�/&$�UHVXOWV��$V�GHSLFWHG�LQ�)LJXUH����ZKHQ�LQFOXGLQJ�WKH�HIIHFW�RI�H[WUHPH�HYHQWV��WKH�
FDUERQ�IRRWSULQW�RI�ERWK�YLQH\DUGV�LV�IRUHFDVWHG�WR�LQFUHDVH�FRQVLGHUDEO\��+RZHYHU��LQ�PRVW�FDVHV��WKH�
DFWLYDWLRQ� RI� DGDSWDWLRQ� RSWLRQV� OHDGV� WR� ORZHU� LPSDFW� VFRUHV� ����� RQ� DYHUDJH�� FRPSDUHG� WR� D�
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2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

VLWXDWLRQ�LQ�ZKLFK�DGDSWDWLRQ�OHYHUV�DUH�QRW�DGRSWHG��,Q�WKRVH�FDVHV��WKH�SUHYHQWLRQ�RI�\LHOG�ORVV�E\�
LPSOHPHQWLQJ�DGDSWDWLRQ�OHYHUV�RIIVHWV�WKHLU�FRUUHVSRQGLQJ�FDUERQ�IRRWSULQW��3UHYLRXV�VWXGLHV�KDYH�
DOUHDG\�VKRZQ�WKH�FUXFLDO�HIIHFW�RI�JUDSH�\LHOG�RQ�WKH�HQYLURQPHQWDO�SURILOH�RI�JUDSH�SURGXFWLRQ�LQ�
ERWK�LQWHUDQQXDO�DQG�LQWHUUHJLRQDO�GLPHQVLRQV� � �5HQDXG�*HQWLp�HW�DO���������9i]TXH]�5RZH�HW�DO���
������� 5HJDUGLQJ� WKH� YLQH\DUG� IURP� WKH� /RLUH�9DOOH\�� WKH� KLJKHVW� LQFUHDVH� LQ� FDUERQ� IRRWSULQW� LV�
H[SHFWHG�XQGHU� WKH�663������ VFHQDULR� E\� ����������� IRU� D� VFHQDULR�ZLWKRXW� DGDSWDWLRQ� VWUDWHJLHV�
�������NJ�&2�HT�NJ�JUDSHV�����FRUUHVSRQGLQJ�WR�DQ�LQFUHDVH�RI�URXJKO\������FRPSDUHG�WR�WKH�EDVHOLQH�
VFHQDULR��+RZHYHU��WKH�ORZHVW�LQFUHDVH�LQ�FDUERQ�IRRWSULQW�IRU�WKH�VDPH�YLQH\DUG�LV�DQWLFLSDWHG�XQGHU�
WKH�663������VFHQDULR�E\� WKH�HQG�RI� WKH�FHQWXU\�IRU�D�VFHQDULR�ZLWKRXW�DGDSWDWLRQ� OHYHUV��ZLWK�DQ�
LQFUHDVH�RI�����FRPSDUHG�WR�WKH�EDVHOLQH�VFHQDULR��7KH�ODWWHU�VLWXDWLRQ�LV�H[SODLQHG�E\�WKH�LQFUHDVH�
LQ�WKH�FDUERQ�IRRWSULQW�E\�����GXH�WR�WKH�LQVWDOODWLRQ�RI�WKH�DQWL�IURVW�DQG�WKH�DQWL�KDLO�QHW�V\VWHPV�
FRPSDUHG�WR�D�VFHQDULR�ZLWKRXW�DGDSWDWLRQ�OHYHUV��ZKLOH�WKH�SUHYHQWLRQ�RI�WKH�DVVRFLDWHG�\LHOG�ORVV�LV�
������&RQFHUQLQJ�WKH�YLQH\DUG�IURP�/DQJXHGRF�5RXVVLOORQ��E\�WKH�HQG�RI�WKH�FHQWXU\��WKH�663������
VFHQDULR�IRUHFDVWV�VKDUS�LQFUHDVHV�LQ�WKH�FDUERQ�IRRWSULQW�RI�JUDSH�SURGXFWLRQ�RI�URXJKO\������IRU�D�
VFHQDULR�ZLWKRXW�DGDSWDWLRQ�OHYHUV��������NJ�&2�HT�NJ�JUDSHV�����DQG�RI������IRU�D�VFHQDULR�ZLWK�
DGDSWDWLRQ�RSWLRQV��������NJ�&2�HT�NJ�JUDSHV����FRPSDUHG�WR�WKH�EDVHOLQH�VFHQDULR��$FFRUGLQJ�WR�WKH�
663������VFHQDULR��IRU�PRVW�SHULRGV��WKH�FDUERQ�IRRWSULQW�RI�WKH�VFHQDULRV�DGRSWLQJ�DGDSWDWLRQ�OHYHUV�
LV�RIIVHW�E\�WKH�DYRLGDQFH�RI�\LHOG�ORVV�WKDW�DGDSWDWLRQ�VWUDWHJLHV�ZRXOG�HQJHQGHU��1HYHUWKHOHVV��WKH�
ODWWHU�FRQFOXVLRQ�LV�LQYHUWHG�XQGHU�WKH�663������VFHQDULR�E\�WKH�HQG�RI�WKH�FHQWXU\�VLQFH�WKH�H[SHFWHG�
\LHOG�ORVV�UDWHV�FDXVHG�E\�H[WUHPH�HYHQWV�DUH�ORZHU�WKDQ�WKRVH�IRU�RWKHU�SHULRGV��DQG�PRUH�VSHFLILFDOO\�
WKRVH�FDXVHG�E\�KHDWZDYHV��7KLV�LV�H[SODLQHG�E\�WKH�IDFW�WKDW�WKH�663������VFHQDULR�PRGHOV�ORZ�*+*�
HPLVVLRQV�DQG�&2��HPLVVLRQV�GHFUHDVLQJ�WR�QHW�]HUR�DIWHU�������ZLWK�IOXFWXDWLQJ�OHYHOV�RI�QHJDWLYH�
&2��HPLVVLRQV�DIWHUZDUG��,3&&���������&RQVHTXHQWO\��OHVV�RFFXUUHQFH�RI�H[WUHPH�HYHQWV�LV�IRUHFDVWHG�
XQGHU�WKH�663������VFHQDULR�E\�WKH�HQG�RI�WKH�FHQWXU\� 

 
)LJXUH����3URMHFWHG�FDUERQ�IRRWSULQW��NJ�&2�HT�NJ�JUDSHV����DVVRFLDWHG�ZLWK�JUDSH�SURGXFWLRQ�LQ�WZR�)UHQFK�YLQH\DUGV�
�FDOFXODWHG�ZLWK�,03$&7�:RUOG���%XOOH�HW�DO�����������7KH�KHLJKW�RI�WKH�OLJKWHU�VKDGHG�HQYHORSH�EHKLQG�WKH�EDUV�

UHSUHVHQWV�WKH�LPSDFW�VFRUH�RI�EDVHOLQH�VFHQDULRV��7KH�OLJKWHU�EDUV�LQGLFDWH�WKH�LPSDFW�VFRUH�ZKHQ�DGDSWDWLRQ�OHYHUV�DUH�
DFWLYDWHG��ZKLOH�GDUNHU�EDUV�LQGLFDWH�WKDW�DGDSWDWLRQ�OHYHUV�DUH�QRW�DFWLYDWHG� 

 
&RQFOXVLRQV 
7KH�RXWFRPHV�RI�WKLV�H[SORUDWRU\�VWXG\�LQGLFDWH�WKDW�WKH�IRUHFDVWHG�FKDQJHV�LQ�PHDQ�WHPSHUDWXUH�DQG�
WRWDO�SUHFLSLWDWLRQ�RYHU�WKH�ZLQH�JUDSH�JURZLQJ�VHDVRQ�VKRXOG�LQIOXHQFH�JUDSH�\LHOG�LQ�UHYHUVHG�ZD\V�
LQ�WKH�)UHQFK�YLQH\DUGV�RI�WKH�FDVH�VWXG\��ZKLFK�ZLOO�SURSDJDWH�WR�WKH�/&$�UHVXOWV��ZKLOH�WKH�LPSDFW�
VFRUH�LV�SURMHFWHG�WR�LQFUHDVH�IRU�WKH�YLQH\DUG�IURP�/DQJXHGRF�5RXVVLOORQ��LW�LV�H[SHFWHG�WR�GHFUHDVH�
IRU�WKH�YLQH\DUG�IURP�WKH�/RLUH�9DOOH\��1HYHUWKHOHVV��ZKHQ�DFFRXQWLQJ�IRU�H[WUHPH�HYHQWV�DQG�WKH�
DGRSWLRQ�RI�DGDSWDWLRQ�OHYHUV��WKH�HQYLURQPHQWDO�LPSDFWV�RI�ERWK�YLQH\DUGV�DUH�SURMHFWHG�WR�LQFUHDVH�
FRQVLGHUDEO\��/DVWO\�� WKLV�VWXG\�KLJKOLJKWV� WKH�QHHG� WR�DFFRXQW� IRU�FOLPDWH�FKDQJH�ZKHQ�DQDO\]LQJ�
DJULFXOWXUDO�V\VWHPV�WR�HQKDQFH�WKH�UHOHYDQFH�RI�/&$�ZKHQ�DSSOLHG�WR�SURVSHFWLYH�DQDO\VHV� 
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5HIHUHQFHV 
$JUHVWH� �� 6WDWLVWLTXH� DJULFROH� DQQXHOOH� �6$$��� /D� VWDWLVWLTXH�� � O¶pYDOXDWLRQ� HW� OD� SURVSHFWLYH� GX�

PLQLVWqUH�GH�O¶$JULFXOWXUH�HW�GH�O¶$OLPHQWDWLRQ��������3URGXFWLRQ�GH�UDLVLQ�>:::�'RFXPHQW@��
DJUHVWH�DJULFXOWXUH�JRXY�IU�DJUHVWH�ZHE�� 85/� KWWSV���DJUHVWH�DJULFXOWXUH�JRXY�IU�DJUHVWH�
ZHE�GLVDURQ�6$$B9,*1(�GHWDLO���DFFHVVHG����������� 

%LDYHWWL�� ,���.DUHWVRV��6���&HJODU��$���7RUHWL��$���3DQDJRV��3��� ������(XURSHDQ�PHWHRURORJLFDO� GDWD��
FRQWULEXWLRQ� WR� UHVHDUFK�� GHYHORSPHQW�� DQG� SROLF\� VXSSRUW�� LQ�� 3URF�63,(��
KWWSV���GRL�RUJ������������������� 

%XOOH�� &��� 0DUJQL�� 0��� 3DWRXLOODUG�� /��� %RXOD\�� $��0��� %RXUJDXOW�� *��� 'H� %UXLOOH�� 9��� &DR�� 9���
+DXVFKLOG��0���+HQGHUVRQ��$���+XPEHUW�� 6��� .DVKHI�+DJKLJKL�� 6��� .RXQLQD��$��� /DXUHQW��$���
/HYDVVHXU��$���/LDUG��*���5RVHQEDXP��5�.���5R\��3��2���6KDNHG��6���)DQWNH��3���-ROOLHW��2���������
,03$&7�:RUOG���D�JOREDOO\�UHJLRQDOL]HG�OLIH�F\FOH�LPSDFW�DVVHVVPHQW�PHWKRG��,QW��-��/LIH�&\FOH�
$VVHVV����������±������KWWSV���GRL�RUJ���������V����������������� 

&RSHUQLFXV�� ������ &RSHUQLFXV� &OLPDWH� &KDQJH� 6HUYLFH� �&�6�� >:::�'RFXPHQW@��$JURFOLPDWLF�
,QGLF�� IURP� ����� WR� ����� 'HULY�� IURP� &OLP�� 3URM�� 85/�
KWWSV���FGV�FOLPDWH�FRSHUQLFXV�HX�FGVDSS���GDWDVHW�VLV�DJURFOLPDWLF�LQGLFDWRUV"WDE IRUP�
�DFFHVVHG����������� 

)LFN��6�(���+LMPDQV��5�-���������:RUOG&OLP����QHZ���NP�VSDWLDO�UHVROXWLRQ�FOLPDWH�VXUIDFHV�IRU�JOREDO�
ODQG�DUHDV��,QW��-��&OLPDWRO����������±������KWWSV���GRL�RUJ�KWWSV���GRL�RUJ���������MRF����� 

)UDJD��+���*DUFtD�GH�&RUWi]DU�$WDXUL��,���0DOKHLUR��$�&���6DQWRV��-�$���������0RGHOOLQJ�FOLPDWH�FKDQJH�
LPSDFWV�RQ�YLWLFXOWXUDO�\LHOG��SKHQRORJ\�DQG�VWUHVV�FRQGLWLRQV�LQ�(XURSH��*ORE��&KDQJ��%LRO������
����±������KWWSV���GRL�RUJ�KWWSV���GRL�RUJ���������JFE������ 

,3&&�� ������6XPPDU\� IRU� 3ROLF\PDNHUV�� ,Q��&OLPDWH�&KDQJH� ������7KH� 3K\VLFDO� 6FLHQFH�%DVLV��
&RQWULEXWLRQ�RI�:RUNLQJ�*URXS�,�WR�WKH�6L[WK�$VVHVVPHQW�5HSRUW�RI�WKH�,QWHUJRYHUQPHQWDO�3DQHO�
RQ�&OLPDWH�&KDQJH��&DPEULGJH�8QLYHUVLW\�3UHVV� 

0DUtQ��'���$UPHQJRO��-���&DUERQHOO�%HMHUDQR��3���(VFDORQD��-�0���*UDPDMH��'���+HUQiQGH]�0RQWHV��(���
,QWULJOLROR��'�6���0DUWtQH]�=DSDWHU��-�0���0HGUDQR��+���0LUiV�$YDORV��-�0���3DORPDUHV�5LXV��-�(���
5RPHUR�$]RUtQ��3���6DYp��5���6DQWHVWHEDQ��/�*���GH�+HUUDOGH��)���������&KDOOHQJHV�RI�YLWLFXOWXUH�
DGDSWDWLRQ�WR�JOREDO�FKDQJH��WDFNOLQJ�WKH�LVVXH�IURP�WKH�URRWV��$XVW��-��*UDSH�:LQH�5HV�������±
����KWWSV���GRL�RUJ�KWWSV���GRL�RUJ���������DMJZ������ 

1DXOOHDX��$���*DU\��&���3UpYRW��/���+RVVDUG��/���������(YDOXDWLQJ�6WUDWHJLHV�IRU�$GDSWDWLRQ�WR�&OLPDWH�
&KDQJH�LQ�*UDSHYLQH�3URGXFWLRQ±$�6\VWHPDWLF�5HYLHZ��)URQW��3ODQW�6FL� 

5HQDXG�*HQWLp��&���'LHX��9���7KLROOHW�6FKROWXV��0���0pURW��$���������$GGUHVVLQJ�RUJDQLF�YLWLFXOWXUH�
HQYLURQPHQWDO�EXUGHQV�E\�EHWWHU�XQGHUVWDQGLQJ�LQWHUDQQXDO�LPSDFW�YDULDWLRQV��,QW��-��/LIH�&\FOH�
$VVHVV����������±������KWWSV���GRL�RUJ���������V����������������� 

5HQDXG�*HQWLp��&���'LMNPDQ��7�-���%M¡UQ��$���%LUNYHG��0���������3HVWLFLGH�HPLVVLRQ�PRGHOOLQJ�DQG�
IUHVKZDWHU�HFRWR[LFLW\�DVVHVVPHQW�IRU�*UDSHYLQH�/&$��DGDSWDWLRQ�RI�3HVW/&,�����WR�YLWLFXOWXUH��
,QW��-��/LIH�&\FOH�$VVHVV����������±������KWWSV���GRL�RUJ���������V���������������� 

6DFFKHOOL��6���)DEEUL]]L��6���%HUWRFFL��0���0DURQH��(���0HQJKLQL��6���%HUQHWWL��,���������$�PL[�PHWKRG�
PRGHO�IRU�DGDSWDWLRQ�WR�FOLPDWH�FKDQJH�LQ�WKH�DJULFXOWXUDO�VHFWRU��$�FDVH�VWXG\�IRU�,WDOLDQ�ZLQH�
IDUPV�� -�� &OHDQ�� 3URG�� ����� ���±�����
KWWSV���GRL�RUJ�KWWSV���GRL�RUJ���������M�MFOHSUR������������ 

6DQWRV��-�$���)UDJD��+���0DOKHLUR��$�&���0RXWLQKR�3HUHLUD��-���'LQLV��/��7���&RUUHLD��&���0RULRQGR��0���
/HROLQL��/���'LEDUL��&���&RVWDIUHGD�$XPHGHV��6���.DUWVFKDOO��7���0HQ]��&���0ROLWRU��'���-XQN��-���
%H\HU�� 0��� 6FKXOW]�� +�5��� ������ $� 5HYLHZ� RI� WKH� 3RWHQWLDO� &OLPDWH� &KDQJH� ,PSDFWV� DQG�
$GDSWDWLRQ�2SWLRQV�IRU�(XURSHDQ�9LWLFXOWXUH��$SSO��6FL��KWWSV���GRL�RUJ���������DSS�������� 

YDQ�/HHXZHQ��&���'HVWUDF�,UYLQH��$���'XEHUQHW��0���'XFKrQH��(���*RZG\��0���0DUJXHULW��(���3LHUL��3���
3DUNHU��$���GH�5HVVpJXLHU��/���2OODW��1���������$Q�8SGDWH�RQ�WKH�,PSDFW�RI�&OLPDWH�&KDQJH�LQ�
9LWLFXOWXUH�DQG�3RWHQWLDO�$GDSWDWLRQV��$JURQRP\��KWWSV���GRL�RUJ���������DJURQRP\������� 

9i]TXH]�5RZH��,���9LOODQXHYD�5H\��3���,ULEDUUHQ��'���7HUHVD�0RUHLUD��0���)HLMRR��*���������-RLQW�OLIH�
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F\FOH�DVVHVVPHQW�DQG�GDWD�HQYHORSPHQW�DQDO\VLV�RI�JUDSH�SURGXFWLRQ�IRU�YLQLILFDWLRQ�LQ�WKH�5tDV�
%DL[DV� DSSHOODWLRQ� �1:� 6SDLQ��� -�� &OHDQ�� 3URG�� ���� ��±�����
KWWSV���GRL�RUJ�KWWSV���GRL�RUJ���������M�MFOHSUR������������ 

9LYHURV�6DQWRV��,���5HQDXG�*HQWLp��&���5RX[��3���/HYDVVHXU��$���%XOOH��&���'HVFKrQHV��/���%RXOD\��$��
0��� ������ 3URVSHFWLYH� OLIH� F\FOH� DVVHVVPHQW� RI� YLWLFXOWXUH� XQGHU� FOLPDWH� FKDQJH� VFHQDULRV��
DSSOLFDWLRQ�RQ�WZR�FDVH�VWXGLHV�LQ�)UDQFH��0DQXVFULSW�VXEPLWWHG�IRU�SXEOLFDWLRQ� 

9LYHURV�6DQWRV�� ,���5RX[��3���%XOOH��&���/HYDVVHXU��$���'HVFKrQHV��/��� ������$*(&�/&,�� DQ� RSHQ�
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TKH� ³*RRG�)RRG�&LWLHV�'HFODUDWLRQ´ is a global initiative that commits to the transition towards 
sustainable food systems (C40 Cities, 2019). One of the commitments of this declaration is to take 
action to reduce food waste and ensure sustainable eating patterns for all citizens by 2030. In this 
regard, Barcelona has committed to several actions within the public-sector meals: increase organic 
and locally sourced food products, and reduce meat. In addition, after the climate emergency 
declaration, the municipality of Barcelona has committed to promote healthier diets that are low in 
carbon in 2021, in schools and all municipal dining rooms. This study evaluates the nutritional and 
environmental benefits of this transition to low-carbon meals in public schools of Barcelona. To do 
so, the Life Cycle Assessment (LCA) is used, and a functional unit (FU) that considers the caloric 
energy and nutritional quality of the meals (Batlle-Bayer et al., 2020) is applied.  
 
In addition, this study argues the importance to combine the LCA methodology with the Water-
Energy-Food (WEF) nexus approach, which also has a holistic perspective. The WEF nexus is a 
concept that evaluates the interactions between three resources - water, energy and food - systems, 
and it identifies the synergies and trade-offs between them for an optimal integrated management 
(FAO, 2014). Most WEF nexus studies focus on specific issues at the production level, and little has 
been done at the consumption level. In this regard, this study selects three common LC-based 
impacts that can be related to the WEF nexus approach (Blue Water Footprint (BWF), Primary 
Energy Demand (PED) and Land Use (LU)), as well as, Global Warming Potential (GWP). 
 
Life cycle inventory data of all food ingredients were retrieved from Batlle-Bayer et al. (2019). For 
LU, data on the average country-specific crop yields from the FAOSTAT were used to estimate the 
land required to produce all plant-based food products considered in this study. Animal feed 
consumption was based on the studies considered in Batlle-Bayer et al. (2019). About BWF, 
country-specific data from Mekonnen and Hoekstra (2010b, 2010a) were used. Data on preparing 
and serving meals in schools were retrieved from García-Herrero et al. (2019), since primary data 
were not available. Food losses were based on Garcia-Herrero et al. (2018) and data on food waste 
in the kitchen and catering service were retrieved from García-Herrero et al. (2019). 
 
The key result of this study is that the transition to a low-carbon meal can potentially reduce 
between 46 and 60% the environmental impacts. These benefits could even be higher when extra 
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interventions within the school boundaries are applied. This study is an exploratory study and, thus, 
to improve the current assessment we suggest to involve all key stakeholders within the school food 
system to obtain primary data on food ingredients and resources (i.e., energy and water) used to 
prepare and serve the food, as well as the food wasted in the plates in Barcelona schools.  
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Two important aspects considered by the Sustainable Development Goals are global warming 
and malnutrition. On the one hand, global warming has had severe negative impacts on the life 
quality and the efficiency of several productive sectors. On the other hand, malnutrition is a 
complex issue worldwide, reaching around 60% of the population. In this setting, we conducted a 
literature review related to diet optimization problems, identifying research challenges and main 
problems. Consequently, to explore the transformation of the massive food services towards more 
sustainable consumption patterns, we introduce the sustainable diet design problem for the massive 
food services. To address this problem, we focus on the trade-off between the equivalent carbon 
dioxide emitted (CO2eq) in the process of ingredients production and collection as well as food 
residues transport and final disposition involved, and the monthly costing. Specifically, we 
formulate three quadratic mixed-integer programming (QMIP) models: (i) to minimize the CO2eq 
from the system subject to nutritional constraints, operational requirements, and cultural 
acceptability aspects; (ii) to minimize the monthly costing from the system subject to nutritional 
constraints, operational requirements, and cultural acceptability aspects; and (iii) the ponderation 
for CO2eq and monthly costing from the system subject to nutritional constraints, operational 
requirements, and cultural acceptability aspects. 

Chile is one of the wealthiest countries in the Global South and prevalence of overweight 
(OECD, 2017). In addition, Chile has addressed several international initiatives such as United 
Nations SDGs and National Determined Contributions, where the reduction of GHGs generation is 
one of the more important aspects to be considered (Gobierno de Chile, 2020). Consequently, an 
alternative approach for the generation of public plans and policies that aims to change consumption 
patterns is relevant. We selected a prestigious public Chilean University located in Santiago, 
housing all communities on a single campus. Unlike other higher education institutions that have 
subcontracted food services, this public university is WKH�RZQHU�RI�WKH�8QLYHUVLW\¶V�UHIHFWRU\�DQG�LV�
responsible to deliver massive food services for the community, focusing mainly on the scholarship 
students. In practice, the universiW\¶V� UHIHFWRU\� LV managed by a specific operational area and 
provided on average over 3,000 recipes per working day (USACH, 2021). The university refectory 
offers a daily lunch menu from Monday to Friday, consisting of a starter, main dish, and dessert. 
The refectory manager plan menus for a planning horizon of one month. The manager also provides 
us the minimum and the maximum number of calories in addition to the set of nutrients to be 
considered: 1) proteins, 2) lipids, 3) carbohydrates, 4) saturated fatty acids, 5) fiber, 6) cholesterol, 
and 7) sodium. Concerning the menus prepared previously, they correspond to the months between 
June and November 2019. Thus, we use the recipe data to optimize the same planning period 
considering 44 starter recipes, 76 main dish recipes, and 31 dessert recipes. 
Illustration 1 presents the main results for June, where it is possible to appreciate that cheaper 
menus were obtained with higher CO2eq emissions. In Illustration 1. A, we can observe that all the 
optimization results provide emissions and cost improvement. At least 16.31% of CO2eq emissions 
and at least 12.55% of costs can be reduced, considering the emissions and cost for the menu 
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delivered in June 2019.  
In Illustration 1. B, we can observe that when both objectives with equal weight were optimized 
(grey dot) the costs result similar to the lowest total cost obtained, with a difference of only 0.43% 
(90 USD). Furthermore, the emissions are approximately 1.26% higher than the lowest total 
emissions (554.77 kg of CO2eq). It shows us that, despite conflicting objectives, it is possible to 
achieve a balance to successfully meet both costs and environmental impact reduction. 
 
 

Illustration 1. Comparison among the different models for the sustainable diet optimal design. The Blue and the red line 
show the amount of USD and kg CO2eq for the menu effectively delivered in June 2019. (B) is a zoom of the optimized 

data of (A) 

  
(A) (B) 

 
Regarding the nutritional aspect of the optimized diets, the recipes combinations in general 

respect the established limits. The nutrient that generates "problems" is fiber, but according to the 
Chilean reality and its consumption deficit, this does not translate into a disadvantage. Illustration 2 
presents the comparison for the optimization results against the real values for the menu delivered 
in June 2019. 

Furthermore, the changes in the recipes for the starter are presented in Table 1. Note that the beef 
soup is presented almost every week in the optimization results, while the chicken soup 
predominates when emissions are more relevant than costs. In addition, for the real menu delivered, 
eighteen starter types were prepared, while for the optimizations only 9 o 10 preparations were 
selected. This indicates that another constraint should be introduced in the model to reduce the 
starter repetition in the planning horizon.  

Regarding the changes in the recipes for the dessert, presented in Table 2, we note that pineapple 
jelly and semolina with milk are presented all the weeks for the optimized menu. Note that the apple 
is only delivered when emissions have higher relevance over costs. While the marble jellies, 
pumpkin-based, and banana desserts are preferred when the cost has relevance over emissions. In 
addition, for the real menu delivered, eleven dessert types were prepared, while for the 
optimizations only 7 or 9 preparations were selected.  

Finally, concerning the main dish changes, we highlight that only four of the main dishes 
HIIHFWLYHO\�GHOLYHUHG�DSSHDU�RQ�WKH�RSWLPL]HG�PHQXV��EHHI�VWHZ�ZLWK�ULFH��³FDUERQDGD´��PLQHVWURQH��
and lentils). Additionally, the main dishes on the optimized menus are the same for each weighted 
optimization, except for meat in juice with noodles that appears only when emissions weight is 
������ZKLFK�FKDQJHV�IRU�³DMLDFR´��D�FRPPRQ�VRXS�LQ�/DWLQ�$PHULFD� 
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Illustration 2. Changes in nutrients levels among the optimizations. Blue line: lower level for nutrients. Orange line: 
upper level for nutrients. 

Proteins (gr) Lipids (gr) Carbohydrates (gr) 

   
Fiber (gr) Cholesterol (mg) Sodium (mg) 

   
Saturated fats (gr) Legend  

  

 

 
Table 1. Starter¶s selection. 

Description Real 100% (CO2) 
0% (Cost) 

75% (CO2) 
25% (Cost) 

50% (CO2) 
50% (Cost) 

25% (CO2) 
75% (Cost) 

0% (CO2) 
100% (Cost) 

Betarraga Con Cebolla Y 
Zanahoria 

Beetaraga With Onion And 
Carrot 1 2 3 0 2 0 

Repollo Morado Con 
Pimentón Red Cabbage With Paprika 1 0 0 0 0 0 
Chilena Tomato With Onion 2 0 0 0 0 0 

Apio Con Palta/ Arveja Con 
Cebolla/Repollo Con Aceituna 

Celery With Avocado/ Pea With 
Onion/ Cabbage With Olive 1 0 0 0 0 0 

Lechuga Con Habas Lettuce With Beans 1 0 0 0 0 0 
Crema De Verduras Vegetables Cream 1 0 0 2 1 2 

Tomate Con Cilantro Tomato With Cilantro 1 0 0 0 0 0 
Consomé De Vacuno Beef Soup 1 4 4 4 3 4 

Mix De Repollo Cabbage Mix 1 0 2 4 4 4 
Lechuga Con Zanahoria Y 

Palmito 
Lettuce With Carrot And Palm 

Heart 1 0 0 0 0 0 
Lechuga Con Choclo Lettuce With Corn 1 0 0 0 0 0 

Betarraga Con Cilantro Beetaraga With Cilantro 1 2 1 1 2 1 
Espinaca Con Zanahoria Spinach With Carrot 1 3 4 4 2 2 

Tomate Con Poroto Verde Tomato With Green Beans 1 0 0 0 0 0 
Brocoli Con Coliflor Broccoli With Cauliflower 1 0 0 0 0 0 

Lechuga Con Espinaca Lettuce With Spinach 1 0 0 0 0 0 
Consomé De Ave Chicken Soup 2 4 3 2 2 1 

Porotos Verdes Con Choclo Green Beans With Corn 0 1 0 0 0 0 
Betarragas Con Cebollla Beets With Onions 0 1 1 1 2 2 
Repollo Con Betarraga Cabbage With Beet 1 0 0 0 0 2 

Apio Con Zanahoria Celery With Carrot 0 1 0 0 0 0 
Sopa De Fideos Noodle Soup 0 1 1 1 1 1 

Pizza Vegetariana Vegetarian Pizza 0 1 1 1 1 1 
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Table 2. 'HVVHUW¶V selection. 

Description Real 100% (CO2) 
0% (Cost) 

75% (CO2) 
25% (Cost) 

50% (CO2) 
50% (Cost) 

25% (CO2) 
75% (Cost) 

0% (CO2) 
100% (Cost) 

Manzana Apple 4 1 1 1 0 0 
Sémola Con Leche Semolina With Milk 1 4 4 4 4 4 

Naranja Orange 3 0 0 0 0 0 
Jalea Con Fruta Jelly With Fruit 1 3 0 0 0 0 

Pera Pear 4 0 0 1 0 0 
Piña Pineapple 2 0 0 0 0 0 

Brazo De Reina Swiss Roll 1 2 0 1 2 1 
Leche Asada Milk-Based Dessert 1 1 4 4 3 3 

Bavarois Bavarois 1 0 0 0 0 0 
Mousse De 
Frambuesa Raspberry Mousse 0 1 0 0 0 0 

Jalea De Piña Pineapple Jelly 0 4 4 4 4 4 
Mote Con Huesillo Mote With Huesillo 0 3 2 0 0 0 

Jalea Marmol Marble Jelly 0 1 1 1 3 3 
Jaleas Tricolor Tricolor Jellies 0 0 2 2 0 0 

Calabaza En Tacha Pumpkin-Based Dessert 0 0 2 2 3 3 
Durazno Peach 1 0 0 0 0 0 
Plátano Banana 1 0 0 0 1 2 

 
Based on available studies, the diets that generate the highest emissions are those that have a lower 
cost and are therefore more affordable for the population, promoting their consumption and 
negative impact on environment on a larger scale. However, we show that it is possible to develop 
diets that seek to safeguard both objectives. Future research considers the multi-objective 
optimization as well as including the maximization of the number of servings to be delivered in the 
objective function. 
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Context  
Human food is responsible for significant environmental impacts and the agricultural phase is 
recognized as a major contributor to these impacts. As a result, many studies have focused on the 
environmental impacts of agricultural food production and processing (Borges Soares et al., 2021), 
but to our knowledge, very few have focused on the environmental impacts of the food preparation 
process at home. In general, this stage is not taken into account in the literature, although what can 
happen at this scale can be significant. Therefore, in this study we sought to determine the impacts 
of these home practices on the environmental profiles of food products. 
 
Objectives 
The objectives of this study were to compare the environmental impacts of two pizzas processed in 
three scenarios of preparation modes (industrial, homemade by assembling industrial products, and 
homemade including pizza dough and tomato sauce preparations). The variability of the practices 
and equipments used by the panel were taken into account as well as their perceptions of the 
environmental impacts for each of the three scenarios. 
 
Methodology 
Pizza preparation scenarios 
We compared the environmental performances of a ham-cheese pizza and a cheeses pizza produced 
in three different scenarios representative of the following situations. 
1- Industrial pizza. The consumer buys an industrial pizza at the supermarket and bakes it at home.  
2- Assembled pizza. The consumer buys at the supermarket an industrial pizza dough, an industrial 
tomato sauce, and all the toppings (cheeses, ham, vegetables). He/she assembles the pizza at home 
before baking it.  
3- Homemade pizza. The consumer buys at the supermarket all the ingredients needed to make the 
pizza dough (flour, yeast, oil, salt), to make the tomato sauce (e.g., tomato puree, tomato 
concentrate, oil, salt, sugar, garlic, herbs of Provence, oregano), as well as all the toppings (cheeses, 
ham, vegetables). He/she prepares the dough and the tomato sauce at home and assembles the pizza 
before baking it.  
The recipes of pizza prepared with scenarios 2 and 3 were formulated to be as similar as possible to 
the recipe of the industrial pizza. For each type of pizza, the nutritional profile and caloric density 
were similar across all scenarios.  
 
Recruitment of participants 
69 participants representative of the French population (in terms of gender, age, and socio-
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professional categories) were recruited to prepare and eat the pizzas at home according to the 
different scenarios. The raw materials for pizzas were provided to all participants each week. Each 
participant prepared and consumed the 6 pizzas over three different weeks in a randomized order 
and filled in the associated questionnaires. 
 
Questionnaires 
The objectives of the questionnaires were mainly to collect the data needed to build the life cycle 
inventory, as well as the perceptions of consumers for each pizza. 
Questionnaire 1: data on the equipment used by participants and their habits (e.g., model and brand 
of the fridge and oven, distance between their home and the supermarket). 
Questionnaire 2: data on the preparation process of each of the 6 pizzas (e.g., cooking time, 
equipment used, cleaning method used to wash the dishes). 
Questionnaire 3: data on the consumers¶ perceptions regarding the 6 pizzas.  
 
Environmental impact - Life Cycle Assessment (LCA) 
The system perimeter included all steps from the agricultural production of ingredients to the 
consumption of the pizzas at the consumer¶V home, including waste management. The functional 
unit (FU) used was 1 ready-to-eat-pizza. The inventory data were estimated from the responses of 
the 69 consumers to the different questionnaires. The main flows considered were materials (pizza 
ingredients and packaging materials), energy flows (electricity and gas), wastes (pizza packagings), 
water consumption related to equipment cleaning and transport. LCAs were conducted on SimaPro 
9.1.0.11 software using the "EF 3.0 Method (adapted) V1.00 / EF 3.0 Normalization and Weighting 
Set" (Fazio et al., 2018). LCAs were performed using a baseline scenario weighted by the actual 
situation of each households. For example, if X% of the participants reported using an electrical 
equipment for the dough making, a ponderation of X% was allocated to the electrical consumption 
linked to the equipment use. The average equipment power and use time reported by the 
participants were used to estimate this electrical consumption. 69 LCAs were also performed for 
each pizza in order to represent the 69 consumers and were then used for the comparison of the 6 
pizzas including the variability of consumers¶ practices.  
 
Results and discussion  
Hotspots definition 
For each of the 6 pizzas, baseline scenario was used to study the hotspots of pizza preparation and 
consumption. On average for all 6 pizzas, the main contributor to the environmental impacts of 
pizzas was the agricultural production of the ingredients for most environmental indicators. 
However, for the most electricity sensitive environmental indicators such as ozone depletion, 
ionising radiation, and resource use fossils, pizza oven cooking appears as the main hotspot. It could 
therefore be said that the choice of ingredients as well as the oven use time to bake the pizza are 
interesting levers to reduce the environmental impacts of pizzas for each of the 3 scenarios.  

 
 
Influence of the consumers¶ practices on environmental impact of food products 
First results showed that consumer practices can be very different from one to another. Therefore, 
we also studied the influence of consumer practices on the environmental impacts of the pizzas. The 
most impacting practices on the environmental impacts of pizzas are detailed below.  
 
Cooking time. The oven use time (including oven pre-heating and pizza cooking) can vary greatly, 
from 10 to 50 minutes, depending on the participants. The reduction of oven use time from 50 to 10 
min can reduce the environmental impacts of the pizza from 5% for less-energy sensitive indicators 
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such as land use to 60% for higher-energy sensitive indicators (ionising radiation, ozone depletion, 
resource use fossils). Therefore, oven use time including pre-heating is an important lever for 
reducing the environmental impacts of pizzas, especially on electricity sensitive indicators.  
 
Transport from the supermarket to the consumer home. The average transportation of the pizza 
from the supermarket to the consumer's home did not have a large contribution to the environmental 
impacts of pizzas, except for the indicator resource use, minerals and metals. However, some 
parameters can increase the influence of this step such as the distance between the consumer home 
and the supermarket, the transportation means, and the frequency of grocery shopping. For exemple 
the pizza impact on the resource use minerals and metal indicator is decreased by almost 80% when 
the distance consumer home±supermarket is 1 km instead of 16 km and by more than 30% when 
using a small gasoline car instead of a large diesel one (for an average distance home±supermarket). 
However, the parameter that seems to have the highest influence on the environmental impacts of 
pizza linked to its transport is the frequency of grocery shopping. Indeed, the environmental impacts 
of the pizza bought as part of a grocery basket for half a week is from 15% to more than 80% lower 
than when the pizza is bought alone depending on the indicator. This is due to the allocation factor 
to distribute the environmental impacts between the different items bought at the same time in the 
case that pizza is not bought alone. Therfore, it can be said that optimizing the trip to the 
supermarket by buying not only one food product is a good way to reduce its environmental impacts.  
 
Pizzas leftovers management. After consuming the pizza, some participants had leftovers. Keeping 
the leftovers in order to consume them later avoid consuming some other food. On the opposite, 
throwing leftovers away implies that some other food will be needed for the next meal of the 
participant which would have been avoided by saving the leftovers. Therefore, the daily 
environmental impacts of the participant food consumption will be increased when leftovers are 
thrown away and the calories they could have provided replaced by some other food. However, the 
reheating of pizza leftovers can increase significantly the impacts of the pizza on environmental 
indicators sensitive to electricity consumption when the oven use time is high. Therefore, from an 
environmental point of view, keeping leftovers is better than throwing them away but the consumer 
has to be careful with the oven use time, or use a microwave for which the electrical consumption is 
lower due to a lower use time.  
 
Comparison of the 6 pizzas environmental impacts  
Differences of environmental impacts were observed between the 6 pizzas prepared and consumed 
by the 69 consumers. Some environmental indicators seem to be especially impacted by the pizza 
family (ham-cheese/cheeses). This is the case for climate change and land use, which are known to 
be sensitive to the agricultural production. For these two indicators, cheeses pizzas have higer 
environmental impacts than ham-cheese pizzas independently of the scenario. However, the 
scenario can have an influence on environmental indicators sensitive to the electricity consumption 
such as ionising radiation and resource use fossils. Indeed, for these two indicators the homemade 
pizzas have higer impacts than other pizzas because they require more electricity to prepare. 
Nevertheless, no pizza had higher environmental impacts than others on all indicators and therefore 
there is no one best option in terms of environmental performance according to our results.  
 
Consumer perception 
The consumer perception regarding the environmental impacts of the 6 pizzas they consumed were 
assessed. To do so, the consumers had to rank the different pizzas from the one they thought had the 
lowest environmental impacts to the one they thought had the highest. Figure 1 shows the average 
ranking of each pizza.  
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Figure 1. Average ranking of the pizzas by the 69 consumers WR�WKH�TXHVWLRQ�³5DQN�WKH���SL]]DV�
from the one with the lowest impact on the environment to the one with the highest impact on the 
HQYLURQPHQW´. The lower the ranking number, the lowest the environmental impact is perceived.  

The homemade pizzas were perceived as the ones with the lowest environmental impacts for both 
ham-cheese and cheeses pizzas. The consumers also had to rank the 6 pizzas according to their 
preferences. It appeared that homemade pizzas were the preferred ones. This shows that the 
perception of the pizzas¶ environmental impacts by participants is correlated to their preferences. 
This also shows that consumers tend to have erroneous perception of the environmental impacts of 
the pizzas they consumed because LCA results did not highlight that homemade pizzas had lower 
environmental impact than others, they even tend to have more impacts on electricity sensitive 
indicators.  

 
Conclusion 
These results gave us a first insight into the effect of the difference in food preparation modes on 
the environmental impacts of products. The consumers practices are very variable from one 
consumer to another and this can have high influence on the food products environmental impacts. 
However, this is never included in food LCAs which can lead to miss a large proportion of the 
environmental impacts of the food product. Similar studies on a wide choice of products and with 
more details on the reality of the consumer stage (e.g. with on-site measurements) would be helpful 
in order to deepen knowledge on the impact of production scenario of food on its environmental 
impacts. This would allow recommendations to be made to consumers for more sustainable food 
choices and home practices. In any case, our results showed that the use stage should not be 
neglected in food products LCA studies and that further research in this area is needed.  
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Introduction:  
Nutritional sciences have been focused on the specific composition of nutrients to ensure the best 
dietary recommendations for the population. However, recently new interest has been raised to 
integrate the environmental impact when evaluating dietary guidelines. Several countries have 
included sustainability recommendations for their national dietary guidelines addressing the general 
population but some population groups are still understudied. Dietary requirements differ for each 
target population (e.g. children, pregnant women, and elderly). For example, while the 
recommended daily allowance (RDA) for protein for the general population is 0.8-1g/kg body mass 
(BM)/day, for  active populations such as athletes, the RDA increases to 1.6g/kg BM/day (Thomas 
et al., 2016). Considering these higher protein requirements for athletes, do not integrate 
sustainability guidelines, if omnivorous diets are followed with increased meat higher 
environmental impacts (EnvI) should be expected. In addition, athletes have higher energy intakes 
so they match their higher energy expenditure from exercise training and competition, which 
potentially could increase the EnvI of their diets. The purpose of this research was to analyze the 
EnvI of athletes¶ diets following the validated $WKOHWH¶V� 3ODWH® (AP) nutrition education tool 
(Reguant-Closa et al., 2019) to identify environmental hotspots that could be used to modify/reduce 
the total EnvI of their diets, while still meeting dietary requirements.   
 
Methodology: 
The study aimed to quantify the environmental impact of 216 plates created following the AP® 
nutrition education tool for three training loads (easy (E), moderate (M) and hard (H)) at the United 
States Olympic Training Center in Colorado Springs. To evaluate the EnvI of the AP® a life cycle 
assessment (LCA) was performed according to the SALCA methodology (Gaillard & Nemecek, 
2009). Inventories included farm to plate impacts (agricultural production, transport, storage, 
packaging and cooking), but did not include the waste at the retail and consumption stage. Four 
environmental impact categories were included in the LCA analysis: global warming potential 
(GWP), exergy (characterizing the use of natural resources), eutrophication, and ecotoxicity. For the 
nutritional evaluation, energy, carbohydrates, protein, fat and fiber were evaluated using 
Computrition Software (Hospitality Suite, v.18.1, Chatsworth, CA, USA). More methodological 
details can be found in the two published papers (Reguant-Closa et al., 2019; Reguant-Closa et al., 
2020). 
 
Results:  
Animal protein represented 73% of the total protein content of the plates (mainly coming from 
meat) vs the 27% of plant-based proteins. Meat was the largest animal protein source found on the 
plates. As animal proteins, and specially meat and red meat, are one of the major contributors of the 
EnvI a detailed analysis of the EnvI and meat content of the plate were performed. Figure 1 shows 
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the contribution of each meat type found on the plates at the different impact categories studied. On 
average, chicken meat was the predominant meat found on the plates for all training intensities 
(E=125.4g; M=118.0g; H=95.9g) compared to beef (E=7.4g; M=19.1g; H=40.4g). Consequently, 
chicken was the meat with the highest EnvI in all environmental categories and for all training loads 
except for the hard plate where beef had a higher contribution.  Protein content of the plates, 
especially for M (2.3±0.3g) and H (2.9±0.5g) plates, was significantly above the recommendations 
(p<0.001) (Thomas et al., 2016). Results show that energy, macronutrients and the EnvI categories 
increase with training load. On the contrary, fiber decreases with training load as is recommended 
by the AP tool (to facilitate digestion and avoid gastrointestinal discomfort with high training load). 
global Warming potential, exergy and eutrophication are driven mainly by meat while ecotoxicity is 
largely influenced by vegetable content on the plate. Figure 2 shows the results of each 
environmental impact expressed by plate. 
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Figure 1: Environmental impact categories by training load and contribution of each meat 
type (mean values per plate) 
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Figure 2: Environmental impact categories by training load (mean ± SD per plate) 
 
 
Discussion and Conclusion: 
The results of this study suggest higher CO2eq for athletes¶� daily diets compared to other 
populations reported in the literature (Murakami & Livingstone, 2018). While athletes have higher 
energy requirements due to higher energy expenditure, the combination of foods on the plates could 
contribute to decrease EnvI as shown by the meat distribution though the different training loads 
(figure 1). In addition, protein intake, should not exceed recommendations, to ensure diets are 
efficient from a health, performance and environmental point of view. The study identified EnvI 
hotspots that should be addressed: 1) adjust macronutrient intake to the recommendations, 
especially protein intake; 2) replace animal by plant protein; 3) combine adequately plant-based 
proteins with animal proteins to ensure adequate amino acid profiles while avoiding protein excess; 
and 4) include education on environmental issues of food choices in using the AP® tool. Often 
dietary recommendations are defined without taking into account the EnvI. The results of this study 
highlight the importance of the integration of LCA when assessing dietary recommendations to 
ensure nutritional guidelines are in line with environmental recommendations for all populations. 
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2Q�WKH�FRQWUDU\��EHHNHHSHU����SUHVHQWV�WKH�ORZHVW�&)��������NJ�&2��HT��GXULQJ�WKH�VHDVRQ��7KLV�FRXOG�
EH�H[SODLQHG�E\�WKH�ORZHVW�TXDQWLW\�RI�LQSXWV�FRQVXPHG������ORZHU�WKDQ�WKH�DYHUDJH�RI�WKH�VDPSOH��� 
 
,Q�DGGLWLRQ��WKH�PDLQ�FRQWULEXWRU�WR�&)�LV�ZLGHO\�IHHGLQJ�DFWLYLW\��DFFRXQWLQJ�IRU������IROORZHG�E\�
GLHVHO�XVHG�IRU�WUDQVSRUW�ZLWK�����DQG�PHGLFDWLRQV�ZLWK�����RQ�DYHUDJH��(OHFWULFLW\�DQG�GLVSRVDEOH�
PDWHULDOV�FRQWULEXWH�OHVV�WKDQ����DOWRJHWKHU�� 
 

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

 
)LJXUH����7RWDO�FDUERQ�IRRWSULQW�RI�&KLOHDQ�EHHNHHSHUV�GXULQJ�D�VHDVRQ� 

 
)RFXVLQJ�RQ�WKH�WRWDO�FRVW�RI�KRQH\�SURGXFWLRQ��)LJXUH���SUHVHQWV� WKH�WRWDO�FRVW�IRU�DOO�EHHNHHSHUV�
HYDOXDWHG��$FFRUGLQJ�WR�WKLV�ILJXUH�� WKH�WRWDO�FRVW�SHU�EHHNHHSHU� LV��������86'�GXULQJ�WKH�VHDVRQ��
UDQJLQJ�IURP�������WR��������86'��:KHQ�IRFXVLQJ�RQ�WKH�WRWDO�FRVW�SHU�)8��DQ�DYHUDJH�YDOXH�RI�����
86'�NJ� RI� KRQH\� LV� REWDLQHG�� )LJXUH� �� DOVR� VKRZV� WKDW� EHHNHHSHUV� ��� DQG���� REWDLQ� WKH� KLJKHVW�
SHUIRUPDQFH�ZLWK������DQG������86'�UHVSHFWLYHO\��+RZHYHU��WKH�PDLQ�FRQWULEXWRU�LV�GLIIHUHQW�IRU�
ERWK�EHHNHHSHUV��ZKLOH�WUDQVSRUW�UHSUHVHQWV�����RI�WKH�WRWDO�FRVW�IRU�EHHNHHSHU�����IHHGLQJ�DFFRXQW�
IRU�DERXW�����LQ�EHHNHHSHU�����2Q�WKH�FRQWUDU\��EHHNHHSHU���SUHVHQWV�WKH�ORZHVW�WRWDO�FRVW������86'���
VLQFH�WKLV�EHHNHHSHU�SUHVHQWV�RQH�RI�WKH�ORZHVW�WRWDO�FRVWV�LQ�DOO�LQSXWV�� 
 
,Q�DGGLWLRQ��RQ�DYHUDJH��WKH�PDLQ�FRQWULEXWRU�WR�WKH�WRWDO�FRVW�GXULQJ�WKH�HYDOXDWHG�VHDVRQ�LV�IHHGLQJ�
ZLWK������IROORZHG�E\�PHGLFDWLRQ�ZLWK������DQG�GLHVHO�XVHG�IRU�WUDQVSRUW�ZLWK������(OHFWULFLW\�DQG�
GLVSRVDEOH�PDWHULDOV�FRQWULEXWH�OHVV�WKDQ����DOWRJHWKHU� 
 

 
)LJXUH����7RWDO�FRVW�RI�KRQH\�SURGXFWLRQ�RI�&KLOHDQ�EHHNHHSHUV�GXULQJ�D�VHDVRQ� 

 
&RQFHUQLQJ�WKH�HFR�HIILFLHQF\�LQGH[��WKH�DYHUDJH�YDOXH�REWDLQHG�LV������86'�NJ�&2��HT��%HHNHHSHU�
���SUHVHQWV�WKH�KLJKHVW�YDOXH�������86'�NJ�&2��HT��PDLQO\�GXH�WR�WKH�PHGLFLQHV�XVHG��VLQFH�WKLV�LQSXW�
SUHVHQWV�WKH�KLJKHVW�WRWDO�FRVW������86'��DQG�ORZHVW�&)�YDOXH�������NJ�&2��HT��GXULQJ�WKH�VHDVRQ��
(YHQ�WKRXJK�LW� LV� LQWHUHVWLQJ� WR�KLJKOLJKW� WKDW� WKLV�EHHNHHSHU�REWDLQV�WKH�KLJKHVW�KRQH\�SURGXFWLRQ�
OHYHO��2Q�WKH�FRQWUDU\��EHHNHHSHU���SUHVHQWV�WKH�ORZHVW�LQGH[�������86'�NJ�&2��HT��ZKLFK�FRXOG�EH�
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��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

H[SODLQHG�VLQFH�WKLV�EHHNHHSHU�UHSRUWV�WKH�ORZHVW�WRWDO�FRVWV��&RQFHUQLQJ�WKH�HFR�HIILFLHQF\�LQGH[�RI�
HDFK�LQSXW��PHGLFLQHV�VKRZ�WKH�KLJKHVW�YDOXH�EHFDXVH�WKHLU�KLJK�WRWDO�FRVWV������86'�VHDVRQ��DQG�
ORZHVW�&)�JHQHUDWLRQ������NJ�&2��HT���JLYLQJ�DQ�DYHUDJH�HFR�HIILFLHQF\�LQGH[�RI�����86'�NJ�&2��HT��
IROORZHG�E\�GLVSRVDEOH�PDWHULDOV������86'�NJ�&2��HT��DQG�WUDQVSRUW������86'�NJ�&2��HT��� 
 
$FFRUGLQJ�WR�WKH�DERYH��WKHUH�DUH�WZR�PDLQ�IDFWRUV�WKDW�EHHNHHSHUV�VKRXOG�IRFXV�LQ�RUGHU�WR�UHGXFH�
WKHLU�HFR�HIILFLHQF\�DVVHVVPHQW��PHGLFLQHV�DQG�GLVSRVDEOH�PDWHULDOV��,Q�SDUWLFXODU��PHGLFLQHV�DUH�DOVR�
LGHQWLILHG�DV�RQH�RI�WKH�PDLQ�FRQWULEXWRUV�WR�&)�DQG�WRWDO�FRVWV��$V�H[SODLQHG�LQ�WKH�VWXG\�RI�9iVTXH]�
,EDUUD�HW�DO����������EHHNHHSHUV�XVH�FKHPLFDO�DQG�DOWHUQDWLYH�PHGLFLQHV�WR�DYRLG��UHGXFH�RU�PLWLJDWH�
WKH�LPSDFW�RI�SHVWV�� ,Q�WKLV�VHQVH��EHHNHHSHUV�VSHQG�RQ�DYHUDJH������86'�LQ�FKHPLFDO�PHGLFLQHV��
VXFK�DV�DPLWUD]��IOXPDJLOLQ�DQG�IOXPHWKULQ��ZKLOH�WKH\�VSHQG�RQO\����86'�LQ�DOWHUQDWLYH�PHGLFLQHV��
VXFK�DV�R[DOLF�DFLG�DQG�WK\PRO��7KXV��D�ILUVW�UHFRPPHQGDWLRQ�FRXOG�EH�UHSODFLQJ�FKHPLFDO�PHGLFLQHV�
ZLWK� KLJK� FRVW�� E\� WKRVH� DOWHUQDWLYHV� ZLWK� ORZHVW� FRVW�� 2Q� WKH� RWKHU� KDQG�� UHJDUGLQJ� GLVSRVDEOH�
PDWHULDOV��FXUUHQWO\�EHHNHHSHUV�VSHQG�RQ�DYHUDJH�����86'�DQG�JHQHUDWH����NJ�&2��HT��7KXV��LQ�RUGHU�
WR�GHFUHDVH�HFR�HIILFLHQF\�LQGH[HV��WKH\�FRXOG�H[WHQG�WKH�OLIH�F\FOH�RI�GLVSRVDEOH�PDWHULDOV��DV�JORYHV��
VXLWV�DQG�VPRNHUV��DOORZLQJ�WR�UHGXFH�WKH�FRVW�DVVRFLDWHG�ZLWK�WKLV�LQSXW��)LQDOO\��VLQFH�IHHGLQJ�LV�WKH�
PDLQ�FRQWULEXWRU� WR�&)�JHQHUDWLRQ�DQG� WRWDO�FRVW��EHHNHHSHUV�FRXOG� DOVR� IRFXV�RQ� WKLV� LQSXW�� HYHQ�
WKRXJK�WKHLU�HFR�HIILFLHQF\�LQGH[�KDV�QRW�EHHQ�IRXQG�DV�KLJK�DV�PHGLFDWLRQ�DQG�GLVSRVDEOH�PDWHULDOV��
7R� DGGUHVV� WKH� HQYLURQPHQWDO� SURILOH� RI� IHHGLQJ�� 9iVTXH]�,EDUUD� HW� DO�� ������� LGHQWLILHG� WKDW�
EHHNHHSHUV�VKRXOG�IRFXV�RQ�DQ�DGHTXDWH�DPRXQW�DQG�W\SH�RI�IHHGLQJ� 
 
&RQFOXVLRQV 
7KLV�VWXG\�DQDO\VHV�WKH�HFR�HIILFLHQF\�RI�KRQH\�SURGXFWLRQ�IURP����&KLOHDQ�EHHNHHSHUV�XVLQJ�&)�DV�
DQ�HQYLURQPHQWDO�LQGLFDWRU�DQG�/&&�DSSURDFK�IRU�WKH�HFRQRPLF�SHUIRUPDQFH��5HVXOWV�UHYHDO�WKDW�IHHG�
LV� WKH�PDLQ�FRQWULEXWRU� WR� WKH� WRWDO�FRVW�DQG�&)��7KHUHIRUH��QHZ�IHHGLQJ�VWUDWHJLHV�DUH� UHTXLUHG� WR�
UHGXFH� WKHLU� HQYLURQPHQWDO� DQG� HFRQRPLF� LPSDFWV� RI� WKLV� UHVRXUFH�� 2WKHUZLVH�� PHGLFLQHV� DQG�
GLVSRVDEOH�PDWHULDOV�SUHVHQW�WKH�KLJKHVW�HFR�HIILFLHQF\�LQGH[HV�VLQFH�WKHLU�KLJK�WRWDO�FRVW��7KLV�VWXG\�
LV�D�ILUVW�DSSURDFK�WR�HYDOXDWH�HFR�HIILFLHQF\�RI�KRQH\�SURGXFHUV�XVLQJ�&)�DQG�/&&�DSSURDFK��,Q�WKLV�
VHQVH��IXUWKHU�VWXGLHV�FRXOG�HYDOXDWH�DGGLWLRQDO�HQYLURQPHQWDO�FDWHJRULHV�LQ�RUGHU�WR�REWDLQ�D�EURDGHU�
HQYLURQPHQWDO�SHUIRUPDQFH�DQG�FRQVHTXHQWO\�D�ZLGH�HFR�HIILFLHQF\�DQDO\VLV�� 
 
$FNQRZOHGJPHQWV 
/�9�,�� LV� IXQGHG� E\�&21,&<7�3)&+$�'2&725$'2�%(&$6�&+,/(�����±����������/�$�0��
WKDQNV� WKH� &13T� SURMHFW� �������������� IRU� ILQDQFLDO� VXSSRUW�� 0�*�$�� ZRXOG� OLNH� WR� WKDQN� WR�
)21'(&<7� 3URMHFW� �������� �&KLOH�� IRU� LWV� ILQDQFLDO� VXSSRUW�� 5�5�/�� EHORQJV� WR� WKH� *DOLFLDQ�
&RPSHWLWLYH�5HVHDUFK�*URXSV��*5&�B('���&����������FR�IXQGHG�E\�;XQWD�GH�*DOLFLD�DQG�)('(5�
�(8�� 
 
5HIHUHQFHV 
$IIRJQRQ��+�'���.LQJRUL��:�6���2PRQGL��$�,���'LLUR��0�*���0XULLWKL��%�:���0DNDX��6���5DLQD��6�.���

������$GRSWLRQ�RI�PRGHUQ�EHHNHHSLQJ�DQG�LWV�LPSDFW�RQ�KRQH\�SURGXFWLRQ�LQ�WKH�IRUPHU�0ZLQJL�
'LVWULFW�RI�.HQ\D��DVVHVVPHQW�XVLQJ�WKHRU\�EDVHG�LPSDFW�HYDOXDWLRQ�DSSURDFK��,QW��-��7URS��,QVHFW�
6FL��������±�����KWWSV���GRL�RUJ���������6���������������� 

&H\KDQ��9���&DQDQ��6���<ÕOGÕUÕP��d���7�UNWHQ��+���������(FRQRPLF�6WUXFWXUH�DQG�6HUYLFHV�(IILFLHQF\�
RI� 7XUNLVK� %HHNHHSHUV¶� $VVRFLDWLRQ�� (XU�� -�� 6XVWDLQ�� 'HY�� ��� ��±����
KWWSV���GRL�RUJ����������HMVG������Y�Q�S�� 

ýXþHN��/���.OHPHã�� -�-���.UDYDQMD��=���������2YHUYLHZ�RI�HQYLURQPHQWDO� IRRWSULQWV��$VVHVV��0HDV��
(QYLURQ��,PSDFW�6XVWDLQ�����±�����KWWSV���GRL�RUJ���������%������������������������� 

(&�-5&�� ������ ,/&'� +DQGERRN�� 5HFRPPHQGDWLRQV� IRU� /LIH� &\FOH� ,PSDFW� $VVHVVPHQW� LQ� WKH�
(XURSHDQ�FRQWH[W��/X[HPEXUJR��KWWSV���GRL�RUJ������������� 

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

*LXVWL��*���0DUTXHV��7�/���GH�)LJXHLUrGR��0�&�%���6LOYD��'�$�/���������,QWHJUDWLQJ�ZDWHU�IRRWSULQW�LQ�
WKH� HFR�HIILFLHQF\� DVVHVVPHQW� RI� %UD]LOLDQ� FKLOOHG� FKLFNHQ�� 6XVWDLQ�� 3URG�� &RQVXP��
KWWSV���GRL�RUJ���������-�63&������������ 

*RQ]iOH]��3���������3URGXFFLyQ�DStFROD�&KLOH�\�5HJLyQ�GH�OD�$UDXFDQtD� 
+XQNHOHU��'���������(QYLURQPHQWDO�/LIH�&\FOH�&RVWLQJ��&5&�3UHVV� 
,EERWVRQ��6���'HWWPHU��7���.DUD��6���+HUUPDQQ��&���������(FR�HIILFLHQF\�RI�GLVSRVDEOH�DQG�UHXVDEOH�

VXUJLFDO� LQVWUXPHQWV� �� $� VFLVVRUV� FDVH�� ,QW�� -�� /LIH� &\FOH� $VVHVV�� ���� ����±������
KWWSV���GRL�RUJ���������6�����������������),*85(6��� 

,62�� ������ ,62� ������ �� *UHHQKRXVH� JDVHV� �� &DUERQ� IRRWSULQW� RI� SURGXFWV� �� 5HTXLUHPHQWV� DQG�
JXLGHOLQHV�IRU�TXDQWLILFDWLRQ�DQG�FRPPXQLFDWLRQ� 

,62�� ������ ,62� ������ �� (QYLURQPHQWDO� PDQDJHPHQW� �� /LIH� F\FOH� DVVHVVPHQW� �� 3ULQFLSOHV� DQG�
IUDPHZRUN� 

5HEROOHGR�/HLYD��5���$QJXOR�0H]D��/���*RQ]iOH]�$UD\D��0�&���,ULDUWH��$���9iVTXH]�,EDUUD��/���0H]D�
5HQJHO�� )��� ������$� QHZ� PHWKRG� IRU� HFR�HIILFLHQF\� DVVHVVPHQW� XVLQJ� FDUERQ� IRRWSULQW� DQG�
QHWZRUN� GDWD� HQYHORSPHQW� DQDO\VLV� DSSOLHG� WR� D� EHHNHHSLQJ� FDVH� VWXG\�� -��&OHDQ�� 3URG�� �����
��������KWWSV���GRL�RUJ���������M�MFOHSUR������������ 

6DQ\p�0HQJXDO��(���*DVSHUL��'���0LFKHORQ��1���2UVLQL��)���3RQFKLD��*���*LDQTXLQWR��*���������(FR�
(IILFLHQF\�$VVHVVPHQW�DQG�)RRG�6HFXULW\�3RWHQWLDO�RI�+RPH�*DUGHQLQJ��$�&DVH�6WXG\�LQ�3DGXD��
,WDO\��6XVWDLQDELOLW\�����������KWWSV���GRL�RUJ���������VX�������� 

9iVTXH]�,EDUUD��/���,ULDUWH��$���9LOODORERV��3���0H]D�5HQJHO��)���5HEROOHGR�/HLYD��5���$QJXOR�0H]D��
/���*RQ]iOH]�$UD\D��0�&���������$�ZLGH�HQYLURQPHQWDO�DQDO\VLV�RI�EHHNHHSLQJ�V\VWHPV�WKURXJK�
OLIH�F\FOH�DVVHVVPHQW��NH\�FRQWULEXWLQJ�DFWLYLWLHV�DQG�LQIOXHQFH�RI�RSHUDWLRQ�VFDOH��,QW��-��$JULF��
6XVWDLQ������±����KWWSV���GRL�RUJ������������������������������ 

 

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

3XUVXLQJ�VXVWDLQDELOLW\�LQ�WKH�GDLU\�VHFWRU��:DWHU�(QHUJ\�)RRG�QH[XV�VFRUH�IRU�
GDLU\�IDUPV 

 
(GXDUGR�(QWUHQD�%DUEHUR��
��/HRQDUGR�9iVTXH]�,EDUUD���5LFDUGR�5HEROOHGR�/HLYD���0DULR�

)HUQiQGH]���*XPHUVLQGR�)HLMRR���6DUD�*RQ]iOH]�*DUFtD���0DUtD�7HUHVD�0RUHLUD� 
 

�&5(786��'HSDUWPHQW�RI�&KHPLFDO�(QJLQHHULQJ��6FKRRO�RI�(QJLQHHULQJ��8QLYHUVLGDGH�GH�6DQWLDJR�GH�&RPSRVWHOD��
6DQWLDJR�GH�&RPSRVWHOD��6SDLQ� 
�'RFWRUDO�3URJUDP�LQ�(QJLQHHULQJ�6\VWHPV��)DFXOW\�RI�(QJLQHHULQJ��8QLYHUVLGDG�GH�7DOFD��&XULFy��&KLOH�� 
�*DOLFLDQ�$VVRFLDWLRQ�RI�$JUL�IRRG�&RRSHUDWLYHV���������6DQWLDJR�GH�&RPSRVWHOD��6SDLQ�  
 
.H\ZRUGV��&DWWOH�KXVEDQGU\��0LON�SURGXFWLRQ��/LIH�&\FOH�$VVHVVPHQW��)RRG�ORVV��(FRODEHO� 
 

&RUUHVSRQGLQJ�DXWKRU��7HO������������������� 
�(�PDLO�DGGUHVV��HGXDUGR�HQWUHQD�EDUEHUR#XVF�HV 
 
,QWURGXFWLRQ 
 
0LON�SURYLGHV�D�VRXUFH�RI�SURWHLQV�ZLWK�D�KLJK�ELRORJLFDO�YDOXH��0DUDQJRQL�HW�DO����������6WXGLHV�KDYH�
VKRZQ�WKDW�SHRSOH�ZKR�FRQVXPH�GDLU\�SURGXFWV�WHQG�WR�LQFOXGH�PRUH�IUXLWV��YHJHWDEOHV��ILVK��QXWV�RU�
ZKROH�JUDLQ�EUHDGV�LQ�WKHLU�GLHW�DQG�IROORZ�D�PRUH�DFWLYH�OLIHVW\OH��)(1���������$PRQJ�WKH�PDLQ�
SURGXFLQJ�FRXQWULHV�LQ�(XURSH��ZLWK�DOPRVW����RI�WKH�VKDUH��6SDLQ�UDQNV�HLJKWK��$XJHUH�*UDQLHU��
�������'HVSLWH� WKLV��PLON�FRQVXPSWLRQ�E\� 6SDQLDUGV�KDV� EHHQ� VWHDGLO\�GHFUHDVLQJ��GRZQ� WR�PLON�
FRQVXPSWLRQ�YDOXHV�DURXQG����/�SHU�FDSLWD�DQQXDOO\��0$3$���������7KLV�WUHQG�FRXOG�EH�H[SODLQHG�
GXH�WR�IRRG�LQWROHUDQFHV�RU�DQ�LQFUHPHQW�RQ�SODQW�EDVHG�GLHWV��0XQHNDWD�HW�DO����������,Q�DGGLWLRQ��
RWKHU�SRVVLEOH�FDXVHV�PD\�EH� EHKLQG� WKLV�FKDQJH� LQ�EHKDYLRXU��DV� FRQVXPHUV�DUH�PRUH�DZDUH�RI�
HQYLURQPHQWDO�DQG�DQLPDO�ZHOIDUH�LVVXHV��ZKLFK�FRXOG�HYHQWXDOO\�OHDG�WR�DQLPDO�IUHH�HDWLQJ�SDWWHUQV�
�.ROEH���������$W�6SDQLVK�OHYHO��*DOLFLD��ZLWK�PRUH�WKDQ�������OLYHVWRFN�IDUPV��FRQVWLWXWHV�WKH�ODUJHVW�
SURGXFHU�ZLWK�DOPRVW�IRXU� WHQWKV�WKH�PLON�PDUNHWHG�GXULQJ�WKH�SHULRG������������0$3$���������
&RQVLGHULQJ�WKH�HQYLURQPHQWDO�LPSDFWV�DVVRFLDWHG�WR�GLHWV��&DPEHVHV�)UDQFR�HW�DO���������UHSRUWHG�
WKDW�GDLU\�SURGXFWV�ZHUH�D�PDMRU�FRQWULEXWRU�LQ�FHUWDLQ�(XURSHDQ�DQG�$PHULFDQ�GLHWDU\�SDWWHUQV�LQ�
WHUPV�RI�JUHHQKRXVH�JDV��*+*�� HPLVVLRQV��ZDWHU�GHPDQG�DQG�HQHUJ\� FRQVXPSWLRQ��,Q�SDUWLFXODU��
GDLU\�IDUPLQJ�VWDQG�RXW� IRU�EHLQJ�ERWK�UHVRXUFH�FRQVXPLQJ�DQG�SROOXWLRQ�JHQHUDWLQJ��3DQGH\�DQG�
6LQJK���������$V�D�SRLQW�RI�FRQFHUQ�LQ�DQLPDO�ZHOIDUH��PDVWLWLV�LV�RQH�RI�WKH�PRVW�FRPPRQ�LQIHFWLRXV�
GLVHDVHV�ZLWK�VLJQLILFDQW�FRQWULEXWLRQV�LQ�PRQHWDU\�WHUPV��%KDNDW�HW�DO���������� ,Q� WKH�FRQWH[W�RI�
SURPRWLQJ�HQYLURQPHQWDOO\�IULHQGO\�SURGXFWLRQ�VWUDWHJLHV��WKH�(XURSHDQ�*UHHQ�'HDO�DLPV�WR�DFKLHYH�
QHW�]HUR�*+*�YDOXHV�IRU�DJULFXOWXUDO�DQG�OLYHVWRFN�V\VWHPV�E\�������(XURSHDQ�&RPPLVVLRQ���������
7KHUHIRUH��HQYLURQPHQWDO�DQG�IRRG�SURILOHV�ZLWK�UHVSHFW�WR�GDLU\�IDUP�SHUIRUPDQFH�VKRXOG�LQFOXGH�
DQG�LQYROYH�GLIIHUHQW�VXVWDLQDELOLW\�SHUVSHFWLYHV�WR�LGHQWLI\�EHVW�SUDFWLFHV�DQG�SRVVLEOH�HQYLURQPHQWDO�
WUDGH�RIIV� EHWZHHQ� WKHP�� ,Q� WKLV� UHJDUG�� WKH� :DWHU�(QHUJ\�)RRG� QH[XV� �:()�� HPHUJHV� DV� D�
IUDPHZRUN� WRRO� WR� FRQVLGHU� WKH� FRPSOH[� LQWHUFRQQHFWLRQV� EHWZHHQ� ZDWHU� GHPDQG�� HQHUJ\�
UHTXLUHPHQWV�DQG�IRRG�SURYLVLRQ��=KDQJ�HW�DO����������7KXV��WKH�REMHFWLYH�RI�WKLV�ZRUN�LV�WR�HYDOXDWH�
WKH�OHYHO�RI�VXVWDLQDELOLW\�RI�PLON�SURGXFWLRQ�IRU�D�VHW�RI�IDUPV�VHWWOHG�LQ�*DOLFLD��1:�6SDLQ��XQGHU�
WKH�:()�QH[XV�SKLORVRSK\��,Q�WKLV�ZD\�� WKH�LQWHJUDWLRQ�RI�*+*� HPLVVLRQV��ZDWHU�GHPDQG��HQHUJ\�
FRQVXPSWLRQ�DQG�IRRG�ORVV��)/��LQ�D�VLQJOH�VFRUH�FRXOG�VXSSRUW��WKURXJK�DQ�HDV\�LQWHUSUHWDWLRQ��WKH�
GHFLVLRQ�PDNLQJ�SURFHVV�IRU�VWDNHKROGHUV�LQ�WKH�IRUP�RI�DQ�HFRODEHO� 
 
0HWKRGRORJ\ 
7KH� SURGXFWLYH�GDWD�RI����� OLYHVWRFN�IDUPV�ORFDWHG�LQ�*DOLFLD�ZDV�FROOHFWHG�WKURXJK�IDFH�WR�IDFH�
VXUYH\V�� FRUUHVSRQGLQJ� WR� D� RQH�\HDU� SURGXFWLRQ�SHULRG� �������� 7KLV� GDWD� FRPSULVH�DOO� UHOHYDQW�
SURFHVVHV�UHODWHG�WR�PLON�SURGXFWLRQ�RQ�WKH�IDUPV��IURP�GLUHFW�FRQVXPSWLRQ�IORZV�VXFK�DV�FOHDQLQJ�

���
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��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

SURGXFWV��HOHFWULFLW\�FRQVXPHG�DQG�ZDVWH�PDQDJHPHQW��H�J���SODVWLFV��FDUGERDUG��ZDVWHZDWHU���2WKHU�
LQSXWV�VXFK� DV�DJURFKHPLFDO�XVH� �SHVWLFLGHV�DQG� IHUWLOLVHUV���VHHGV� IRU�FURSV�FXOWLYDWLRQ��IXHO�DQG�
OXEULFDQW�RLO�IRU�IDUP�PDFKLQHU\�QHHG�WR�EH�LQFOXGHG��:LWK�VXFK�LQIRUPDWLRQ��WKH�:()�QH[XV�VFRUHV�
RI�WKH�GDLU\�IDUPV�KDYH�EHHQ�FDOFXODWHG�IROORZLQJ�D�IRXU�VWHS�SURFHGXUH� 
L��,QGLFDWRU�VHOHFWLRQ��:LWK�WKH�SXUSRVH�RI�XQGHUVWDQGLQJ�WKH� WUDGH�RIIV�UHODWHG�WR� WKH�:()�QH[XV�
DORQJ�ZLWK�WKH�IRRG�VXSSO\�FKDLQ��OLIH�F\FOH�WKLQNLQJ�LV�FUXFLDO��'HO�%RUJKL�HW�DO����������7KHUHIRUH��
ZLWK�WKH�DLP�RI�HVWLPDWLQJ�WKH�OLIH�F\FOH�HQYLURQPHQWDO�LPSDFWV�RI�PLON�SURGXFWLRQ��WKH�VHOHFWLRQ�RI�
WKUHH�OLIH�F\FOH�LQGLFDWRUV��FDUERQ�IRRWSULQW��&)���ZDWHU�IRRWSULQW��:)��DQG�HQHUJ\�IRRWSULQW��()��ZHUH�
FRQVLGHUHG��7KHVH�LQGLFDWRUV�KDYH�EHHQ�DOUHDG\�WDNHQ�LQWR�FRQVLGHUDWLRQ�ZKHQ�DVVHVVLQJ�D�IRRG�V\VWHP�
IROORZLQJ�D�:()�QH[XV�SKLORVRSK\��/DVR�HW�DO���������� 
LL��,QGLFDWRU�DVVHVVPHQW��7KH�HQYLURQPHQWDO�IRRWSULQWV��&)��:)��DQG�()��DUH�FDOFXODWHG�XVLQJ�WKH�/LIH�
&\FOH�$VVHVVPHQW��/&$��PHWKRGRORJ\�IROORZLQJ�D�FUDGOH�WR�JDWH�DSSURDFK�DQG�XVLQJ�WKH�(FRLQYHQW�
GDWDEDVH�Y����IRU�WKH�PRGHOOLQJ�RI�WKH�EDFNJURXQG�SURFHVVHV��:HUQHW�HW�DO����������,Q�DGGLWLRQ��DV�WKH�
FDVH�VWXG\�LV�D�PXOWL�SURGXFW�V\VWHP��ZKHUH�PHDW�DQG�PLON�DUH�SURGXFHG��D�PDVV�DOORFDWLRQ�PHWKRG�
ZDV�WDNHQ�LQWR�DFFRXQW�WR�GLVWULEXWH�WKH�HQYLURQPHQWDO�EXUGHQV��,Q�RUGHU�WR�WUDQVIRUP�WKH�LQYHQWRU\�
GDWD�LQWR�HQYLURQPHQWDO�LPSDFWV��WKH�/LIH�&\FOH�,PSDFW�$VVHVVPHQW��/&,$��PHWKRG�PXVW�EH�FKRVHQ��
$FFRUGLQJO\��IRU�WKH�FDOFXODWLRQ�RI�WKH�&)�LQGLFDWRU��WKH�,3&&�����\HDUV��������PHWKRG�ZDV�XVHG��
IROORZLQJ�WKH�UHFRPPHQGDWLRQ�RI�WKH�,QWHUQDWLRQDO�'DLU\�)HGHUDWLRQ�WR�DFKLHYH�D�FRPPRQ�DSSURDFK�
LQ� WKH�&)� DVVHVVPHQW�RI� WKH� GDLU\� VHFWRU� �,')�� ������� 5HJDUGLQJ� WKH�:)�� WKH�$YDLODEOH�:$WHU�
5(PDLQLQJ��$:$5(��PHWKRG��%RXOD\�HW�DO���������ZDV�XVHG�LQ�OLQH�ZLWK�WKH�3URGXFW�(QYLURQPHQWDO�
)RRWSULQW�&DWHJRU\�5XOHV��3()&5��GHYHORSHG�E\�WKH�-RLQW�5HVHDUFK�&HQWUH�RI�WKH�(XURSHDQ�8QLRQ��
WR�PHDVXUH�WKH�HQYLURQPHQWDO�SHUIRUPDQFH�RI�GDLU\�SURGXFWV�WKURXJKRXW�WKHLU�OLIH�F\FOHV��('$���������
,Q�WHUPV�RI�HQHUJ\�UHTXLUHPHQWV��RQH�RI�WKH�PRVW�DSSURSULDWH�/&,$�PHWKRGRORJLHV�LV�WKH�&XPXODWLYH�
(QHUJ\�'HPDQG��&('���)ULVFKNQHFKW�HW�DO����������VLQFH�LW�LV�DOLJQHG�ZLWK�WKH�3()&5��2Q�WKH�RWKHU�
VLGH��IRU�WKH�FDOFXODWLRQ�RI�WKH�)/�LQGH[��WKH�SURSRUWLRQ��LQ�SHUFHQWDJH��RI�ZDVWH�PLON��LQIHFWHG�ZLWK�
PDVWLWLV��FRPSDUHG�WR�WKH�WRWDO�PLON�SURGXFHG�ZDV�FRQVLGHUHG�XVLQJ�(T��� 

�ሺΨሻܮܨ ൌ
�ሺ݈ሻݏ݅ݐ݅ݐݏܽ݉�݉݋ݎ݂�݈݇݅݉�݁ݐݏܽݓ

�ሺ݈ሻ݀݁ܿݑ݀݋ݎ݌�݈݇݅݉�݈ܽݐ݋ݐ ൉ ͳͲͲ�ሺ۳ܙ�૚ሻ 

LLL��1RUPDOLVDWLRQ��,Q� WKLV�VWHS��WKH� LQGLFDWRUV�DUH�QRUPDOL]HG�LQWR�D� UDQJH�IURP��� WR��� LQ�RUGHU�WR�
RYHUSDVV�WKH�SUREOHP�UHJDUGLQJ�WKH�GLIIHUHQW�XQLWV�RI�PHDVXUH��NJ�RI�&2��HTXLYDOHQW��NJ�&2�H���P���
0-�DQG� WKH�SHUFHQWDJH�YDOXH�����IRU� WKH�&)��:)��()� DQG�)/�� UHVSHFWLYHO\��7KLV�QRUPDOLVDWLRQ�LV�
FDUULHG�RXW�XVLQJ�(T��� 

�୬౟ౠ ൌ
�୫ୟ୶౟ െ �୧୨

�୫ୟ୶౟ െ �୫୧୬౟
ǡ  �૛ሻܙ���ሺ۳׊

:KHUH 
�ǣ�LQGLFDWRU��L� �^&)��:)��()��)/`� 
M��GDLU\�IDUP�HYDOXDWHG��M� �^���«�����` 
�୬౟ౠ ��QRUPDOLVHG�YDOXH�RI�HDFK�LQGLFDWRU�L�RI�IDUP�M� 
�୧୨��YDOXH�RI�WKH�LQGLFDWRU�L�RI�IDUP�M� 
�୫ୟ୶౟��PD[LPXP�YDOXH�RI�WKH�LQGLFDWRU�L� 
�୫୧୬౟��PLQLPXP�YDOXH�RI�WKH�LQGLFDWRU�L� 
LY��:HLJKWLQJ�DQG�LQWHJUDWLRQ��)RU�HDFK�IDUP��WKH�QRUPDOLVHG�IRRWSULQWV�DUH�LQWHJUDWHG�LQWR�RQH�VLQJOH�
YDOXH��:()�QH[XV�VFRUH���WKURXJK�D�ZHLJKWLQJ�VXP�RI�WKH�IRXU�IRRWSULQWV��ZKRVH�UDQJH�LV�EHWZHHQ���
�����)RU�WKLV�SXUSRVH��DOO�IRRWSULQWV�DUH�FRQVLGHUHG�WR�EH�HTXDOO\�UHOHYDQW��(T���� 

��	�௝ ൌ ቀ�	୬ౠ ൉ �େ୊ቁ൅ ቀ�	୬ౠ ൉ �୛୊ቁ൅ ቀ�	୬ౠ ൉ ୉ܹ୊ቁ൅ ቀ	�୬ౠ ൉ �୊୐ቁ�ሺ۳ܙ�૜ሻ 
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��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

��	୨��:()�QH[XV�VFRUH�RI�IDUP�M� 
�	୬ౠ�	୬ౠ�	୬ౠ	�୬ౠ��QRUPDOL]HG�IRRWSULQW�RI�IDUP�M� 
:&)��::)��:()��:)/��ZHLJKW�RI�&)��:)��()��DQG�)/��UHVSHFWLYHO\��HTXDO�WR������� 
 
5HVXOWV�DQG�GLVFXVVLRQV 
7KH�UHVXOWV��)LJXUH����VKRZ�WKDW�WKH�:()�QH[XV�VFRUH�KDV�DQ�DYHUDJH�SXQFWXDWLRQ�RI�����YDU\LQJ�
IURP�����IDUP�����WR�����IDUP������7KHUHIRUH��EDVHG�RQ�WKLV�YDOXH��LW�LV�SRVVLEOH�WR�GLIIHUHQWLDWH�IRXU�
JURXSV�RI�IDUPV��IURP�ZRUVW�WR�EHVW�UHVXOWV���'��IURP����WR������&��IURP����WR������%��IURP����WR�����
DQG�$��IURP����WR����� 

 
)LJXUH����:()�QH[XV�VFRUHV�RI�WKH�����GDLU\�IDUPV�GLYLGHG�E\�IRXU�JURXSV��IURP�ZRUVW�WR�EHVW�UHVXOWV���'��IURP����WR�
�����&��IURP����WR������%��IURP����WR�����DQG�$��IURP����WR���� � 
2QFH�WKH�JURXS�RI�IDUPV�ZLWK�WKH�ORZHVW�VFRUHV��JURXS�'��KDV�EHHQ�LGHQWLILHG��LW�LV�LQWHUHVWLQJ�WR�NQRZ�
ZKDW�WKHLU�UDQJH�RI�LPSURYHPHQW�ZRXOG�EH�XQWLO�WKH\�FDQ�EH�FDWHJRULVHG�DV�WKH�KLJKHVW�VFRULQJ�IDUPV�
�JURXS�$���2Q�DYHUDJH��JURXS�$�KDV����SRLQWV�PRUH�WKDQ�JURXS�'�� WKLV�ZRXOG�PHDQ�WKDW�WKH�ODWWHU�
JURXS�ZRXOG�KDYH�WR�UHGXFH�WKHLU�LPSDFWV�E\�DSSUR[LPDWHO\���������������DQG�����IRU�WKHLU�&)��
:)��()�DQG�)/��UHVSHFWLYHO\��:LWK�WKLV�REMHFWLYH��GXH�WR�WKH�IDFW�WKDW�PRVW�RI�WKH�LQGLFDWRUV�KDYH�EHHQ�
FDOFXODWHG�IROORZLQJ�DQ�/&$�PHWKRGRORJ\��LW�KDV�EHHQ�SRVVLEOH�WR�GHWHFW�WKH�RULJLQ�RI�WKH�KRWVSRWV�RI�
WKH�HQYLURQPHQWDO�LPSDFWV��DV�IDU�DV�&)�LV�FRQFHUQHG��HPLVVLRQV�LQ�WKH�ILHOG�UHODWHG�WR�PDQXUH�DQG�
DJURFKHPLFDOV�FRQWULEXWH�WR�PRUH�WKDQ�KDOI�RI�WKH�WRWDO�LPSDFWV��WKH�VHFRQG�RQH�EHLQJ�WKH�FRPPHUFLDO�
IRGGHUV�XVHG�WR�PHHW�WKH�FRZV�IHHG�GHPDQG��2Q�WKH�RWKHU�KDQG��IRU�:)�DQG�()��IRUDJHV�DFFRXQW�IRU�
DERXW�����DQG�����RI�HDFK�IRRWSULQW��UHVSHFWLYHO\��&RQVHTXHQWO\��RQH�RI�WKH�VROXWLRQV�FRXOG�EH�WR�
LPSURYH�WKH�SHUIRUPDQFH�RI�GDLU\�FRZV��VLQFH�DOWKRXJK�JURXS�$�SURYLGHV�D�GDLO\�IHHG�UDWLRQ�IRU�HDFK�
DQLPDO�RI�����NJ�PRUH�FRPSDUHG�WR�JURXS�'��WKH�ODWWHU�LPSOLHV��SHU�NJ�RI�IHHG�VXSSOLHG�������/�RI�
PLON�ZKLOH�JURXS�'�RQO\�UHSUHVHQW������/��$QRWKHU�SRVVLEOH�VROXWLRQ�PD\�EH�WR�PRGLI\�WKH�LQJUHGLHQW�
FRPSRVLWLRQ�RI�WKH�FRPPHUFLDO�IHHG�XVHG�E\�HDFK�IDUP��DV�WKLV�LQ�WXUQ�FRXOG�DOVR�KHOS�WR�LPSURYH�WKH�
:()�QH[XV�VFRUH�LQ�WHUPV�RI�)/��DOWKRXJK�WKLV�VKRXOG�DOVR�EH�LPSURYHG�WKURXJK�WKH�LPSOHPHQWDWLRQ�
RI�DQ�DQLPDO�ZHOIDUH�V\VWHP��ZKHUH�QRW�RQO\�WKH�IHHGLQJ�RI�WKH�DQLPDOV�LV�FRQVLGHUHG��EXW�DOVR�WKH�UHVW�
SHULRGV��+RZHYHU��PRUH�GHWDLOHG�VWXGLHV�DUH�QHHGHG��EHFDXVH�WKH�LPSURYHPHQW�SURSRVDOV�VKRXOG�DOVR�
EH�HYDOXDWHG�IURP�D�QXWULWLRQDO�DQG�HFRQRPLF�SRLQW�RI�YLHZ� 
 
&RQFOXVLRQV 

��

��

��

��

��

��

���

� �� �� �� �� �� �� �� �� �� ���

:
()

�Q
H[
XV
�VF
RU
H

)DUP

:()�QH[XV�LQGH[

&

'

%

$

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

7KLV�VWXG\�UHSUHVHQWV�D�JRRG�VWDUWLQJ�SRLQW� IRU�WKH� LPSOHPHQWDWLRQ�RI�D�SLRQHHULQJ�HFR�ODEHO�WKDW�
LQWHJUDWHV�WKH�HQYLURQPHQWDO�DQG�IRRG�ILHOGV�LQ�WKH�GDLU\�VHFWRU�DQG�LQYROYHV�DOO�DFWRUV�LQ�WKH�VXSSO\�
FKDLQ�WKURXJK�D�VLQJOH�YDOXH�HDVLO\�XQGHUVWDQGDEOH�E\�WKH�JHQHUDO�SXEOLF��IURP����ZRUVW��WR������EHVW����
,Q�DGGLWLRQ��ZLWK�DSSURSULDWH�PRGLILFDWLRQV��WKH�:()�QH[XV�DSSURDFK�FRXOG�EH�DSSOLHG�WR�RWKHU�IRRG�
SURGXFWLRQ�DFWLYLWLHV��+RZHYHU��VWULFWHU�JUHHQ�SROLFLHV�DUH�QHHGHG�WR�HQFRXUDJH�DQ�LQFUHDVLQJ�QXPEHU�
RI�GDLU\�SURGXFWLRQ�V\VWHPV�WR�EHFRPH�PRUH�DQG�PRUH�LQYROYHG�LQ�DFFRXQWLQJ�IRU�WKHLU�HQYLURQPHQWDO�
EXUGHQV�ZLWK�WKH�REMHFWLYH�WKDW�VXFK�FHUWLILFDWHV�FDQ�PDWHULDOL]H����,Q�OLQH�ZLWK�WKH�DERYH��LW�LV�YLWDO�WR�
FRQGXFW�IXUWKHU�VWXGLHV�WR�VWDQGDUGL]H�D�VHW�RI�LQGLFDWRUV�WKDW�DUH�EHWWHU�DGDSWHG�WR�HDFK�IRRG�VHFWRU��
DV�ZHOO�DV�WR�LQWHJUDWH�RWKHU�VRFLR�HFRQRPLF�LQGLFDWRUV��ZLWK�WKH�DLP�RI�EULQJLQJ�WKH�PHWKRGRORJ\�LQ�
OLQH�ZLWK�VXVWDLQDEOH�GHYHORSPHQW�DORQJ�WKH�HQWLUH�IRRG�VXSSO\�FKDLQ�� 
 
$FNQRZOHGJPHQWV 
7KLV� UHVHDUFK�ZDV�IRXQGHG�E\�&(3(6� ����������������DQG E\� WKH�($3$B���������1(378186�
SURMHFW��VXSSRUWHG�E\�,QWHUUHJ�$WODQWLF�$UHD��(�(�%���5�5�/���*�)���6�*�*��DQG�0�7�0��EHORQJ�WR�WKH�
*DOLFLDQ�&RPSHWLWLYH�5HVHDUFK�*URXSV��*5&��('���&����������FR�IXQGHG�E\�;XQWD�GH�*DOLFLD�DQG�
)('(5��(8���(�(�%�LV�IXQGHG�E\�;XQWD�GH�*DOLFLD�3K'�*UDQW��('���$������������/�9�,��LV�IXQGHG�
E\�&21,&<7�3)&+$�'2&725$'2� %(&$6�&+,/(�����±��������� 
 
5HIHUHQFHV 

$XJHUH�*UDQLHU��0���������7KH�(8�GDLU\�VHFWRU��0DLQ�IHDWXUHV��FKDOOHQJHV�DQG�SURVSHFWV��%ULHI��(XU��
3DUOLDP���±��� 

%KDNDW��&���0RKDPPDG��$���0DQGDO��'�.���0DQGDO��$���5DL��6���&KDWWHUMHH��$���*KRVK��0�.���'XWWD��
7�.���������5HDGLO\�XVDEOH�VWUDWHJLHV�WR�FRQWURO�PDVWLWLV�IRU�SURGXFWLRQ�DXJPHQWDWLRQ�LQ�GDLU\�
FDWWOH��$�UHYLHZ��9HW��:RUOG���������±������KWWSV���GRL�RUJ����������9(7:25/'�����������
���� 

%RXOD\��$�0��� %DUH�� -��� %HQLQL�� /��� %HUJHU�� 0��� /DWKXLOOLqUH��0�-��� 0DQ]DUGR��$��� 0DUJQL�� 0���
0RWRVKLWD��0���1~xH]��0���3DVWRU��$�9���5LGRXWW��%���2NL��7���:RUEH��6���3ILVWHU��6���������7KH�
:8/&$� FRQVHQVXV�FKDUDFWHUL]DWLRQ�PRGHO�IRU�ZDWHU�VFDUFLW\�IRRWSULQWV��DVVHVVLQJ�LPSDFWV�RI�
ZDWHU�FRQVXPSWLRQ�EDVHG�RQ�DYDLODEOH�ZDWHU�UHPDLQLQJ��$:$5(���,QW��-��/LIH�&\FOH�$VVHVV������
���±�����KWWSV���GRL�RUJ���������V���������������� 

&DPEHVHV�)UDQFR��&���*RQ]iOH]�*DUFtD��6���)HLMRR��*���0RUHLUD��0�7���������'ULYLQJ�FRPPLWPHQW�WR�
VXVWDLQDEOH�IRRG�SROLFLHV�ZLWKLQ�WKH�IUDPHZRUN�RI�$PHULFDQ�DQG�(XURSHDQ�GLHWDU\�JXLGHOLQHV��
6FL��7RWDO�(QYLURQ���������������KWWSV���GRL�RUJ���������M�VFLWRWHQY������������ 

'HO�%RUJKL��$���0RUHVFKL��/���*DOOR��0���������&LUFXODU�HFRQRP\�DSSURDFK�WR�UHGXFH�ZDWHU±HQHUJ\±
IRRG� QH[XV�� &XUU�� 2SLQ�� (QYLURQ�� 6FL�� +HDO�� ���� ��±����
KWWSV���GRL�RUJ���������M�FRHVK������������ 

('$��������3URGXFW�(QYLURQPHQWDO�)RRWSULQW�&DWHJRU\�5XOHV��3()&5��IRU�'DLU\�3URGXFWV� 

(XURSHDQ�&RPPLVVLRQ��������7KH�(XURSHDQ�*UHHQ�'HDO��&RPPXQLFDWLRQ�IURP�WKH�FRPPLVVLRQ�WR�
WKH�(XURSHDQ�3DUOLDPHQW��WKH�(XURSHDQ�&RXQFLO��WKH�&RXQFLO��WKH�(XURSHDQ�(FRQRPLF�DQG�6RFLDO�
&RPPLWWHH� DQG� WKH� &RPPLWWHH� RI� WKH� 5HJLRQV�� (XU�� &RPP��
KWWSV���GRL�RUJ���������&%2����������������� 

)(1��������)XQGDFLyQ�(VSDxROD�GH�OD�1XWULFLyQ��,QIRUPH�VREUH�HO�FRQVXPR�GH�OHFKH��\RJXU�\�TXHVR�
FRPR�LQGLFDGRU�GH�FDOLGDG�GH�OD�GLHWD�\�HVWLORV�GH�YLGD�HQ�OD�SREODFLyQ�HVSDxROD� 

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
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)ULVFKNQHFKW��5���-XQJEOXWK��1���$OWKDXV��+�-���%DXHU��&���'RND��*���'RQHV��5���+LVFKLHU��5���+HOOZHJ��
6���+XPEHUW��6���.|OOQHU��7���/RHULQFLN��<���0DUJLQL��0���1HPHFHN��7���������,PSOHPHQWDWLRQ�RI�
/LIH�&\FOH�,PSDFW�$VVHVVPHQW�0HWKRGV��HFRLQYHQW�UHSRUW�QR�����Y���� 

,')��������$�FRPPRQ�FDUERQ�IRRWSULQW�DSSURDFK�IRU�WKH�GDLU\�VHFWRU��7KH�,')�JXLGH�WR�VWDQGDUG�OLIH�
F\FOH�DVVHVVPHQW�PHWKRGRORJ\��%XOOHWLQ�RI�WKH�,QWHUQDWLRQDO�'DLU\�)HGHUDWLRQ�����������%XOO��
,QW��'DLU\�)HG� 

.ROEH��.���������:K\�0LON�&RQVXPSWLRQ�LV�WKH�%LJJHU�3UREOHP��(WKLFDO�,PSOLFDWLRQV�DQG�'HDWKV�SHU�
&DORULH�&UHDWHG�RI�0LON�&RPSDUHG�WR�0HDW�3URGXFWLRQ��-��$JULF��(QYLURQ��(WKLFV��������±�����
KWWSV���GRL�RUJ���������V���������������� 

/DVR��-��� 5XL]�VDOP��,���9LOODQXHYD�UH\��3���4XLQWHLUR��3���&O��$���$OPHLGD��&���(QWUHQD�EDUEHUR��(���
)HLMRR��*���/RXEHW��3���6RQQHPDQQ��*���&RRQH\��5���&OLIIRUG��(���5HJXHLUR��/���$ORQVR��'���6RXVD��
%��'H��-DFRE��&���1RLURW��&���0DUWLQ��-���5DIIUD\��0���5RZDQ��1���0HOOHWW��6���������$FKLHYLQJ�
6XVWDLQDELOLW\�RI�WKH�6HDIRRG�6HFWRU�LQ� WKH�(XURSHDQ�$WODQWLF�$UHD�E\�$GGUHVVLQJ�(FR�6RFLDO�
&KDOOHQJHVௗ��7KH�1(378186�3URMHFW��6XVWDLQDELOLW\�����KWWSV���GRL�RUJ���������VX�������� 

0$3$�� ������9ROXPHQ�GH� OHFKH� OtTXLGD�FRQVXPLGD�HQ� (VSDxD�GHVGH� ����� KDVWD������� 3DQHO�GH�
&RQVXPR�$OLPHQWDULR�HQ�+RJDUHV��0LQLVWHULR�GH�$JULFXOWXUD��3HVFD�\�$OLPHQWDFLyQ��*RELHUQR�
GH�(VSDxD� 

0$3$��������(VWUXFWXUD�GHO�6HFWRU�9DFXQR�/HFKHUR�HQ�(VSDxD������������6XEGLUHFFLyQ�*HQHUDO�GH�
3URGXFFLRQHV� *DQDGHUDV� \� &LQHJpWLFDV�� 'LUHFFLyQ� *HQHUDO� GH� 3URGXFFLRQHV� \� 0HUFDGRV�
$JUDULRV��0LQLVWHULR�GH�$JULFXOWXUD��3HVFD�\�$OLPHQWDFLyQ��*RELHUQR�GH�(VSDxD� 

0DUDQJRQL��)���3HOOHJULQR��/���9HUGXFL��(���*KLVHOOL��$���%HUQDEHL��5���&DOYDQL��5���&HWLQ��,���*LDPSLHWUR��
0���3HUWLFRQH��)���3LUHWWD��/���*LDFFR��5���/D�9HFFKLD��&���%UDQGL��0�/���%DOODUGLQL��'���%DQGHUDOL��
*���%HOOHQWDQL��6���&DQ]RQH��*���&ULFHOOL��&���)DJJLDQR��3���)HUUDUD��1���)ODFKL��(���*RQQHOOL��6���
0DFFD��&���0DJQL��3���0DUHOOL��*���0DUURFFR��:���0LQLHOOR��9�/���2ULJR��&��� 3LHWUDQWRQLR��)���
6LOYHVWUL��3���6WHOOD��5���6WUD]]XOOR��3���7URLDQR��(���3ROL��$���������&RZ¶V�0LON�&RQVXPSWLRQ�DQG�
+HDOWK�� $� +HDOWK� 3URIHVVLRQDO¶V� *XLGH�� -�� $P�� &ROO�� 1XWU�� ���� ���±�����
KWWSV���GRL�RUJ������������������������������ 

0XQHNDWD��3�(�6���'RPtQJXH]��5��� %XGDUDMX��6��� 5RVHOOy�6RWR��(��� %DUED��)�-���0DOOLNDUMXQDQ��.���
5RRKLQHMDG��6���/RUHQ]R��-�0���������(IIHFW�RI�LQQRYDWLYH�IRRG�SURFHVVLQJ�WHFKQRORJLHV�RQ�WKH�
SK\VLFRFKHPLFDO�DQG� QXWULWLRQDO�SURSHUWLHV�DQG� TXDOLW\� RI� QRQ�GDLU\� SODQW�EDVHG�EHYHUDJHV��
)RRGV�����±����KWWSV���GRL�RUJ���������IRRGV������� 

3DQGH\��8���6LQJK��6���������(QYLURQPHQWDO�SHUIRUPDQFH�HYDOXDWLRQ�RI�(XURSHDQ�IDUPV�E\�DVVHVVLQJ�
SROOXWLQJ� IDFWRUV� LQ� MRLQW� SURGXFWLRQ�� -�� &OHDQ�� 3URG�� ����� ��������
KWWSV���GRL�RUJ���������M�MFOHSUR������������ 

:HUQHW��*���%DXHU��&���6WHXELQJ��%���5HLQKDUG��-���0RUHQR�5XL]��(���:HLGHPD��%���������7KH�HFRLQYHQW�
GDWDEDVH�YHUVLRQ����SDUW�,���RYHUYLHZ�DQG�PHWKRGRORJ\��,QW��-��/LIH�&\FOH�$VVHVV����������±������
KWWSV���GRL�RUJ���������V���������������� 

=KDQJ��&���&KHQ��;���/L��<���'LQJ��:���)X��*���������:DWHU�HQHUJ\�IRRG�QH[XV��&RQFHSWV��TXHVWLRQV�
DQG�PHWKRGRORJLHV��-��&OHDQ��3URG����������±�����KWWSV���GRL�RUJ���������M�MFOHSUR������������ 
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5HYLVLWLQJ�UHJLRQDOL]HG�ZDWHU�VFDUFLW\�FKDUDFWHUL]DWLRQ�IDFWRUV�IRU�VHOHFWHG�
ZDWHUVKHGV�DORQJ�WKH�K\SHU�DULG�3HUXYLDQ�FRDVW�XVLQJ�$:$5( 

 
-RDQ�6DQFKH]�0DWRV��
��(GLOHQH�3HUHLUD�$QGUDGH�����,DQ�9i]TXH]�5RZH� 

 
�3HUXYLDQ� /LIH� &\FOH� $VVHVVPHQW� 	� ,QGXVWULDO� (FRORJ\� 1HWZRUN� �3(/&$1��� 'HSDUWPHQW� RI� (QJLQHHULQJ�� 3RQWLILFLD�
8QLYHUVLGDG�&DWyOLFD�GHO�3HU~��$YHQLGD�8QLYHUVLWDULD�������6DQ�0LJXHO��������/LPD��3HUX� 
�8QLYHUVLWDW�5RYLUD�L�9LUJLOL��7DUUDJRQD��6SDLQ 
��6XVWDLQDELOLW\� LQ�%LRV\VWHPV�5HVHDUFK�3URJUDP��,QVWLWXWH�RI�$JULIRRG�5HVHDUFK�DQG�7HFKQRORJ\��&DOGHV�GH�0RQWEXL��
6SDLQ 
 
.H\ZRUGV��HQYLURQPHQWDO�LPSDFW��JURXQGZDWHU��ZDWHU�DYDLODELOLW\��ZDWHU�GHPDQG��ZDWHU�IRRWSULQW��ZDWHU�VFDUFLW\ 
 

&RUUHVSRQGLQJ�DXWKRU��7HO���������������� 
�(�PDLO�DGGUHVV��VDQFKH]�MRDQ#SXFS�HGX�SH 
 
7KH�DLP�RI�WKLV�VWXG\�ZDV�WR�SURYLGH�UHJLRQDOL]HG�ZDWHU�VFDUFLW\�FKDUDFWHUL]DWLRQ�IDFWRUV��&)V��IRU�
VHYHQ� ZDWHUVKHGV� DORQJ� WKH� K\SHU�DULG� 3HUXYLDQ� FRDVW� XVLQJ� WKH� $YDLODEOH� :DWHU� 5HPDLQLQJ�
�$:$5(��PHWKRG� �%RXOD\�HW� DO����������7KH�QRYHOW\�RI� WKLV�SURSRVDO� LV� WZRIROG��D�� LW� LV� WKH� ILUVW�
DWWHPSW�WR�UHJLRQDOL]H�DQ�HQYLURQPHQWDO�LPSDFW�PHWKRG�WR�WKH�3HUXYLDQ�FRQWH[W��DQG��E��LW�SURYLGHV�
ZDWHU�VFDUFLW\�&)V�GLIIHUHQWLDWLQJ�EHWZHHQ�VXUIDFH�ZDWHU�DQG�JURXQGZDWHU� 
 
7KH� UHJLRQDOL]DWLRQ� RI� ZDWHU� VFDUFLW\� &)V�ZDV� FDUULHG� RXW� DFFRUGLQJ� WR� WKH�$:$5(�PHWKRG�� DV�
GHVFULEHG�LQ��%RXOD\�HW�DO����������7KLV�PHWKRG�LV�EDVHG�RQ�WKH�LQYHUVH�RI�available water remaining 
(AMDi, m3m-2month-1) per unit of area and time in a given watershed. AMDi represents the water 
remaining available once the water demands (human and ecosystem) are met. 7KHUHDIWHU�� WKH�&)�
�m3

world eq. m-3�� LV�REWDLQHG�QRUPDOL]LQJ�$0'L�XVLQJ� the consumption weighted-average of AMDi 
over the whole world (AMDworld avg, 0.0136 m3m-2month-1). The CFs in AWARE go from 0.1 
(minimum water scarcity in the watershed) to 100 (maximum water scarcity in the watershed). 
 
7KXV��WKH�UHJLRQDOL]DWLRQ�RI�WKH�&)V�WR�WKH�3HUXYLDQ�FRQWH[W�ZDV�EDVHG�RQ�WKUHH�DSSURDFKHV��D��D�VKLIW�
IURP�QDWLYH�UHVROXWLRQ�VFDOH�������[�������HPSOR\HG�E\�$:$5(�WR�K\GURORJLFDO�XQLWV��+8V��GHILQHG�
E\�WKH�3HUXYLDQ�1DWLRQDO�:DWHU�$XWKRULW\��$XWRULGDG�1DFLRQDO�GHO�$JXD���$1$���$1$���������E��
WKH�VXEVWLWXWLRQ�RI�ZDWHU�DYDLODELOLW\�DQG�GHPDQG�IURP�:DWHU*$3��3DVWRU�HW�DO���������6FKPLHG�HW�DO���
������WR�SULPDU\�GDWD�SURYLGHG�E\�RIILFLDO�ZDWHU�EDODQFH�VWXGLHV��DQG��F��WKH�GLIIHUHQWLDWLRQ�EHWZHHQ�
DYDLODELOLW\�DQG�GHPDQG�IRU�VXUIDFH�ZDWHU�DQG�JURXQGZDWHU� 
 
,Q�WKLV�VWXG\��VHYHQ�+8V�LQ�WKH�'HSDUWPHQW�RI�/LPD��ORFDWHG�LQ�WKH�3DFLILF�EDVLQ��ZHUH�FRQVLGHUHG��
&KLOORQ��5LPDF��/XULQ��&KLOFD��0DOD��2PDV��DQG�&DxHWH��6HOHFWLRQ�FULWHULD�ZHUH�EDVHG�RQ�WKH�KLJK�
ZDWHU� VWUHVV� DQG� ORZ�ZDWHU� VXSSO\� RI� WKLV� K\GURJUDSKLF� UHJLRQ�� ZKLFK� KDUERUV� D� WKLUG� RI� 3HUX¶V�
SRSXODWLRQ�DQG�����RI�HFRQRPLF�DFWLYLWLHV��$1$������D��/ODXFD�HW�DO����������0RUHRYHU��WKHVH�+8V�
ZHUH� VHOHFWHG� DFFRUGLQJ� WR� GDWD� TXDOLW\� DQG� DYDLODELOLW\� LQ� QDWLRQDO� GDWDEDVHV� LQ� WHUPV� RI� ZDWHU�
DYDLODELOLW\�DQG�GHPDQG� 
 
:DWHU� DYDLODELOLW\� GDWD� IRU� WKH�&KLOORQ�� 5LPDF�� DQG� /XULQ�ZDWHUVKHGV� ZHUH� FROOHFWHG� IURP�$1$�
��������ZKLFK�FRQVLGHUV�D�WLPH�VHULHV�IURP������WR�������ZKHUHDV�GDWD�IRU�WKH�&DxHWH�ZDWHUVKHG�ZDV�
REWDLQHG�IURP�$1$������E���FRQVLGHULQJ�D�����������WLPH�VHULHV���)LQDOO\��ZDWHU�DYDLODELOLW\�IRU�WKH�
UHPDLQLQJ�ZDWHUVKHGV�ZHUH�REWDLQHG�IURP�$1$���������XVLQJ�WKH�SHULRG������������'DWD�RQ�KXPDQ�
ZDWHU� GHPDQG�ZHUH� REWDLQHG� IURP� WKH� VDPH� ELEOLRJUDSKLF� VRXUFHV�� 7KH� UHIHUHQFH� \HDU� IRU�ZDWHU�
GHPDQG�UHSRUWHG�IRU�WKH�&KLOORQ��5LPDF�DQG�/XULQ�ZDWHUVKHGV�ZDV������������IRU�&KLOFD��0DOD�DQG�
2PDV��DQG������LQ�WKH�FDVH�RI�WKH�&DxHWH�ZDWHUVKHG��7KH�YDOXHV�RI�WKH�DIRUHPHQWLRQHG�SDUDPHWHUV�

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

ZHUH�FROOHFWHG�ERWK�IRU�VXUIDFH�ZDWHU�DQG�JURXQGZDWHU��'XH�WKH�ODFN�GDWD�RI�DYDLODELOLW\�DQG�GHPDQG�
IRU� JURXQGZDWHU� LQ� WKH�&DxHWH�ZDWHUVKHG�� WKH� &)V� IRU� JURXQGZDWHU� ZHUH� QRW� HVWLPDWHG� IRU� WKLV�
ZDWHUVKHG� 
 
$V� DIRUHPHQWLRQHG�� WKH� UHJLRQDOL]DWLRQ� RI� &)V� LQFOXGHG� WKH� VXEVWLWXWLRQ� RI� HQYLURQPHQWDO� ZDWHU�
UHTXLUHPHQW� �(:5�� IURP� 3DVWRU� HW� DO�� ������� WR� HFRORJLFDO� IORZ� UHFRPPHQGHG� E\�$1$� ��������
$FFRUGLQJ� WR�$1$� �������� WKH� HFRORJLFDO� IORZ� IRU� VXSHUILFLDO� ZDWHU� LV� WKH�PRQWKO\� IORZ� WKDW� LV�
H[FHHGHG� ���� RI� WKH� WLPH� GXULQJ� D� SHULRG� RI� ��� \HDUV�� 0HDQZKLOH�� UHJDUGLQJ� WKH� (:5� IRU�
JURXQGZDWHU������RI�JURXQGZDWHU�UHFKDUJH�ZDV�FRQVLGHUHG�WR�EH�HTXLYDOHQW�WR�(:5��+\EHO�HW�DO���
�������0RUHRYHU��LQ�RUGHU�WR�QRUPDOL]H�WKH�SURSRVHG�&)�IRU�JURXQGZDWHU��WKH�FDOFXODWLRQ�RI�AMDworld 

avg for groundwater was carried out. It was calculated using the value of global groundwater recharge 
provided by Wada et al. (2010), global groundwater demand from Wada (2016) and EWR based on 
Hybel et al. (2015). A final value for AMDworld avg of 0.0026 m3m-2month-1 was obtained. 
 
Results revealed that regionalized annual surface water CFs, in descending order, were as follow: 
Rimac (84.2), Chilca (83.9), Omas (70.6), Lurín (69.8), Chillón (52.3), Cañete (41.7), Mala (41.6)1. 
Regarding the regionalized monthly surface water CFs, these reached a value of 100 from June to 
November in all watersheds assessed, except for Mala, in November. However, in the remaining 
months (December to May) results were variable. For instance, the river Rimac, which is the main 
river that crosses the city of Lima, CFs were only lower than 100 in February and March. Another 
watershed with a similar trend was Chilca, which only showed CFs lower than 100 from January to 
March. In contrast, the Mala and Cañete watersheds presented CFs lower than 100 over the six-month 
period, from December to May. These trends are in line with previous studies, which have highlighted 
the period from May to November as the driest months for all the watersheds studied (ANA, 2019a, 
2019b, 2015). These results reflect the high pressure that surface water is subject to in the watersheds 
analyzed, which has been repeatedly underestimated in Life Cycle Assessment (LCA) studies based 
on the CFs reported by AWARE, due to the high difference between the regionalized CFs with the 
native AWARE CFs, mainly in the months from June to December. Differences between regionalized 
CFs and native AWARE CFs have also been reported in Brazil (Andrade et al., 2020) and Australia 
(Bontinck et al., 2021). 
 
5HJDUGLQJ� JURXQGZDWHU� &)V�� UHVXOWV� LQGLFDWHG� WKDW� WKH� DTXLIHUV� LQ� /XULQ�� 5LPDF�� DQG� &KLOORQ�
ZDWHUVKHGV�H[SHULHQFHG�KLJK�SUHVVXUH��ZLWK�PD[LPXP��WKURXJKRXW�WKH�HQWLUH�\HDU��)RU�WKH�2PDV�DQG�
&KLOFD�ZDWHUVKHGV�PD[LPXP�&)V�ZHUH�REWDLQHG�IURP�$SULO�WR�'HFHPEHU��UHSUHVHQWLQJ�D�VLPLODU�WUHQG�
WR�VXUIDFH�ZDWHU��+RZHYHU��WKH�DTXLIHU�LQ�0DOD�VKRZHG�WKH�ORZHVW�OHYHOV�RI�SUHVVXUH��ZLWK�&)V�EHORZ�
���WKURXJKRXW�WKH�\HDU� In this regard, AWARE is known for its low ability to differentiate levels of 
water scarcity in regions with water demands higher than availability (UNEP/SETAC, 2016). 
However, despite this limitation, the high CFs in every month for some HUs suggest the urgent need 
to reduce the pressure in the region, reducing associated environmental, economic and social impacts. 
 
,Q� FRQFOXVLRQ�� WKH� SURSRVHG� UHJLRQDOL]HG�ZDWHU� VFDUFLW\�&)V� IRU� VXUIDFH� ZDWHU� RI� WKH�ZDWHUVKHGV�
HYDOXDWHG�ZHUH�GLIIHUHQW�ZKHQ�FRPSDUHG�ZLWK�QDWLYH�$:$5(�&)V��VKRZLQJ�PRUH�FRKHUHQFH�ZLWK�WKH�
FRQWH[W�RI�WKH�K\SHU�DULG�3HUXYLDQ�FRDVW��0RUHRYHU��JURXQGZDWHU�&)V�UHYHDOHG�WKH�KLJK�YXOQHUDELOLW\�
RI�WKH�DTXLIHUV��PDLQO\�LQ�/XULQ��5LPDF�DQG�&KLOORQ��DOO�LQ�WKH�YLFLQLW\�RI�WKH�FLW\�RI�/LPD��,Q�WKLV�
VHQVH��WKH�UHJLRQDOL]DWLRQ�RI�$:$5(�&)V�WR�WKH�3HUXYLDQ�FRQWH[W�PD\�EH�DQ�RSSRUWXQLW\�WR�LPSURYH�
WKH�UHSUHVHQWDWLYHQHVV�RI�WKH�UHVXOWV�RI�/&$�VWXGLHV�ZKHQ�UHSRUWLQJ�ZDWHU�VFDUFLW\�UHVXOWV��)LQDOO\��WKH�
KLJK�YDOXHV�REWDLQHG�IRU�UHJLRQDOL]HG�&)V�ZDUQ�RI�VWURQJ�SUHVVXUHV�RQ�ZDWHU�UHVRXUFHV�LQ�WKH�DUHD��IRU�
ZKLFK�PDMRU�UHJXODWLRQ�LQ�ZDWHU�GLVWULEXWLRQ�DQG�EHWWHU�VWUDWHJLHV�WR�LPSURYH�WKH�ZDWHU�XVH�HIILFLHQF\�
                                                           
1�$OO�FKDUDFWHUL]DWLRQ�IDFWRU��&)��YDOXHV�UHSRUWHG�LQ�WKH�IROORZLQJ�XQLW��m3

world eq. m-3 
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DUH� XUJHQW�� )XWXUH� UHVHDUFK� VKRXOG� IRFXV� RQ� WKH� LGHQWLILFDWLRQ� RI� RWKHU� PHWKRGV� WR� FDOFXODWH�
JURXQGZDWHU�&)V�LQ�RUGHU�WR�FRPSDUH�WKRVH�REWDLQHG�LQ�WKH�SUHVHQW�VWXG\� 
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Objective. Food consumption, i.e., agricultural production is the main driver for the shift of four 
out of nine planetary boundaries that are beyond or within the zone of uncertainty: biosphere 
integrity, land-system change, freshwater use, and biogeochemical flows (Campbell et al. 2017).  
However, even though environmental impacts of German food consumption have been analyzed 
several times in recent years (Eberle & Fels, 2016, Meier, 2014; Schmidt et al., 2019), impacts on 
biodiversity and impacts due to freshwater use, have not been analyzed yet. One reason is that 
impact assessment methods for assessing the mentioned impacts have only been developed in recent 
years. While biodiversity and water scarcity impacts have been studied for several food products in 
the past, an assessment of these impacts on a country level is still missing. 
Thus, the aim of this paper is to update the analysis of global environmental impacts of German 
food consumption for greenhouse gas emissions, water consumption and land use, and adding the 
assessment of impacts on terrestrial biodiversity and water scarcity footprint. 
 
Methods. The analysis has been conducted using Life Cycle Assessment (LCA) according to ISO 
14040 series (2006). The same approach has been chosen as in Eberle & Fels (2016), meaning that 
the modelling is based on the average German food basket at consumption level. The functional unit 
was defined as the food consumption for one year for all German citizens. Consumption in this 
study encompasses the food products that are eaten as well as the food waste occurring on 
household level. All relevant material flows upstream via retail, processing and animal husbandry to 
agricultural production were examined. The composition of the German food basket was based on 
consumption statistics from BMEL (2017-19) and FAO (2020a-c). Food losses and waste were 
considered for every step from agriculture to consumption. Ecoinvent v3.6, GEMIS 5.0 and 
susDISH have been used to model the background processes. Blue water consumption was based on 
Mekonnen & Hoekstra (2010). 
In order to obtain a more stable statistical data basis, the used data was averaged over three years 
with a temporal reference of 2017-19, where available. Following the goal of the study, the impact 
categories climate change, water scarcity, and biodiversity have been assessed. Furthermore, land 
use for agricultural production and blue water use as inventory indicators were analyzed. 
To assess climate change impacts IPCC 2013 characterization factors were used, including 
emissions due to land use (LU) and direct land use change (dLUC). Water scarcity has been 
assessed using the AWaRe method with crop and country specific scarcity factors (Boulay et al., 
2018). The BVI (Biodiversity Value Increment) method proposed by Lindner et al. (2019) has been 
chosen to assess biodiversity impacts. The BVI method can be used at different levels of detail. In 
this study a generic assessment has been conducted. The characterization factor in the method is 
based on two parameters: local quality of land use and the global contextualization using ecoregion 
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factors. To assess the local quality, the concept of naturalness, also called hemeroby (Fehrenbach, 
2015), was used. The level of naturalness depends on production intensity of the agricultural 
cultivation. The assumption was made that all food consumed in Germany is intensively grown. 
The data on product origin in this study as well as in most LCA studies using generic data is given 
at country level. In the BVI method a factor is used that depends on the ecoregion in which the 
product is cultivated. But the boundaries of countries and ecoregions rarely coincide. To overcome 
this challenge a novel dataset has been developed that provides production weighted ecoregion 
factors for 42 FAO crops at country level. To accomplish this, spatial production statistics from 
MAPSPAM (Yu et al. 2020) were matched to the ecoregions and aggregated on country level. The 
use of this crop weighted dataset is expected to be more precise for a generic assessment than using 
area weighted country ecoregion factors, since regional crop production intensities are not 
homogenously distributed within a country. 
 
Results. The global environmental impacts caused by German food consumption are as follows: 
216E+6 t of CO2e are emitted (of which 46E+6 t CO2e result from dLUC), 16.6E+6 ha of land is 
occupied each year, resulting in a biodiversity impact of 1.23E+6 BVI*ha*a and 2.401E+9 m³ of 
irrigation water is consumed, which causes a water scarcity footprint of 118.6E+9 m³worldeq. 
Even though animal products (including meat, eggs, and milk products) only account for one third 
of the weight of the products, they cause almost two thirds (64 %) of the total greenhouse gas 
emissions, 81 % of emissions from dLUC, account for three quarters of land occupation (75 %) and 
are responsible for 76 % of the impacts on biodiversity. The rest is related almost completely to 
plant-based products. Fish and seafood cause only minor impacts, because of a low weight share in 
the German diet. Regarding water consumption and water scarcity footprint the picture changes. 
Here, plant products account for the largest fraction (82 % and 96 % respectively), especially citrus 
fruits and almonds.  
 

 
Figure 1: Global biodiversity impacts of the German diet; in 106 BVI*ha*a 
 
Most THG emissions (excluding dLUC and LU) occur at the level of agricultural production (41 %), 
followed by animal husbandry (27 %) and consumption (19 %). Processing and retail do not 
account for high THG emissions. The two highest emissions at retail gate are related to meat 
products (sausages with 28.3E+6 t CO2e and beef with 15.7E+6 t CO2e), followed by cheese 
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(14.4E+6 t CO2e). The highest emission connected to a plant-based product was found for cacao 
(5.8E+6 t CO2e).  
Emissions from dLUC are almost completely related to soy (96 %), mainly imported from Brazil 
(78 %) and Argentina (22 %). Soy was used only for feed in this study. The largest share of land is 
needed for wheat (14.7 %), followed by soy (14.3 %) and maize (10.6 %). The three main impacts 
on terrestrial biodiversity are also caused by these products, but in a different order: soy (30 %), 
wheat (15 %) and maize (12 %). This shift is explained by the local differences regarding ecoregion 
factors. The average soybean for the German diet is cultivated in regions with an ecoregion factor 
more than twice as high (0.267) as for the average wheat grain (0.129). Most land is occupied in 
Germany (49 %), followed by the United States of America (9 %) and Brazil (8 %). Like the shift in 
product ranking, the ranking regarding biodiversity impact encompasses the same three countries, 
but in a different order. The share of Germany is smaller with 38 %, while the share of Brazil is 
significantly higher with 20 %. Biodiversity impacts in the USA account for 7 % of the total global 
impacts. The global impacts on terrestrial biodiversity are shown in Figure 1. 
 

 
Figure 2: Global water scarcity footprint of the German diet; in 109 m³worldeq 
 
One quarter (568E+6 m³) of the total water consumption is consumed in Spain for the cultivation of 
citrus products. That is almost twice as much as the amount used for maize (308E+6 m³ or 13 %), 
which shows the second highest consumption. Considering local water scarcity, the effect is drastic. 
Citrus fruits alone account for more than one third (36 %) of the water scarcity footprint, followed 
by almonds with 11 % (9 % in the USA, 2 % in Spain) and peaches with 8 % (7 % in Spain, 1 % in 
Italy). Maize, on the other hand, which is second in terms of water consumption, only follows in 
tenth place (3 %). The largest water scarcity footprint was found to be caused in Spain with 61 %, 
followed by the USA with 12% and Italy with 11 %. The global impacts on water scarcity are 
shown in Figure 2. 
Food waste accounts for 15 % of the GHG emissions, 16 % of emission from dLUC, 16 % of the 
occupied land and biodiversity impacts as well as 17 % for water consumption and 18 %water 
scarcity footprint. 
 
Discussion and Conclusions.  
This paper confirms observations of previous studies regarding climate impacts, direct land use 
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change and occupation. However, it provides new insights into water scarcity and biodiversity 
impacts resulting from the German food consumption. The results show that GHG emissions, land 
use and impacts on terrestrial biodiversity are mainly depending on the consumption of animal 
products. To reduce these impacts, it is necessary to reduce the consumption of meat and other 
animal products, mainly beef and processed products like sausages and cheese. The water scarcity 
footprint assessment on the other hand shows that most of the impact is caused by only a few plant-
based products. This does not mean that animal products are generally better than plant-based 
products regarding the water scarcity footprint. It depends on the product and its origin. The water 
scarcity characterization factor for citrus in Spain (74.41) for example is about 35 times higher than 
in Brazil (2.1). It is also important to keep in mind that water consumption data is from 2010. Since 
then, water availability as well as water consumption probably changed by a considerable margin 
for some regions. 
The biodiversity assessment shows that, like water scarcity, large optimization potentials exist 
regarding products and origins due to the ecoregion factor.  For example, the ecoregion factor for 
soy production in Italy is 0.047, while the factor in Brazil is almost 8 times as high with 0.368. 
Furthermore, the results display that most impacts on biodiversity and water scarcity caused by the 
German diet are caused outside of Germany. 62% of the impacts on biodiversity are caused outside 
of Germany, one third of them in the Americas. In the case of water scarcity, even more than 99% of 
the impacts are caused outside of Germany. This shows that the environmental impact of the current 
diet in Germany takes place largely at the expense of other countries.  
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Abstract 

The spatial pattern of irrigation consumption greatly determines water use sustainability and food 
security. Over the past decades, &KLQD¶V�ULFH�SURGXFWLRQ�DUHD�KDV�H[SHULHQFHG�D�VXEstantial change in 
spatial distribution, which has exacerbated national freshwater scarcity. To support the development 
of guidelines for sustainable water use in rice cropping, the potential for achieving a downscaled 
freshwater use boundary while maintaiQLQJ� &KLQD¶V� FXUUHQW� SURGXFWLRQ� OHYHOV has been explored 
(Lan et al., 2021). It has been found that, to operate within the boundary defined by a water scarcity 
index, national irrigation for rice cropping should reduce by 10% in water-scarce regions, implying 
a 10% loss in national rice production without further intervention. However, by scenario analysis, 
it was found that the production losses can be reduced to around 7% by closing yield gaps, and fully 
compensated by closing harvest area gaps in water-rich regions. Closing both the yield and harvest 
area gaps enables a 3% increase in the national rice production (6.9 million metric tons). The water-
rich regions suitable for double-rice systems show a high potential to increase rice production. The 
spatial redistribution of rice production under these scenarios resulted in a reduction in the national 
water-scarcity footprint related to rice cropping of 52-55%. These results demonstrate that, to reach 
the downscaled water use boundary and ensure food security, national redistribution of rice 
production combined with closing yield and harvest area gaps is necessary and urgent. 
 
Keywords: sustainable agriculture; freshwater use; water footprint; cropping intensity; cropping redistribution. 
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Rationale and objective 
It seems that current global blue water consumption (surface and groundwater) is within the 
freshwater use boundary (Steffen et al., 2015). However, there is a growing demand to downscale 
this boundary, as water scarcity is a local or regional phenomenon (Huang et al., 2020a; Ridoutt and 
Pfister, 2010). Agriculture accounts for the majority of the world's water consumption. At present, 
many of the world's intensive agricultural production areas, such as the North China Plain, are 
facing water scarcity. It is imperative to optimize the spatial pattern of global irrigation 
consumption to meet the goals of food security and sustainable water use (Davis et al., 2017).  
Rice is one of the staple grain crops in China, accounting for 28% of the global rice supply, and is 
known to be irrigation-intensive. Few studies have examined the spatial patterns of water 
FRQVXPSWLRQ�IRU�QDWLRQDO� ULFH�FURSSLQJ��ZKLFK�PD\�SXW�SUHVVXUH�RQ�&KLQD¶V� IUHVKZDWHU�ZKHQ�ULFH�
production occurs in regions of high water scarcity. 2YHU�WKH�SDVW�GHFDGHV��&KLQD¶V�ULFH�SURGXFWLRQ�
area has experienced a substantial change in spatial distribution. This has exacerbated national 
freshwater scarcity because of the mismatch in the spatial and temporal distributions of arable land 
and water resources in China (Huang et al., 2020b). Our previous study assessed the potential to 
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meet a downscaled water use boundary by closing yield gaps of &KLQD¶V�QDWLRQDO� ULFH�SUoduction 
using county-level data only. Yu et al. (2017) found that closing the harvest area gap, defined as the 
harvest area that can be gained if existing croplands are harvested as frequently as possible, is 
DQRWKHU� HIIHFWLYH� PHDVXUH� WR� SURPRWH� &KLQD¶V� JUDLQ� SURGXFWLRQ�� ,W� LV� UHSRUWHG� WKDW� WKHUH� LV 
substantial potential to increase rice cropping by converting single-rice to double-rice systems in 
southern China (Deng et al., 2019).  
7R�GDWH��WKH�HQYLURQPHQWDO�LPSOLFDWLRQV�RI�FORVLQJ�&KLQD¶V�KDUYHVW�DUHD�JDSV�KDYH�QRW�EHHQ�DVVHVVHG��
and those of closing yield gaps have only been assessed at a coarse scale. To fill these gaps, this 
presentation, which is based on a recent publication (Lan et al., 2021), assesses the potential of rice 
redistribution in China at a high spatial resolution by considering a downscaled water use boundary 
and the closing of both yield and harvest area gaps. 
 
Approach and methodology 
We downscaled the water boundary by applying a water scarcity index (WSI), which is related to 
the ratio of freshwater consumption to hydrological availability and ranges from 0.01 to 1 (Pfister et 
al., 2009). We calculated the WSIs following the method of Scherer and Pfister (2016). The 
sustainable water use boundary in an area with rice cultivation was defined as the water 
consumption level that results in a WSI of 0.5, which represents the threshold between moderate 
and severe water scarcity (Pfister et al., 2009). Three scenarios (i.e., Scenario 1²closing yield gaps, 
Scenario 2²closing harvest area gaps, and Scenario 3²closing both yield and harvest area gaps) 
were designed WR�UHGLVWULEXWH�&KLQD¶V�ULFH�SURGXFWLRQ�WR�PHHW�the water use boundary. The analysis 
was carried out with a high spatial resolution of 5 arcminutes based on the data in 2010 (averaged 
from 2009 to 2011). )$2¶V AquaCrop model, implemented within an improved version of GeoSim 
(Huang et al. 2019), was applied to simulate rice yield and irrigation water consumption. These 
were then used to calculate yield gaps and water-scarcity footprints (WSFs), which are an indicator 
of the potential environmental impacts from water scarcity (Ridoutt and Pfister, 2010b). We 
compared the WSFs before and after the redistribution of rice production and examined the balance 
of rice production under the different scenarios. In this way, we explored whether China can remain 
within water sustainability limits while maintaining the current level of rice production. Details on 
data sources and methods can be found in our published work (Lan et al., 2021). 
 
Main results 
The estimated national potential yields ranged from 6.6 to 10.9 t ha-1, while the actual yields varied 
from 4.3 to 6.7 t ha-1. The average potential yield of single-rice crops was 7.9 t ha-1, while that of 
double-rice crops was 6.9 t ha-1 for each round of cultivation. Converting single-rice to double-rice 
systems will increase the annual yield. The annual potential yield from double-rice crops was 13.8 t 
ha-1, which is 75% higher than that of the single-rice crop. The national harvest area gap was 
approximately 6.0 million ha, accounting for 21% of the national rice harvest area in 2010. 
Considering water availability, the harvest area gap in the water-rich regions was 4.7 million ha. 
To reach the downscaled water use boundary, the national consumption of irrigation water for rice 
production would need to be reduced in water-scarce regions by 7.3×109 m3, which is 
approximately 10% of the national irrigation water consumption for rice in 2010. The water-rich 
regions (WSI < 0.5) had the potential to increase irrigation by 1.5×1012 m3, which is far greater than 
the reduction target for the water-scarce regions. 
A reduction in irrigation within the water-scarce regions implies that the associated rice production 
would also be decreased. Based on the current crop yields, the total rice loss in the hotspot regions 
was estimated at 10% of the national production in 2010. However, using scenario analysis, we 
found that the production losses can be reduced to approximately 7% by closing yield gaps, and 
fully compensated by closing harvest area gaps in water-rich regions (Fig. 1). Closing both the yield 
and harvest area gaps enables a 3% increase in the national rice production (6.9 million metric tons) 
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(Fig. 1). The water-rich regions suitable for double-rice systems show a high potential to increase 
rice production. The national WSF for rice production in 2010 was 16.2 billion m3 H2Oe, whereas 
the total WSFs after redistribution were 7.3 (Scenario 1), 7.7 (Scenario 2) and 7.8 billion m3 
(Scenario 3). The spatial redistribution of rice production under the three scenarios resulted in a 
reduction in the national WSF related to rice cropping of 52-55% (Fig. 2). 
 

 
Fig. 1. Redistribution of rice production. (a) Scenario 1 (S1), (b) Scenario 2 (S2), (c) Scenario 3 (S3), and (d) 
comparison of the redistributed production with production in 2010 at the agro-ecological zone level. The black outlines 
LQGLFDWH�WKH�ERXQGDULHV�RI�&KLQD¶V�ILUVW-order agro-ecological zones. 

 
Fig. 2. Water-scarcity footprints (WSFs) in 2010 and under different scenarios. (a) Scenario 1 (S1), (b) Scenario 2 (S2), 
(c) Scenario 3 (S3) and (d) comparison of the WSFs after redistribution with the WSF in 2010 at the agro-ecological 
zone OHYHO��7KH�EODFN�RXWOLQHV�LQGLFDWH�WKH�ERXQGDULHV�RI�&KLQD¶V�ILUVW-order agro-ecological zones. 
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Discussion and conclusion 
As many countries in the world face the challenges of water and food security, where and how food 
production occurs has emerged as an important concern. This study illustrates the high potential for 
sustainable rice production by exploring opportunities in water-rich regions. Food production 
should carefully consider the regional water scarcity background. It is necessary to avoid 
aggravating unsustainable water consumption, which often occurs in regions of high water scarcity. 
To reach the downscaled water use boundary, rice redistribution is urgent and possible. We 
identified a substantial potential to balance rice production and water use by closing both the yield 
and harvest area gaps in water-rich regions. Particularly, converting the current single-rice systems 
to double-rice systems shows high potential. National policies on land use are advised to encourage 
the promotion of rice production in water-rich regions that are suitable for double-rice cropping. 
Using rice production as a case study, we demonstrate the broader value of integrating food 
production with a water use boundary for sustainable development. 
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Abstract 
Product Environmental Footprint (PEF) have been launched to harmonize LCA calculation methods 
and to make the results comparable. AWARE method is recommended in PEF to assess water scarcity 
impact. Product category rules should be improved especially in terms of life cycle inventory to tackle 
the challenges related to harmonized water scarcity assessment. Three food case studies were analyzed 
and hotspots of the production chains were recognized. Observations were made on the life cycle 
inventory phases of the cases and challenges are raised up. PCR and PEFCR developers are 
recommended to define processes where spatial origin, primary data or geographically representative 
secondary data is obligatory and principles how geographically representative secondary datasets 
should be compiled. 
 
Rationale and objective 
Life cycle assessment is generally applied for improving the environmental performance of the 
production chain and communicating for the stakeholders. To enable fair play in the market, different 
approaches (ISO 14025 (type III environmental declarations), Product Environmental Footprint (PEF)) 
have been launched to harmonize LCA calculation methods and to make the results comparable. The 
execution of LCA may differ whether the purpose of the study is the improvement of the 
environmental performance of the product or public communication over the results (Usva, 2022).  
Including impacts on water in food LCA studies is particularly important. The number of people living 
under water shortage has multiplied rapidly in recent decades (Kummu et al., 2010; Wada et al. 2011) 
and ecosystems suffer from inadequate flow in rivers (Jury and Vaux, 2007). Agriculture is the main 
water consumer globally, especially due to irrigation (FAO 2016). On the other hand, water-intensive 
agricultural goods are exported from water scarce countries to Europe (Dolganova et al., 2019). 
AWARE method is a mid-point impact assessment method for assessing water scarcity footprint. It was 
launched under UNEP-SETAC Life Cycle Initiative and based on ISO14046 standard (Boulay et al., 
2018). So far 19 LCA case studies on food products applying AWARE-method have been published 
(Web of Science in 14.9.2021) (Usva, 2022). However, AWARE as a consensus method, is widely 
accepted and recommended in several directions. European Joint Research Centre (JRC) recommends 
AWARE method as a characterization method foU�³8VHU�GHSULYDWLRQ�SRWHQWLDO´�(Sala et al., 2019). FAO 
recommends AWARE method (as one out of two methods) for livestock products (FAO, 2019). 
AWARE is also recommended for harmonized LCA purposes by European Commission (EC) for 
Product Environmental Footprint (PEF) Product Category Rules (3&5¶V) (EC, 2017). Due to this wide 
acceptance, it can be assumed that the number of AWARE applications for assessing water scarcity 
impacts within LCA framework, will multiply in the near future. 
Water scarcity is included as one of the recommended impact categories in several PCR¶s under PEF-
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program (PEFCR) (EC, 2017). Life cycle inventory phase as well as the whole process of LCA is well 
instructed in PEFCR¶s (EC, 2017), but the application methods in life cycle inventory in terms of water 
scarcity assessment is not thought through to the end yet (Usva, 2022). Water scarcity as a 
phenomenon is local or regional. As a method, the water scarcity assessment is sensitive to the spatial 
location of water consumption. This aspect is not specifically considered in life cycle inventory 
instructions in PEFCR¶s. If the method harmonization is the case, a proper instruction should be 
included in the category rules.    
A project ³Development and harmonization of Life Cycle Assessment (LCA) for food products 
(LCAFoodPrint)´, coordinated by Natural Resources Institute Finland, aims to harmonized LCA 
methodology for food products in Finland. The work is done in collaboration with wide range of food 
chain actors, research and Ministry of agriculture and forestry in Finland. As a part of the project water 
scarcity impact within LCA has been studied and a recommendation for the harmonized water scarcity 
assessment will be given. EC¶s Product Environmental Footprint has been selected as a starting point 
for the harmonization work.   
The purpose of this paper is to present critical issues identified in AWARE method applications for 
food products in especially life cycle inventory phase. Accordingly, recommendations are made for 
harmonized life cycle assessment and product category rules, especially for PEFCR¶s.  
 
Approach and methodology 
The aim of the PEFCR is to increase reproducibility, relevance and consistency of PEF studies (EC, 
2017). Single PEFCR¶s are defined for certain product category in accordance to the general guidance 
(EC, 2017). In the PEFCR¶s the minimum list of mandatory primary data is defined as well as the 
impact categories and models to be used (EC, 2017). Most relevant processes and elementary flows are 
identified (EC, 2017). In this paper, harmonized LCA refers to LCA, the result of which is to be openly 
communicated, and which is therefore carried out in accordance with the applicable PCR (or PEFCR). 
In this study the aspects to be considered in food/agricultural PEFCR¶s related to water scarcity 
assessment applying AWARE method, were identified. Especially the focus was on life cycle inventory 
phase.    
Considering harmonized LCA in the purpose of communication, a repeatable, relevant and consistent 
LCA should be conducted. PCR should be accurate and detailed enough to guide in executing a LCA 
study with the desired characteristics. In the harmonized LCA the comparability of the result is 
specially important, sometimes even more important than the sensitivity of method or details in some 
parts of the life cycle (Usva, 2022). In harmonized LCA the level of total impact matters (Usva, 2022). 
Recommendations were given for PEFCR developers to fulfill these needs.  
Three food LCA case studies from Finland including water scarcity assessment were analyzed: 1) milk 
from a rain-fed system (Usva et al., 2019), 2) coffee from irrigated and non-irrigated systems (Usva et 
al. 2020) and 3) broiler chicken consuming domestic and imported feeds (Usva et al., 2022). These 
food products represent both rain-fed and irrigated systems; domestic (Finland) production (milk); 
animal production with some imported feeds (broiler) and globally traded product (coffee).  
The case studies and especially the life cycle inventories were analyzed, observations compiled and 
potential limiting factors in applying AWARE method for food products were identified (Usva 2022). 
The analysis is described in detail in Usva (2022). In addition, the hotspots of the case studies were 
identified to focus on essential parts of the chain.  
 
Results and discussion 
Analyzing the case studies showed that the geographical location of the water consumption is the main 
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contributor to the water scarcity impact. The volume of consumed water has a remarkable impact too. 
These results are supported by e.g. Caldeira et al. (2018) who studied cooking oil systems in different 
countries. Irrigation, when applied, dominated the water scarcity results of case food products. The 
overall level of water scarcity impact was remarkably lower in rain-fed systems. In the rain-fed 
systems, the majority of water scarcity impact was due to fertilizer production in all case studies. More 
detailed results are provided in Usva (2022).  
Due to strong spatial nature, the most critical observations on inventory analysis¶ of the case studies 
related to the spatial aspects. Traceability was one of the main challenges. The origin country was 
mostly known in terms of the agricultural inputs, but not for industrial inputs. In the case of unknown 
spatial origin, a characterization factor representing wider area, for example Europe or Globe, need to 
be selected. These characterization factors are relatively high inducing higher water scarcity impact of 
the product.  
Even if the origins of inputs were known, a lack of geographically representative data was observed. 
Geographically non-representative datasets are a significant source of uncertainty. Geographically non-
representative datasets can be modified more representative but may lead easily to inconsistency. 
Inconsistencies in inventories were found possible if inventories consisted on primary and secondary 
datasets compiled in different ways. For example, different principles on selecting characterization 
factors when the real location is not known, may lead to inconsistencies.  
In terms of irrigation, modelled water volumes instead of primary data, are commonly used. It may 
lead to under- or overestimations and is a problem due to the significance of the irrigation in terms of 
food water scarcity impact. 
 
Conclusions 
The most important challenges related to water scarcity assessment of food products relate to 
traceability of the inputs, geographically representative datasets, inconsistent inventories and 
availability of primary data, especially related to water volumes in irrigation.  
Accuracy and consistency of LCA case studies applying AWARE can be improved by focusing on life 
cycle inventory phase. Traceability in supply chains needs to be improved. The continuous work to 
produce more of geographically representative datasets is still needed.  
For the purposes of harmonized LCA, more detailed calculation rules are needed in PEFCR¶s and other 
PCR¶s. Recommendation for the PCR¶s: 

1. Define processes where primary data on the spatial origin of the input is obligatory.  
2. Define processes where primary data is obligatory. Note, that in terms of water scarcity, these 

processes differ from other impact categories. Especially primary data on irrigation should be 
considered. 

3. Define processes where geographically representative secondary data is obligatory and when 
e.g. ³Global´ processes can or should be used. 

4. Define principles for compiling geographically representative secondary datasets. 
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Introduction 
Reliable and high-resolution water and land use inventory data build a foundation for LCAs of food 
products. Therefore, it is important to utilize up-to-date datasets on the water (WF) and land (LF) 
footprints of crops in the life cycle inventory databases (LCI). The leading LCIs mostly apply the WF 
dataset by Mekonnen and Hoekstra (2011) which only provides the values around the year 2000 and 
contains several methodological limitations such as (i) crop growth and its response to thermal stress 
are not simulated; (ii) the water balance is simulated without considering capillary rise, which is 
relevant in areas with shallow groundwater; (iii) the green-blue water partitioning is performed in 
post-processing, which disregards the complex dynamics of green and blue water fluxes in the soil 
(Hoekstra, 2019). At the same time, LFs of crops are not well-studied yet, particularly concerning 
land bioproductivity. In this work, we simulate the historical changes in WF and LF of global crop 
production during 1990-2019 using state-of-the-art input data and the recently published global 
gridded crop model AquaCrop-Earth@lternatives (ACEA, Mialyk et al., 2022). The generated WF 
and LF datasets provide up-to-date LCI data inputs and allow for performing more accurate analyses. 
 
Methods 
ACEA is a global gridded version of FAO’s water-driven and process-based crop growth model 
AquaCrop (Vanuytrecht et al., 2014). It is written in Python and based on open-source AquaCrop-
OSPy version 6.1 (Kelly and Foster, 2021). The key features of ACEA are direct tracing of green and 
blue water fluxes in the soil, consideration of historical changes in rainfed and irrigated croplands, 
and efficient large-scale computation. For more details, please refer to Mialyk et al. (2022). 
The main input data sources are: 

x Soil and daily climatic data as used in the Inter-Sectoral Impact Model Intercomparison 
Project (Inter-Sectoral Impact Model Intercomparison Project, 2022). 

x Crop parameters from AquaCrop’s default files and crop-specific literature. 
x Monthly gridded groundwater levels (Fan et al., 2013). 
x Gridded rainfed and irrigated harvested areas from SPAM2010 (Yu et al., 2020). 
x Annual production and harvested area statistics per country from FAOSTAT (FAOSTAT, 

2022). 
x Land suitability (Zabel et al., 2014) as a proxy for bioproductivity. 

The simulation of crop WFs and LFs in ACEA has several stages. First, green and blue ETs as well 
as crop yields are modelled. Then, the latter is scaled together with harvested areas to fit the official 
national statistics from FAOSTAT. This allows accounting for historical agricultural developments 
which cannot be directly captured by AquaCrop, such as an increase in fertilizer use, cropland 
expansion, or impacts of socio-political instability. Finally, WFs and LFs are estimated. We estimate 
three consumptive WF components (green, blue from irrigation, and blue from capillary rise) and 
three LF classes depending on land bioproductivity (highly, moderately, and poorly productive lands). 
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Both WFs and LFs are simulated for more than 100 crops (covering 99% of global harvested areas) 
in the 1990–2019 period at 5 x 5 arc minute spatial resolution (~ 8.3 km x 8.3 km). The analysis is 
performed at the global scale, for each year, from the unit perspective (in m3 for water or m2 for land 
per tonne of a crop) and from the perspective of total production (in m3 or m2).  
Results and discussion 
Global trends 
Preliminary results for 17 major crops (covering 75% of the global harvested area), which represent 
six crop groups (cereals, oil crops, sugar crops, fibre crops, roots, and pulses), show a total WF of 
4,100×109 m3 and a total LF of 10,400×109 m2 in 2019. Compared to 1990, the WF and LF increased 
by 22% and 19%, respectively (Figure 1). Throughout the whole study period, cereal and oil crops 
were the dominant groups and currently, their share is more than 80% in both footprints. Among all 
crop groups, oil crops experienced the largest increases in both footprints (+100% for WF, +90% for 
LF). 

 
Figure 1: Total annual water (left) and land (right) footprints of six crop groups during 1990-2019, 
from the perspective of total production. The crop groups are sorted in ascending order. 
These increases in total WFs and LFs of all crop groups are opposite to the trends observed in unit 
footprints, as shown in Figure 2. The unit footprints have reduced in a range from 13% to 34% driven 
by crop yield gains, irrigation expansion, and cultivation of more productive lands (Figure 3). 

  
Figure 2: Historical change in unit water and land footprints (left axis) and total production (right 
axis) of six crop groups from 1990-92 to 2017-19. 
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Figure 3: Historical change in crop yield, land productivity, and harvested areas of six crop groups 
from 1990-92 to 2017-19. 
 
Current footprint compositions 
In 2017-2019, the total WF of 17 simulated crops was composed of 84% green water, 14% blue from 
irrigation, and 1.5% blue from capillary rise. The dominant role of green water is confirmed by 
previous literature which reports it in the range from 87% (Mekonnen and Hoekstra, 2011) to 90% 
(Tuninetti et al., 2015). 
The largest shares of each WF component in the total WF are observed for the next crops: 

x Green water (>95%): cowpea, cassava, sorghum, soybean, and millet. 
x Blue water from irrigation (>25%): rice, cotton, sugarcane, and sugar beet. 
x Blue water from capillary rise (>2.5%): rapeseed, sugar beet, wheat, and sunflower. 

Our estimates of unit WFs substantially differ from Mekonnen and Hoekstra (2011) as shown in 
Figure 4. On average, our results are 14% smaller in the same time period (1996-2005), ranging from 
+7% for potato to -35% for cassava. This can be explained by different extents of rainfed and irrigated 
areas and application of the process-based crop model with direct green-blue water partitioning in our 
study. A similar observation was done by Mialyk et al. (2022). 
The total LF, in 2017-2019, is composed of 15.3% highly productive, 66.3% moderately productive, 
and 18.4% poorly productive lands. The larger share of moderately productive lands is due to their 
wider availability. The largest shares of each LF class in the total LF of each crop are observed for 
the next crops: 

x Highly productive lands (>20%): soybean, rice, and maize. 
x Moderately productive lands (>75%): cassava, sunflower, and rapeseed. 
x Poorly productive lands (>25%): millet, barley, cowpea, and wheat. 
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Figure 4: Comparison of average unit water footprints of 17 simulated crops during 1996-2005 in 
this study to respective values from Mekonnen and Hoekstra (2011). Negative values indicate smaller 
values in our study. 
 
Conclusions 
To have reliable LCAs of food products, up-to-date inventory datasets on crop WFs and LFs are 
needed. In this study, we aim at providing such datasets for more than 100 primary crops simulated 
by a state-of-the-art gridded crop model during 1990-2019. Preliminary results for 17 major crops 
already indicate substantial reductions in unit WFs and LFs of all crop groups since 1990. Such trends 
are likely to persist once the rest of the crops are simulated. The final datasets will be available at 
various spatiotemporal resolutions (e.g. annual averages of rainfed and irrigated crops at national and 
basin levels) creating opportunities for updates of the current LCI databases and new types of analyses. 
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Motivation and goal 
Brazil is the world's largest producer of sugarcane, with an annual production of 758 million tons in 
2020. This crop generated a revenue of 60.8 billion reais (R$), equivalent to 13% of the total Brazilian 
agriculture sector revenue in the same year (IBGE, 2022). 
To make this production possible, there are four types of irrigation management for sugarcane 
adopted in different Brazilian regions: i) full: which aims to supply close to 100% of the water deficit 
(400 to 1,000 mm/year); ii) supplementary: aims to supply around 50% of the water deficit (200 to 
400 mm/year); iii) fertigation: consists of the reuse of effluents from the agro-industrial process such 
as vinasse and residual water; and iv) salvage: the same principle as fertigation, only here the effluents 
from ethanol industry are diluted in low volumes of water from reservoirs (ANA, 2019; 2021). 
According to the Brazilian National Agency for Water and Sanitation (ANA), the volume of water 
used over a year in one hectare for supplementary/full irrigation is, on average, equivalent to that 
applied in 25 ha of fertigation/salvage.  
The state of São Paulo (SP) is the major sugarcane producer in Brazil, with approximately 56% of 
the production volume. In 2020, the state reached a production of 431.5 million tons of sugarcane, 
enough to be considered the region that produced the most sugarcane in the world (IBGE, 2022). The 
sugarcane water demand in SP is around 311 mm of water per plant cycle, and fertigation and salvage 
are the predominant irrigation management for this crop in this state (ANA, 2019a; 2021). 
Considering the large sugarcane cultivation area in SP, this state accounts for the highest irrigation 
water demand in Brazil for this crop production. As a result of the water crisis that recently reached 
the state of São Paulo, as well as concerns about future crises due to climate change, the awareness 
about the damage that such events can bring to the agricultural sector has risen.  
 
Thus, it is crucial to assess the Water Scarcity Footprint (WSF) of sugarcane in SP to support political 
decisions and management practices. This paper aims to analyze the WSF of sugarcane in SP, 
providing information on hotspots to producers and a baseline for elaborating water security policies 
and strategies to mitigate impacts from sugarcane production in this state. 
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Methods 
The WSF was calculated for 1 kilogram of sugarcane produced in SP. The scope was cradle to farm 
gate.  
The inventory of SP sugarcane production, available in the Ecoinvent 3.6 database (Folegatti 
Matsuura and Picoli, 2018), was updated in 2021, modifying: i) average from years 2015-2020 
sugarcane yield (CONAB, 2021a); ii) area percentages occupied by 1-year cropping cycle, 1.5-years 
cropping cycle, and renovation (CONAB, 2019); iii) area percentages for mechanized harvest 
(CONAB, 2020); iv) agrochemicals consumption (Agrianual, 2020); v) consumption of agro-
industrial residues: vinasse ± estimated based on volumes of ethanol produced (CONAB, 2021b)±  
and filter cake ± estimated based on the amount of sugarcane processed (CONAB, 2021a); vi) 
irrigation water demand, obtained from the Brazilian National Agency for Water and Sanitation 
(ANA) database (direct communication). Regarding irrigation efficiency, the ANA based its 
calculation on the technical coefficients of water use for irrigated agriculture  (ANA, 2019b). 
The Brazilian states and countries that produced or exported at least 60% of the inputs consumed in 
sugarcane production were identified through research in the official Brazilian databases (Table 1). 
This procedure was carried out to make possible the subsequent attribution of characterization factors 
(CF) for each region and calculate the WSF of the inputs. It was assumed that the whole production 
chain of each material was located in the same region. 
 

Input Participation of regions in production 
Glyphosate 64% - China, 36% - USA 

Gypsum 100% - Pernambuco/Brazil 
Limestone 100% - Minas Gerais/Brazil 

Packaging for fertilizers 53% - Minas Gerais/Brazil, 25% - Canada, 21% - Russia 
Packaging for pesticides 63% - SP/Brazil, 20% - China, 17% - India 

Pesticide unspecified 63% - SP/Brazil, 20% - China, 17% - India 

Phosphate fertilizer (P2O5) 58% - Morocco, 18% - China, 15% - Mato Grosso/Brazil, 9% - 
Rio Grande do Sul/Brazil 

Potassium fertilizer (K2O) 69% - Canada, 31% - Belarus 

Nitrogen fertilizer (N) 65% - Russia, 16% - Qatar, 7% - Algeria, 6% - China, 6% - Mato 
Grosso/Brazil 

Diesel B10 100% - Brazil 
Table 1. Origin of sugarcane inputs (percentage of consumption and main producing countries and 

states). 
 

For inputs from national regions, the SIDRA database was used (IBGE, 2021) for calculating input 
production (kg/year) of the last three or five years available in the historical series (most recent year: 
2018). Regarding imports by country and total, the COMEXSTAT database was used (MDIC, 2021) 
to calculate the average of the last five years available (2015-2019) for each input. 
Water consumption was compiled and grouped into three parts: i) water consumption in the supply 
chain of each crop input; ii) other water consumption in sugarcane production (water for diluting 
pesticides in spraying); and iii) consumption of water for sugarcane irrigation. Water consumption 
for i) was calculated from the balance between the volumes of water withdrawn and returned to the 
ecosystem. The water consumption for spraying (200 L/ha) was calculated based on expert estimates. 
It is noteworthy that for cases i) and ii), the final value of water consumption refers to the water 
volume used in the input chain to produce one kilogram of sugarcane. 
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Regarding the computation of water consumed in case iii (crop production), monthly values for 
sugarcane irrigation (salvage) for the municipalities were obtained through formal communication 
with ANA. In the municipalities where there was no salvage irrigation, the consumption of freshwater 
(blue water) from a source for irrigation was zero, and, with this, it was understood that only 
fertigation with vinasse from ethanol production (reuse water), filter cake and ash (residues from the 
ethanol plant) were applied. 
The water scarcity footprint was calculated by multiplying water consumption by the CF of the 
corresponding region where crop inputs were produced, and sugarcane was cultivated. Monthly and 
annual CFs of the AWARE model (Boulay et al., 2018) were used and, for reasons of sensitivity, the 
monthly and annual CFs of this model regionalization for Brazil (AWAREBR) (Andrade et al., 2019). 
The WSF value of irrigation water at sugarcane farms was calculated using the weighted sum of the 
monthly WSFs per municipality in relation to the sugarcane production in each municipality. Data 
regarding sugarcane production at the municipality level was from IBGE (2022). 

Results and discussion  
The results showed that about 95% (1.29E-04 m³/kg sugarcane) of the total water consumed in 
sugarcane production came from the supply chain, especially from nitrogen fertilizer production. 
Water for dilution of pesticides in spraying corresponded to 3% (4.2E-06 m3/kg) of the total water 
consumed in the sugarcane chain, while irrigation contributed to only 2% (3.2E-06 m3/kg) (Figure 
1a). 
 

 
Figure 1. a) Water consumption in sugarcane production in São Paulo (m³/kg); b) Water 

consumption of inputs used in the sugarcane production (m³/kg). 
 
Regarding freshwater consumption for irrigation, it varied throughout the year and was concentrated 
in only 20 municipalities, while the remaining applied fertigation using vinasse and wastewater from 
the ethanol industry. It reached a maximum value of 3.95 m³/ha.month in August in the municipality 
of Itapura, and a minimum of zero, meaning there is no freshwater demand throughout the year in 
625 municipalities (97% of the SP total). 
The annual WSF (m3/kg) of sugarcane in the state of São Paulo ranged from 2.81E-03 (AWAREBR) 
and 2.56E-03 (AWARE) (Figure 2a). The consumption of materials used in sugarcane production 
was the main responsible for this footprint (2.79E-03 with AWAREBR characterization factors and 
2.55E-03 with AWARE factors). Nitrogen fertilizer accounted for 74-80% of the total impact (Figure 
2b). 
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The WSF of sugarcane irrigation ranged from 2.09E-05 (AWAREBR factors) to 2.37E-06 (AWARE 
factors). The highest impact was in August, using both AWAREBR and AWARE FCs; the lowest 
values were in February when using the FCS AWAREBR and in March, using the FCs AWARE.  
 

 
Figure 2. Water scarcity footprint of sugarcane production in São Paulo. a) overall impact (m3/kg), 

considering AWARE and AWAREBR FCs; b) share of impact per material (AWAREBR) 
 

The irrigation water consumption and, consequently, the WSF related to irrigation were due to the 
practices adopted by producers in the state of SP. This situation was emphasized by Dolganova et al. 
(2019), who pointed out that even though Brazil was responsible for 14% of all sugarcane imported 
by the European Union (EU), the country represented only 0.2% of the WSF of EU sugarcane imports. 
In comparative terms, the maximum consumption value observed in SP farms was 3.95 m³/ha.month, 
while Kaemai et al. (2021) reported that sugarcane produced in Thailand (the fourth largest producer 
in the world) applied from 8248 to 18556 m³/ha, depending on the region in which it was produced. 
In India (the world's second-largest producer), the cultivation phase had a blue water demand of 0.175 
m³/kg (Hiloidhari et al., 2021), while in SP, the consumption was 2.81E-03 m³/kg. 

Conclusions 
The present study used a consistent and reproducible procedure to calculate the water scarcity 
footprint of sugarcane production in the state of São Paulo. This procedure can be used in other WSF 
studies of crops. 
The highest water consumption came from the production of sugarcane inputs and the lowest from 
irrigation at sugarcane farms. In terms of WSF, the most significant footprint was also related to 
inputs supply chains, in particular nitrogen fertilizer, showing the importance of reducing this input 
in sugarcane production or using other sources of nitrogen to fulfil the crop needs, such as waste 
streams from local crop and food producers. 
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2EMHFWLYH�RI�WKH�VWXG\ 
0HDW�DQG�DQLPDO�SURGXFWV�KDYH�EHHQ�LGHQWLILHG�DV�D�PDMRU�GULYHU�RI�HQYLURQPHQWDO�LPSDFWV�LQ�WKH�IRRG�
VHFWRU��7UDGLWLRQDO�VLPSOH�YHJDQ�SURGXFWV�OLNH�OHJXPHV�RIWHQ�VKRZ�FRQVLGHUDEO\�ORZHU�HQYLURQPHQWDO�
LPSDFWV� EXW� DUH� OHVV� DFFHSWHG�E\� FRQVXPHUV�� ,Q� WKH� ODVW� \HDUV� D� KXJH� LQFUHDVH� RI� SURFHVVHG�SODQW�
SURGXFWV�ZKLFK�VHUYH�DV�GLUHFW�DOWHUQDWLYHV�WR�DQLPDO�SURGXFWV�FDQ�EH�REVHUYHG��1RYHO�PHDW�DQG�GDLU\�
DOWHUQDWLYHV�UHIHU�WR�PHDW��DQG�PLON�IUHH�IRRG�SURGXFWV�WKDW�KDYH�D�VLPLODU�WDVWH��KDSWLF�H[SHULHQFH��
DSSHDUDQFH��DQG�QXWULWLRQDO�YDOXH�WR�WUDGLWLRQDO�PHDW�DQG�GDLU\�SURGXFWV�1�7KH\�LQFOXGH��DPRQJ�RWKHUV��
SURGXFWV�VXFK�DV�4XRUQ��VR\�YHJHWDEOH�PLQFH��YHJHWDEOH�GULQNV��\RJKXUW��FKHHVH��FUHDPV��EH\RQG�PHDW�
EXUJHU�DQG�SODQWHG�FKLFNHQ��/LWWOH�LV�NQRZQ�DERXW�WKHLU�HQYLURQPHQWDO�LPSDFWV��7KH�(68�ZRUOG�IRRG�
GDWDEDVH��(68�VHUYLFHV�������KDV�EHHQ�H[WHQGHG�LQ�WKH�ODVW�\HDUV�IRU�VHYHUDO�VXFK�SURGXFWV��+HUH�ZH�
SUHVHQW�WKH�GLUHFW�FRPSDULVRQ�IRU�GLIIHUHQW�DQLPDO�EDVHG�IRRG�LWHPV�ZLWK�WKHLU�YHJDQ�RU�YHJHWDULDQ�
FRXQWHUSDUWV�EDVHG�RQ�DQ�DVVHVVPHQW�LQ�WKH�IUDPHZRUN�RI�GHYHORSLQJ�VFLHQWLILF�EDVLV�IRU�6ZLVV�GLHWDU\�
UHFRPPHQGDWLRQV��-XQJEOXWK�HW�DO�������� 
 
0HWKRGRORJ\ 
7KH�OLIH�F\FOH�LQYHQWRULHV�DUH�EDVHG�RQ�VLQJOH�SURMHFWV��OLWHUDWXUH�UHVHDUFK�DQG�SXEOLVKHG�VWXGLHV�IRU�
VLQJOH� SURGXFWV��$OO� GDWD� KDYH� EHHQ� KDUPRQL]HG�ZLWK� WKH� /&,�PHWKRGRORJ\� DSSOLHG� IRU� WKH� (68�
GDWDEDVH��OLNH�WKH�HFRLQYHQW�PHWKRGRORJ\���7KH�GDWD�DUH�IXOO\�GRFXPHQWHG�LQ�(FR6SROG�IRUPDW��+HUH�
ZH�GLVFXVV� WKH�HQYLURQPHQWDO� LPSDFWV� IURP�IDUP� WR� VKRS� �LQFO�� IRRG� ORVVHV���7KH�KRPH� WUDQVSRUW��
VWRUDJH��DQG�SUHSDUDWLRQ�DW�KRPH�LV�QRW�LQFOXGHG�KHUH��6RPHWLPHV�WKHUH�PLJKW�EH�VOLJKW�GLIIHUHQFHV�DW�
WKLV�VWDJH�ZKLFK�DUH�QRW�FRQVLGHUHG�� 
*HQHUDOO\��VHYHUDO�GHILQLWLRQV�IRU�D�IXQFWLRQDO�XQLW�FDQ�EH�IRXQG�LQ�/&$�VWXGLHV�IRU�IRRG�SURGXFWV��
2IWHQ�TXLWH�GLIIHUHQW�SURGXFWV�H�J��D�EHHI�DQG�YHJDQ�EXUJHU��DUH�FRPSDUHG�MXVW�RQ�WKH�EDVLV�RI�PDVV��
7KLV�PLJKW�JLYH�ZURQJ�LQFHQWLYHV�IRU�DQ�XQKHDOWK\�EXW�PRUH�HQYLURQPHQWDOO\�IULHQGO\�QXWULWLRQ�LI�WKH�
FRQWHQW�RI�QXWULHQWV�GLIIHUV�FRQVLGHUDEOH� 
$QRWKHU�HDV\�WR�DSSO\�PHDVXUHPHQW�LV�WKH�LPSDFW�SHU�HQHUJ\�FRQWHQW��NFDO��RI�IRRG��7KLV�UHIOHFWV�D�
PDLQ�SXUSRVH�RI�VDWLVI\LQJ�WKH�KXQJHU�ZLWK�WKH�IRRG��2Q�WKH�RWKHU�VLGH�LW�FDQ�EH�DUJXHG�WKDW�LQ�:HVWHUQ�
VRFLHWLHV�WKHUH�LV�RIWHQ�DQ�RYHUFRQVXPSWLRQ�DQG�WKXV�WKH�HQHUJ\�FRQWHQW�LV�QRW�WKH�OLPLWLQJ�IDFWRU�IRU�
D�KHDOWK\�GLHW��,W�PLJKW�HYHQ�EH�D�GLVDGYDQWDJH�WR�FRQVXPH�DV�PXFK�HQHUJ\�DV�SRVVLEOH�IRU�WKH�ORZHVW�
LPSDFW�LI�WKLV�OHDGV�WR�RYHUZHLJKW�LQ�WKH�SRSXODWLRQ� 
The main function of food is to provide nutrients, many of which cannot be determined from weight 
or energy content. It was therefore deemed necessary to apply other functional units. The main 
conflict seems to be the provision of nutrients with animal products, which often show a quite high 

 
1� KWWSV���ZZZ�VFLHQFHGLUHFW�FRP�VFLHQFH�DUWLFOH�SLL�6����������������� 
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environmental impact. Therefore, the following nutrients that are difficult to get without meat and 
animal products are investigated in more detail2: 

x 64 g protein at the supermarket3 

x 4 µg vitamin B12 at the supermarket 

x 1.5 g omega-3 fatty acids4 at the supermarket 

x 1 g of calcium at the supermarket 
x 15 mg iron5 at the supermarket 

x 150 µg iodine at the supermarket 

x 14 mg zinc6 at the supermarket 

x 1.4 mg riboflavin (vitamin B2)Fehler! Textmarke nicht definiert. at the supermarket 

x 15 µg vitamin D at the supermarket 

x 70 µg selenium at the supermarket 
 
5HVXOWV�RI�WKH�GDWDVHWV�FDQ�EH�HYDOXDWHG�ZLWK�GLIIHUHQW�OLIH�F\FOH�LPSDFW�DVVHVVPHQW��/&,$��PHWKRGV��
)RU�WKLV�SDSHU�ZH�SUHVHQW�WKH�UHVXOWV�IRU�WKH�6ZLVV�HFRORJLFDO�VFDUFLW\�PHWKRG��%$)8��������JOREDO�
ZDUPLQJ�SRWHQWLDO�DQG�WKH�(XURSHDQ�)RRWSULQW�� 
 
5HVXOWV�DQG�GLVFXVVLRQ 
Table 1 shows the reduction potential for the total environmental impacts of the daily nutrient intake. 
The base line is the environmental impact due to the necessary daily provision of nutrients with an 
animal-based product. The reduction potential is investigated for the direct replacement with plant-
based products. 
Food items providing the nutrients in an eco-efficient manner are marked in green, while those with 
an inefficient provision are marked in yellow or red.  
It must be noted that within the groups of food items there might be considerable differences 
concerning environmental impacts per portion and the nutrients per portion. For some plant-based 
alternatives there are products on the market with enrichments for certain nutrients. So far it is 
difficult to analyze the environmental impacts of such pure nutrients. This adds to the uncertainty of 
these evaluations.  
Proteins and iron can be replaced very efficiently with several plant-based products and reductions 
of up to 90% for the environmental impacts can be achieved. It is more difficult to replace vitamin 
B12, which seems to be only possible with plant-based alternatives with added vitamin B12. For 
calcium, plant-based alternatives there are also good options.  
The number of servings necessary to provide the daily amount of nutrients is shown in Table 4. Milk 
and hard cheese are the only food items providing the necessary calcium with less than 5 servings a 
day. Plant based drink as alternative to cow milk can be a good option. Calcium supplements e.g. in 
milk alternatives might be an environmentally friendly way to meet the daily demands. 

 
2� KWWSV���ZZZ�VJH�VVQ�FK�PHGLD�0HUNEODWW�9HJDQH�(UQDHKUXQJ������SGI� 
3� 5HSUHVHQWV�WKH�UHFRPPHQGHG�GDLO\�LQWDNH�IRU�D�SHUVRQ�ZHLJKLQJ����NJ 
4� 5HSUHVHQWV������RI�HQHUJ\�LQWDNH�RI�D������NFDO�GLHW 
5� 5HSUHVHQWV�WKH�UHFRPPHQGHG�GDLO\�LQWDNH�IRU�ZRPHQ�EHWZHHQ�������\HDUV�ROG��WKH�UHFRPPHQGHG�LQWDNH�
IRU�PHQ�LV�ORZHU 
6� 5HSUHVHQWV�WKH�UHFRPPHQGHG�GDLO\�LQWDNH�IRU�PHQ��WKH�UHFRPPHQGHG�LQWDNH�IRU�ZRPHQ�LV�ORZHU 
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&RQFOXVLRQ 
Meat alternatives (and legumes which are often the base for meat alternatives) are an effective 
substitution to the consumption of meat. Comparing highly processed meat substitutes with red meat, 
the substitutes deliver all nutrients more environmentally friendly than meat. For dairy and egg 
products, many substitutes are available. 
,Q� D� JOREDO� SHUVSHFWLYH�� HQYLURQPHQWDO� LPSDFWV� DUH� DQ� LPSRUWDQW� FDXVH� RI� KHDOWK� LPSDFWV� DQG�
SUHPDWXUH�GHDWKV��)URP�DQ�HQYLURQPHQWDO�SHUVSHFWLYH�D�UHSODFHPHQW�RI�DQLPDO�EDVHG�SURGXFWV�ZLWK�
SODQW�EDVHG�SURGXFWV�LV�QHFHVVDU\� 
Plant based proteins are often used as an eco-efficient means for providing the necessary daily 
nutrients. A possible obstacle is the number of portions necessary to achieve a certain nutrient input.  
7KH�SUHVHQW�SROLFLHV�RI�UHWDLOHUV�WR�SURPRWH�YHJDQ�RU�YHJHWDULDQ�SURGXFWV�PDLQO\�H[FOXVLYHO\�IRU�WKH�
JURXS�RI�FRQVXPHUV�ZLWK�KLJK�HQYLURQPHQWDO�DZDUHQHVV�DQG�ZLOOLQJQHVV�WR�SD\�LV�DOVR�TXHVWLRQDEOH��
,W�ZRXOG�EH�YHU\�ZHOFRPH�LI�VXFK�SURGXFWV�EHFDPH�PDLQVWUHDP�DQG�ZHUH�QR�ORQJHU�RIIHUHG�RQO\�WR�D�
FHUWDLQ�WDUJHW�JURXS� 
Further improvements can be expected by substituting even more animal-based products with plant-
based products. As diets might include many of these substitutes, it might be necessary to supplement 
such products with essential nutrients. So far, the environmental aspects of the production of such 
additives are not fully known and need further investigation. 

Table 1 Reduction potential to achieve the daily nutrient intake for the replacement of animal-based food 
items with plant-based food items (Swiss ecological scarcity method) 

�

 

Table 2 Reduction potential to achieve the daily nutrient intake for the replacement of animal-based food 
items with plant-based food items (European Footprint 3.0) 
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Drink instead of cow milk 46% -5% 70% -2% na -37% 44% -92% -96%
,QVWHDG�RI�UHG�PHDW�«
Legumes -81% na -46% -98% -96% 930% -19% 51% na na
Meat subsitutes, vegan, minimally processed -87% 17120% -77% -98% -87% -88% -43% 105% na -97%
Meat subsitutes, vegan, highly processed -82% 11% -94% -97% -89% na na na na na
Egg-based meat alternatives -61% 99% -63% -95% -46% na -88% na na na
,QVWHDG�RI�SRXOWU\�«
Legumes -70% na -25% -98% -97% 6% -89% -74% na na
Meat subsitutes, vegan, minimally processed -79% 2245% -68% -97% -95% -55% -76% 43% na -87%
Meat subsitutes, vegan, highly processed -72% -85% -91% -97% -96% na na na na na
Egg-based meat alternatives -40% -73% -48% -94% -79% na -95% na na na
,QVWHDG�RI�HJJV�«
Legumes -59% na 168% -63% -76% 1640% -69% 33% na na
Meat subsitutes, vegan, minimally processed -72% 16307% 15% -58% -60% 636% -31% 634% na -66%
Meat subsitutes, vegan, highly processed -62% 5% -68% -43% -65% na na na na na
Egg-based meat alternatives -17% 90% 86% -10% 69% na -86% na na na

vegetable oil instead of fish
omega 3 rich na na -94% 2489% na na 729% na na na
omega 3 poor/ other oils 13140% na -89% 4293% 4147% na na na na na
omega 9 rich na na -100% na 2217% 142734% na na na na

Vegan cream instead cream -35% na -67% 407% -98% na na na na na
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Table 3 Reduction potential to achieve the daily nutrient intake for the replacement of animal-based food 
items with plant-based food items (Global Warming Potential 100a) 

 

Reduction potential of environmental impact (EF 
3.0)

64
 g 

pr
ot

ein

4 
µg

 vi
ta

m
in

 B
12

1.
5 

g o
m

eg
a-

3 
fa

tty
 ac

id
s

1 
g o

f c
alc

iu
m

15
 m

g i
ro

n

15
0 

µg
 io

di
ne

14
 m

g z
in

c[
4]

1.
4 

m
g r

ib
of

lav
in

 
(v

ita
m

in
 B

2)

15
 µ

g v
ita

m
in

 D

70
 µ

g s
ele

ni
um

Drink instead of cow milk 29% -17% 50% -14% na -45% 27% -93% -96%
,QVWHDG�RI�UHG�PHDW�«
Legumes -94% na -83% -99% -98% -91% -92% -89% na na
Meat subsitutes, vegan, minimally processed -89% 14410% -81% -98% -89% -90% -52% 72% na -97%
Meat subsitutes, vegan, highly processed -83% 3% -94% -97% -90% na na na na na
Egg-based meat alternatives -62% 93% -64% -96% -48% na -88% na na na
,QVWHDG�RI�SRXOWU\�«
Legumes -91% na -78% -99% -99% -68% -97% -92% na na
Meat subsitutes, vegan, minimally processed -83% 1813% -74% -98% -96% -63% -80% 17% na -90%
Meat subsitutes, vegan, highly processed -75% -86% -92% -97% -96% na na na na na
Egg-based meat alternatives -43% -74% -51% -95% -81% na -95% na na na
,QVWHDG�RI�HJJV�«
Legumes -87% na -17% -88% -93% 441% -90% -59% na na
Meat subsitutes, vegan, minimally processed -76% 13836% -2% -64% -66% 525% -42% 523% na -71%
Meat subsitutes, vegan, highly processed -64% -1% -70% -47% -67% na na na na na
Egg-based meat alternatives -18% 86% 82% -12% 66% na -86% na na na
vegetable oil instead of fish
omega 3 rich na na -94% 2197% na na 636% na na na
omega 3 poor/ other oils 2684% na -87% 365% 631% na na na na na
omega 9 rich na na -96% na 916% 68473% na na na na
Vegan cream instead cream -55% na -77% 252% -99% na na na na na

Reduction potential of environmental impact 
(GWP)
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Drink instead of cow milk 40% -9% 62% -6% na -40% 38% 1296% -92% -96%
,QVWHDG�RI�UHG�PHDW�«
Legumes -95% na -86% -100% -98% -93% -93% -91% na na
Meat subsitutes, vegan, minimally processed -88% 15314% -79% -98% -88% -89% -49% 83% na -97%
Meat subsitutes, vegan, highly processed -79% 31% -92% -97% -87% na na na na na
Egg-based meat alternatives -62% 94% -64% -95% -47% na -88% na na na
,QVWHDG�RI�SRXOWU\�«
Legumes -89% na -73% -99% -99% -62% -96% -91% na na
Meat subsitutes, vegan, minimally processed -74% 2838% -60% -97% -94% -44% -70% 79% na -84%
Meat subsitutes, vegan, highly processed -54% -75% -85% -94% -93% na na na na na
Egg-based meat alternatives -18% -63% -30% -92% -72% na -93% na na na
,QVWHDG�RI�HJJV�«
Legumes -84% na 6% -85% -91% 591% -88% -47% na na
Meat subsitutes, vegan, minimally processed -60% 22849% 61% -41% -43% 929% -4% 927% na -52%
Meat subsitutes, vegan, highly processed -29% 94% -41% 5% -36% na na na na na
Egg-based meat alternatives 27% 188% 182% 37% 158% na -78% na na na
vegetable oil instead of fish
omega 3 rich na na -95% 1826% na na 517% na na na
omega 3 poor/ other oils 2935% na -86% 407% 697% na na na na na
omega 9 rich na na -96% na 775% 58933% na na na na
Vegan cream instead cream -59% na -79% 217% -99% na na na na na
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Table 4 Number of servings per food items to achieve the daily nutrient intake 

 
 
 
5HIHUHQFHV 
%$)8����� %$)8� ������� gNRIDNWRUHQ� 6FKZHL]� ����� JHPlVV� GHU� 0HWKRGH� GHU� |NRORJLVFKHQ� .QDSSKHLW��

0HWKRGLVFKH� *UXQGODJHQ� XQG�$QZHQGXQJ� DXI� GLH� 6FKZHL]�� %XQGHVDPW� I�U� 8PZHOW�� %HUQ�� UHWULHYHG� IURP��
ZZZ�EDIX�DGPLQ�FK�XZ������G� 

(68�VHUYLFHV����� (68�VHUYLFHV� ������� (68� :RUOG� )RRG� /&$� 'DWDEDVH� �� /&,� IRU� IRRG� SURGXFWLRQ� DQG�
FRQVXPSWLRQ��HG��-XQJEOXWK�1���0HLOL�&���%XVVD�0���8OULFK�0���6ROLQ�6���0XLU�.���0DOLQYHUQR�1���(EHUKDUW�0���
$QQDKHLP�-���.HOOHU�5���(JJHQEHUJHU�6���.|QLJ�$���'RXEOHW�*���)OXU\�.���%�VVHU�6���6WXFNL�0���6FKRUL�6���,WWHQ�
5��� /HXHQEHUJHU� 0�� DQG� 6WHLQHU� 5���� (68�VHUYLFHV� /WG��� 6FKDIIKDXVHQ�� &+�� UHWULHYHG� IURP�� ZZZ�HVX�
VHUYLFHV�FK�GDWD�IRRGGDWD�� 

-XQJEOXWK�HW�DO������ -XQJEOXWK�1���8OULFK�0���0XLU�.���0HLOL�&���%XVVD�0��DQG�6ROLQ�6���������$QDO\VLV�IRU�IRRG�
DQG� HQYLURQPHQWDO� LPSDFWV� DV� D� VFLHQWLILF� EDVLV� IRU� 6ZLVV� GLHWDU\� UHFRPPHQGDWLRQV�� (68�VHUYLFHV� *PE+��
6FKDIIKDXVHQ��6ZLW]HUODQG� 
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Milk for drinking, 200g 10 9 1 4 na 8 18 3 150 30
Red Meat - Beef, Veal, Lamb, Pork, horse, 110g 3 1 0 96 6 56 3 4 8 8
Poultry, 110g 2 8 1 120 24 22 12 8 14 3
Fish, omega-3 poor, 110g 3 1 2 35 16 2 19 16 6 3
Shellfish, 110g 4 1 3 26 8 1 7 14 na na
Fish, omega-3 rich, 110g 3 1 0 77 21 3 30 10 2 na
Eggs, 110g 5 3 0 19 8 3 11 4 8 3
Legumes, 60g 4 na 2 15 4 133 7 12 na na
Meat subsitutes, vegan, minimally processed, 110g 2 727 1 12 5 40 11 46 na 2
Meat subsitutes, vegan, highly processed, 110g 3 6 0 20 5 na na na na na
Egg-based meat alternatives, 110g 4 6 1 19 14 na 2 na na na
Milk alternatives, 200g 20 11 2 6 38 7 35 70 18 2
vegetable oils, omega 3 rich, 10g na na 0 33333 na na 4200 na na na
vegetable oils, omega 3 poor/ other oils, 10g 1600 na 1 6897 3000 na na na na na
vegetable oils, omega 9 rich, 10g na na 0 na 3000 30000 na na na na
Cream, 30g 94 48 1 43 1000 39 187 30 121 na
Cream alternatives, 30g 85 na 0 303 25 na na na na na

���

www.bafu.admin.ch/uw-2121-d
www.esu-services.ch/data/fooddata/
www.esu-services.ch/data/fooddata/


��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

 
5HSODFHPHQW�RI�JOREDO�GDLU\�SURGXFWLRQ�ZLWK�FHOOXODU�DJULFXOWXUH� 

 
 

9HQOD�.\WWl�����+DQQD�/��7XRPLVWR
����� 

 
�)XWXUH�6XVWDLQDEOH�)RRG�6\VWHPV� ±UHVHDUFK�JURXS��'HSDUWPHQW�RI�$JULFXOWXUDO�6FLHQFHV��)DFXOW\�RI�$JULFXOWXUH�DQG�
)RUHVWU\��8QLYHUVLW\�RI�+HOVLQNL��+HOVLQNL��)LQODQG 
�1DWXUDO�5HVRXUFHV�,QVWLWXWH�)LQODQG��+HOVLQNL��)LQODQG 
�+HOVLQNL�,QVWLWXWH�RI�6XVWDLQDELOLW\�6FLHQFH��+(/686���8QLYHUVLW\�RI�+HOVLQNL��+HOVLQNL��)LQODQG 
 
 
.H\ZRUGV��GDLU\�SURGXFWLRQ��FHOOXODU�DJULFXOWXUH��V\VWHP�H[SDQVLRQ��IRRG�SURGXFWLRQ�V\VWHPV��PXOWLIXQFWLRQDO�V\VWHPV��
E\�SURGXFWV 
 
 

&RUUHVSRQGLQJ�DXWKRU��7HO���������������� 
�(�PDLO�DGGUHVV��KDQQD�WXRPLVWR#KHOVLQNL�IL 
 
 
,QWURGXFWLRQ 
 
&HOOXODU�DJULFXOWXUH�LV�D�WHFKQRORJ\�WKDW�HQDEOHV�PHDW�DQG�RWKHU�DJULFXOWXUDO�SURGXFWV�WR�EH�FXOWLYDWHG�
LQ�D�ELRUHDFWRU�IURP�FHOOV�LQVWHDG�RI�SURGXFLQJ�OLYHVWRFN��0DWWLFN���������,W�LV�D�WHFKQLTXH�WKDW�KDV�WKH�
SRWHQWLDO�WR�LPSURYH�DQLPDO�ZHOIDUH��ERRVW�KXPDQ�KHDOWK��DQG�UHGXFH�WKH�HQYLURQPHQWDO�LPSDFW�RI�
PHDW� SURGXFWLRQ�� $W� WKH� VDPH� WLPH�� LW� KDV� WKH� SRWHQWLDO� WR� LQFUHDVH� HQHUJ\� FRQVXPSWLRQ� DQG�
FRQVHTXHQWO\�JUHHQKRXVH�JDV�HPLVVLRQV��EHFDXVH�LW�VXEVWLWXWHV�ELRORJLFDO�SURFHVVHV�ZLWK�FKHPLFDO�DQG�
PHFKDQLFDO�RQHV��0DWWLFN���������$VVHVVPHQWV�FRPSDULQJ�PHDW�DOWHUQDWLYHV�ZLWK�GLIIHUHQW�PHDWV�KDV�
EHHQ�GRQH�HDUOLHU� �H�J���6PHWDQD�HW� DO����������EXW�DQLPDO�SURGXFWLRQ�V\VWHPV�DUH�PXOWLIXQFWLRQDO��
SURYLGLQJ�DOVR�RWKHU�HGLEOH�DQG�LQHGLEOH�SURGXFWV��2QH�RI�WKH�PRVW�PXOWLIXQFWLRQDO�V\VWHPV�LV�GDLU\�
FDWWOH��ZKLFK� SURGXFHV�PLON��PHDW� DQG� QXPHURXV� RWKHU� SURGXFWV� �� D� ERYLQH� DQLPDO
V� HGLEOH� SDUWV�
DFFRXQW�IRU�RQO\�������SHUFHQW�RI�LWV�OLYH�ZHLJKW��DQG�RWKHU�SDUWV�RI�WKH�DQLPDO�DUH�XVHG�IRU�D�YDULHW\�
RI�SXUSRVHV��LQFOXGLQJ�SHW�IRRGV��DQLPDO�IHHGV��OHDWKHU�JRRGV��ELRJDV��ELRGLHVHO��IHUWLOL]HUV��DQG�VR�RQ��
7R�UHSODFH�VXFK�D�PXOWLIXQFWLRQDO�V\VWHP�ZLWK�FHOOXODU�DJULFXOWXUH��DOWHUQDWLYH�SURGXFWLRQ�RI�WKH�RWKHU�
PDWHULDOV�LV�DOVR�QHHGHG���7KHUHIRUH��WKH�DLP�RI�WKLV�VWXG\�LV�WR�FRPSDUH�FOLPDWH�DQG�ODQG�XVH�LPSDFWV�
RI� JOREDO� GDLU\� SURGXFWLRQ� DQG� FHOOXODU� DJULFXOWXUH� RQ� D� V\VWHP� OHYHO� E\� LPSOHPHQWLQJ� V\VWHP�
H[SDQVLRQ�LQ�DWWULEXWLRQDO�/&$� 
� 
 
0DWHULDOV�	�0HWKRGV 
 
7KH�V\VWHP�OHYHO�FRPSDULVRQ�LV�GRQH�IROORZLQJ�SULQFLSOHV�RI�V\VWHP�H[SDQVLRQ��E\�LQFOXGLQJ�DOO�WKH�
IXQFWLRQV�SURYLGHG�E\�GDLU\�SURGXFWLRQ�V\VWHP�DQG�FUHDWLQJ�HTXLYDOHQW�V\VWHP�ZKHUH�PLON�DQG�PHDW�
LV�SURGXFHG�E\�FHOOXODU�DJULFXOWXUH�DQG�RWKHU�IXQFWLRQV�DUH�UHSODFHG�ZLWK�(FRLQYHQWV��:HUQHW�HW�DO���
������PDUNHW�GDWDVHW�RI�VXEVWLWXWDEOH�SURGXFW��7KH�FRPSDUHG�V\VWHPV�DV�DUH�SUHVHQWHG�LQ�7DEOH��� 
7KH�V\VWHPV�ZHUH�VFDOHG�WR�EH�HTXLYDOHQW� WR�JOREDO�DQQXDO�PLON�SURGXFWLRQ��EDVHG�RQ�JOREDO�PLON�
SURGXFWLRQ�LQ������������)$2���������7KH�HQYLURQPHQWDO�LPSDFWV�DQG�SURGXFWLRQ�RI�PLON�LQ�UHODWLRQ�
WR�OLYH�DQLPDO�IRH�VODXJKWHULQJ�ZDV�GHULYHG�IURP�(FRLQYHQW�GDWDEDVH��7KH�GDWD�FRQFHULQJ�DPRXQWV��
XVDJHV�DQG�IXUWKHU�SURFHVVLQJ�RI�DQLPDO�E\�SURGXFWV�ZDV�GHULYHG�IURP�FRPSDQLHV��DQG�HQYLURQPHQWDO�

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

LPSDFWV�ZHUH�DVVHVVHG�ZLWK�(FRLQYHQW�GDWDEDVH�DQG�OLWHUDWXUH�VRXUFHV��3URFHVVLQJ�RI�E\�SURGXFWV�ZDV�
LQFOXGHG�WR�WKH�SRLQW�ZKHUH�WKH\�DUH�UHDG\�WR�XVH��L�H���VXEVWLWXWDEOH��7KH�SURFHVVLQJ�DQG�\LHOGV�RI�E\�
SURGXFWV�DUH�SUHVHQWHG�PRUH�GHWDLOHG�LQ�.\WWl�HW�DO���������� 
 
LQ�WKH�FHOOXODU�DJULFXOWXUH�V\VWHP��WKH�HQYLURQPHQWDO�LPSDFWV�RI�FXOWXUHG�PHDW�ZHUH�DVVHVVHG�EDVHG�
RQ�GDWD�IURP�7XRPLVWR�HW�DO���������E\�FKDQJLQJ�WKH�HQHUJ\�FRQVXPSWLRQ�WR�JOREDO�HQHUJ\��(FRLQYHQW���
7KH�GDWD�FRQFHUQLQJ�FXOWXUHG�PLON��ZKLFK�LV�RDW�PLON�VXSSOHPHQWHG�ZLWK�FXOWXUHG�PLON�SURWHLQV��ZDV�
GHULYHG�IURP�0D]DF�HW�DO����������7KH�VXEVWLWXWHV�RI�DQLPDO�E\�SURGXFWV�DUH�SUHVHQWHG�LQ�IRRWQRWH�RI�
7DEOH��� 
 
7DEOH� ��� &RPSDUHG� V\VWHPV� RI� DQQXDO� )LQQLVK� GDLU\� SURGXFWLRQ� DQG� FHOOXODU� DJULFXOWXUH� V\VWHP��
LQFOXGLQJ�DOO�WKH�SURGXFWV�SURGXFHG�E\�HDFK�V\VWHP�DQG�WKH�DOWHUQDWLYH�SURGXFWV�DGGHG�WR�HDFK�V\VWHP�
WR�PDNH�WKH�V\VWHPV�HTXLYDOHQW��7KH�DPRXQWV�RI�SHW�IRRG�DQG�IHHG�DOWHUQDWLYHV�GLIIHUV�IURP�WKH�RXWSXWV�
RI� GDLU\� V\VWHP� GXH� GLIIHUHQW� SURWHLQ� FRQWHQW�� 0%0� �PHDW� DQG� ERQH� PHDO�� 1�  � QLWURJHQ�� 3�  �
SKRVSKRURXV� 
 
3URGXFWV�LQ�GDLU\�V\VWHP 'DLU\�FDWWOH�V\VWHP 3URGXFWV� LQ� FHOOXODU�

V\VWHP 
&HOOXODU�DJULFXOWXUH 

0LON��W� ����������� 0LON��W� ����������� 
0HDW�HGLEOH�RIIDO��W ��������� 0HDW��W ��������� 
/HDWKHU��W ������� 39&�D��W ������� 
3HW�IRRG�IHHG��W ��������� 3HW�IRRG�IHHG�E��W ��������� 
0%0��1�W ������ 1�IHUWLOL]HU�F��W ������ 
0%0��3�W ������ 3�IHUWLOL]HU�G��W ������ 
%LRGLHVHO��W ������� 'LHVHO�H��W ������� 
%LRJDV��PHWKDQH�P� ������� 1DWXUDO�JDV�I��P� ������� 
'LJHVWDWH��1�W ������ 1�IHUWLOL]HU�F��W ������ 
'LJHVWDWH��3�W ����� 3�IHUWLOL]HU�G��W ����� 

 
a market for PVC (ecoinvent), b market dataset for pet food (created), c market for N fertiliser (ecoinvent), d 

market for P fertiliser (ecoinvent), e market for diesel (ecoinvent), f market for natural gas (ecoinvent) 
 
 
5HVXOWV 
 
7KH�V\VWHP�OHYHO�FRPSDULVRQ�UHVXOWV�WR�QRWDEO\�ORZHU�JOREDO�ZDUPLQJ�DQG�ODQG�XVH�LPSDFWV�RI�FHOOXODU�
DJULFXOWXUH�V\VWHP��EHLQJ�RQO\�����DQG����RI�WKH�LPSDFWV�RI�GDLU\�FDWWOH�V\VWHP��)LJ�����0DMRULW\�RI�
WKH�LPSDFWV�RI�FHOOXODU�DJULFXOWXUH�RULJLQDWHV�IURP�WKH�SURGXFWLRQ�RI�FXOWXUHG�PLON��(YHQ�WKRXJK�GDLU\�
FDWWOH� SURGXFH� YDULHW\� RI� E\�SURGXFWV�� WKH� LPSDFWV� RI� SURFHVVLQJ� WKHP�� DQG� DOVR� WKH� LPSDFWV� RI�
UHSODFLQJ�WKHVH�SURGXFWV�ZLWK�DOWHUQDWLYHV�DUH�YHU\�ORZ�� 
 
 

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

 
 
)LJ����*OREDO�ZDUPLQJ��0W�&2��HT���DQG�ODQG�XVH��NP�D�FURS�HT���LPSDFWV�RI�H[SDQGHG�GDLU\�DQG�
FHOOXODU�DJULFXOWXUH�V\VWHPV�� 
 
 
'LVFXVVLRQ 
 
7KH�UHVXOWV�VKRZ�SRWHQWLDO�WR�UHGXFH�WKH�JOREDO�ZDUPLQJ�LPSDFWV�RYHU�����*W�&2��HT�DQG�WKH�ODQG�XVH�
LPSDFWV�DURXQG���PLOOLRQ�NP�D�FURS�HT�LQ�WRWDO��E\�UHSODFLQJ�WKH�FXUUHQW�GDLU\�SURGXFWLRQ�E\�FHOOXODU�
DJULFXOWXUH��$V�WKH�JOREDO�JUHHQKRXVH�JDV�HPLVVLRQV�IURP�IRRG�SURGXFWLRQ�DUH�HVWLPDWHG�WR�EH�DURXQG�
��������*W�&2��HT�LQ�WRWDO��ZLWKRXW�WKH�HPLVVLRQV�IURP�ODQG�XVH�FKDQJH���:LOOHWW�HW�DO���������DQG�WKH�
WRWDO�DJULFXOWXUDO�ODQG�XVH�LQ������ZDV�DURXQG����PLOOLRQ�NP���)$2���������UHSODFLQJ�JOREDO�GDLU\�
SURGXFWLRQ�ZLWK�FHOOXODU�DJULFXOWXUH�ZRXOG�UHGXFH�WKH�JOREDO�DJULFXOWXUDO�HPLVVLRQV�E\���������DQG�
ODQG�XVH�E\�������,Q�DGGLWLRQ�� WKH�VDYHG�ODQG�DUHD�KDV�SRWHQWLDO� WR� VHTXHVWHU�FDUERQ�DQG�PDLQWDLQ�
QDWXUDO�KDELWDWV�WKURXJK�DOWHUQDWLYH�ODQG�XVHV��H�J���DIIRUHVWDWLRQ�DQG�KDELWDW�FRQVHUYDWLRQ�� 
 
+RZHYHU��WKLV�DVVHVVPHQW�LV�EDVHG�RQ�JOREDO�DYHUDJHV�DQG�GRHV�QRW�FRQVLGHU�WKH�UHJLRQDO�GLIIHUHQFHV�
LQ�SURGXFWLRQ�V\VWHPV��QRU�WKH�IHDVLELOLW\�RI�FKDQJH�LQ�SURGXFWLRQ�WHFKQRORJLHV�LQ�GLIIHUHQW�UHJLRQV��
$OVR��WKH�DVVHVVPHQW�FRQWDLQV�FRQVLGHUDEOH�XQFHUWDLQWLHV�UHJDUGLQJ�WKH�UHSUHVHQWDWLYHQHVV�RI�WKH�GDWD�
XVHG�LQ�WKH�/&$��7KHUHIRUH��IXUWKHU�DVVHVVPHQWV�ZLWK�UHJLRQDO�FRQVLGHUDWLRQV�DUH�QHHGHG�� 
 
 
5HIHUHQFHV 
 
)$2��������)$267$7�GDWDEDVH��KWWSV���ZZZ�IDR�RUJ�IDRVWDW�HQ��GDWD 

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

 
.\WWl��9���5RLWWR��0���6DDULQHQ��0��	�7XRPLVWR��+��/��������$�&RPSDULVRQ�RI�LQGLYLGXDO�IRRG�SURGXFWV�
PD\�XQGHUHVWLPDWH�WKH�XQGHUO\LQJ�HQYLURQPHQWDO�LPSDFWV��,Q�UHYLHZ� 
 
0DWWLFN��&��������&HOOXODU�DJULFXOWXUH��7KH�FRPLQJ�UHYROXWLRQ�LQ�IRRG�SURGXFWLRQ��%XOOHWLQ�RI�WKH�$WRPLF�
6FLHQWLVWV������������KWWSV���GRL�RUJ������������������������������ 
 
0D]DF��5���0HLQLOl��-���.RUNDOR��/��HW�DO��������,QFRUSRUDWLRQ�RI�QRYHO�IRRGV�LQ�(XURSHDQ�GLHWV�FDQ�UHGXFH�
JOREDO� ZDUPLQJ� SRWHQWLDO�� ZDWHU� XVH� DQG� ODQG� XVH� E\� RYHU� ����� 1DW� )RRG� ��� ���±�����
KWWSV���GRL�RUJ���������V����������������� 
 
6PHWDQD��6���0DWK\V��$���.QRFK��$��HW�DO��������0HDW�DOWHUQDWLYHV��OLIH�F\FOH�DVVHVVPHQW�RI�PRVW�NQRZQ�
PHDW�VXEVWLWXWHV��,QW�-�/LIH�&\FOH�$VVHVV���������±������KWWSV���GRL�RUJ���������V���������������� 
 
7XRPLVWR��+�/���$OODQ��6�-���(OOLV��0�-���������3URVSHFWLYH�OLIH�F\FOH�DVVHVVPHQW�RI�D�ELRSURFHVV�GHVLJQ�IRU�
FXOWXUHG�PHDW�SURGXFWLRQ�LQ�KROORZ�ILEHU�ELRUHDFWRUV��,Q�UHYLHZ� 
 
:HUQHW��*���%DXHU��&���6WHXELQJ��%���5HLQKDUG��-���0RUHQR�5XL]��(���:HLGHPD��%���������7KH�(FRLQYHQW�
GDWDEDVH�YHUVLRQ����,QW��-��/LIH�&\FOH�$VVHVV� 
 
:LOOHWW��:���5RFNVWU|P��-���/RNHQ��%���6SULQJPDQQ��0���/DQJ��7���9HUPHXOHQ��6���*DUQHWW��7���7LOPDQ��'���
'H&OHUFN��)���:RRG��$���-RQHOO��0���&ODUN��0���*RUGRQ��/��-���)DQ]R��-���+DZNHV��&���=XUD\N��5���5LYHUD��
-��$���'H�9ULHV��:���0DMHOH�6LEDQGD��/���«�0XUUD\��&��-��/��������)RRG�LQ�WKH�$QWKURSRFHQH��WKH�($7±
/DQFHW� &RPPLVVLRQ� RQ� KHDOWK\� GLHWV� IURP� VXVWDLQDEOH� IRRG� V\VWHPV�� ,Q� 7KH� /DQFHW� ����� ���±������
KWWSV���GRL�RUJ���������6�������������������� 

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On “The role of emerging economies in global food security” 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 1 

 
 

A Comparative Life Cycle Assessment of Pork Meat and Plant-Based, Meat 
Alternative Patties 

Jasmine Dillon1,*, Daesoo Kim2, Jill Haddix1, Greg Thoma2 
 

1Department of Animal Sciences, Colorado State University, Fort Collins, USA 
2College of Engineering, University of Arkansas, Fayetteville, USA  
 
Keywords: sustainable diets; carbon footprint; plant-based; sustainability; animal-source foods 
 
*Corresponding author. Tel.: +1 970-491-3269, Fax: +1 970-491-4895 
 E-mail address: jasmine.dillon@colostate.edu 
 
Rationale and Objective 
Increasing awareness of environmental issues related to food and the proliferation of plant-based meat 
alternatives have prompted evaluations of the potential environmental impacts of meat and plant-
based alternatives. Most studies evaluating the reduction of meat consumption conclude that potential 
environmental impacts will decrease (Aston et al., 2012; Baroni et al., 2007; Goldstein et al., 2017). 
Few, however, have evaluated tradeoffs between nutritionally complete diets and potential 
environmental impacts (Liebe et al., 2020; White & Hall, 2017). The objectives of this work were to 
(1) perform a scan-level, “field-to-fork” comparative LCA of the global warming potential (GWP), 
cumulative energy demand (CED), water use (WU), and land use (LU) of three plant-based meat 
alternative patties: Beyond Burger (BB), Impossible Burger (IB), and Veggie Burger (VB), with that 
of ground pork; and (2) estimate the nutrient density of each of product. 
 
Approach and Methodology 
The LCA was conducted using SimaPro© 9. The functional unit was 1 kg of consumed product. The 
system boundary was cradle to grave (“field-to-fork”), and included raw material extraction, 
processing, packaging, purchase, preparation, consumption, and disposal of each product and 
packaging materials in a typical U.S. household. Environmental impacts embodied in the foreground 
infrastructure were excluded from the analysis; however, background processes such as electricity 
generation from the ecoinvent v3.7 database included an accounting of infrastructure. 
 
Inventory data were obtained from a combination of sources including laboratory analyses completed 
at Colorado State University, publicly available nutrient composition databases (i.e., USDA National 
Nutrient Database for Standard Reference), peer-reviewed literature (including a prior cradle-to-grave 
LCA of pork completed by the authors), and industry reports (e.g., for calculation of retail space 
allotted to each product). Where data were incomplete, proxy lifecycle inventory datasets were 
identified from ecoinvent v3.7. A 1% cut off criterion was chosen for all inputs; however, if data were 
readily available, they were included. Where allocation of inputs is required, the allocation procedures 
follow the ISO 14044 hierarchy. The primary audience for this LCA was the pork industry (growers, 
processors, packaging companies, and retailers). 
 
Environmental impacts assessed included GWP, CED, WU, and LU. Global warming potential was 
evaluated using the 100-year IPCC 2013 (IPCC, 2013) emissions factors. The IMPACT World+ 
midpoint method (Bulle et al., 2019) was used for CED and LU, and the ReCiPe 2016 (H) method 
was used for WU (Huijbregts et al., 2017). Uncertainty analysis was conducted using Monte Carlo 
simulations with a 95% confidence interval. The products varied in the amount of cooking loss, 
defined as the loss of product weight during cooking, which had potential implications for the results. 
As such, sensitivity analyses were conducted to estimate the impacts of cooking loss assumptions on 
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all impact categories. Cooking loss was measured by laboratory analysis and was 19.2, 11.5, 12.5, 
and 31.3% loss for BB, IB, VB, and ground pork, respectively. To account for dependence and 
sensitivity of the electricity requirement at the processing facility on environmental impacts, a 
sensitivity analysis for a 20% reduction in processing electricity demand was also estimated for all 
impact categories. 
 
Recipes for the plant-based meat alternative products were proprietary. As such, a linear optimization 
was used to estimate ingredient quantities. The optimization imposed the predominance order of 
ingredients based on the order listed on the package label. The objective function for the optimization 
was to minimize the sum of relative deviation from the nutritive value of one serving of each product 
(per the product label) and the total weight of the serving. The final nutritional composition of the 
recipe estimated by the model was compared with the results of the laboratory analysis for accuracy. 
 
The Nutrient-Rich Foods (NRF) Index (Fulgoni et al., 2009) was used to estimate the nutrient density 
of each product on a raw and cooked basis. The nutrient profiles included 9 (NRF 9.3) (protein, fiber, 
vitamin A, vitamin C, vitamin E, calcium, iron, magnesium, and potassium) or 15 nutrients to 
encourage (NRF 15.3) (all 9 NRF 9.3 nutrients plus monounsaturated fat, vitamin D, thiamin, vitamin 
B-12, folate, and zinc), and 3 nutrients to avoid (saturated fat, added sugar, and salt). 
 
Main Results and Discussion 
Pork was found to have the highest impact for all impact categories assessed, while VB had the lowest 
for all categories assessed. Global warming potential ranged from 5.4 to 12.2 kg CO2-eq/kg consumed. 
Among the plant-based patties, IB had the highest GWP and VB the lowest. The IB also had the 
highest CED among the plant-based patties—driven primarily by electricity consumption during 
processing (49% of the total impact). After pork, BB had the highest WU and LU, followed by IB, 
primarily due to differences in the type of packaging used (namely, polyurethane packaging for BB).  
 
The sensitivity analysis indicated that differences in cooking loss affected the results across all 
impacts but did not affect the overall interpretation of the result. The GWP and CED for IB were most 
sensitive to a 20% reduction in processing electricity demand, resulting in a 7.4 and 9.1% reduction 
in impact, respectively. The cooked nutrient density analysis yielded conflicting results depending 
upon the number of nutrients considered. Using the NRF 9.3 metric, VB was the most nutrient dense 
due to a relatively low saturated fat content. Pork NRF 9.3 values were the lowest for this metric 
because of high saturated fat content. BB, the next most nutrient dense by this metric, had a 27% 
greater NRF 9.3 value than pork. However, pork’s NRF 15.3 value was 25% greater than that for BB 
due to inclusion of Vitamins D, B1, B2, B12, folate, and zinc, highlighting the importance of 
considering more complete nutrient profiles in comparative evaluations of nutrient density of foods. 
The IB was by far the most nutrient dense product using the NRF 15.3 metric due to the inclusion of 
synthetic vitamins in the recipe which were not accounted for in the NRF 9.3. 
 
Conclusion 
This study demonstrates an approach for considering lifecycle environmental impacts together with 
the nutrient density of food products. Pork had greater GWP, CED, WU, and LU than plant-based 
meat alternative burgers, but was the third-most nutrient dense product using the NRF 15.3 metric. 
Given the significant contribution of processing to the GWP and CED of the IB and high levels of 
sensitivity associated with modeling processing of emerging plant-based meat alternatives, it is 
critical that more industrially relevant-data are made available to the LCA community for future 
analyses. 
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&DUERQ�IRRWSULQW�RI�GDLU\�VKHHS�SURGXFWLRQ�LQ�QRUWKHUQ�6SDLQ�WKURXJK�
$UGLFDUERQ�DVVHVVPHQW�WRRO 


ÏVFDU�GHO�+LHUUR���+DULW]�$UULDJD���/DXUD�5LQFyQ���3DWULFLD�*DOOHMRQHV���$LQDUD�$UWHW[H��3LODU�
0HULQR���5REHUWR�5XL]�� 

 
�1(,.(5��%DVTXH�5HVHDUFK�DQG�7HFKQRORJ\�$OOLDQFH��%57$���'HULR��7KH�%DVTXH�&RXQWU\��6SDLQ� 
 
.H\ZRUGV��GDLU\�VKHHS��FDUERQ�IRRWSULQW��PLON��$UGL&DUERQ� 
 

&RUUHVSRQGLQJ�DXWKRU��7HO�����������������������)D[��������������������� 
�(�PDLO�DGGUHVV��RGHOKLHUUR#QHLNHU�HXV 
 
5DWLRQDOH��'DLU\�VKHHS�SURGXFWLRQ�LV�D�VLJQLILFDQW�VHFWRU�IRU�WKH�%DVTXH�&RXQWU\��ZLWK�PRUH�WKDQ�����
WKRXVDQG� HZHV� DQG� D� PLON� SURGXFWLRQ� RI� DERXW� ��� PLOOLRQ� /� \U���� 7KH� ��� �� RI� WKH� VKHHS� PLON�
SURGXFWLRQ� LV� GHVWLQHG� WR� FKHHVH� LQGXVWU\� IRU� ³,GLD]DEDO� 3'2´� �3URWHFWHG�'HVLJQDWLRQ� RI�2ULJHQ��
(XURSHDQ� 4XDOLW\� ODEHO�� SURGXFWLRQ�� 7KH� KHUGV� RI� /DW[D� EUHHG� KDYH� SOD\HG� DQ� LPSRUWDQW�
HQYLURQPHQWDO��VRFLDO�DQG�HFRQRPLF�UROH�DV�FRUH�DFWRU�LQ�UXUDO�DUHDV��DV�IRU�D�ODUJH�SDUW�RI�WKH�\HDU��
IHHGLQJ�LV�EDVHG�RQ�JUD]LQJ�DQG�WKH�XVH�RI�IRGGHUV�WKDW�ZRXOG�RWKHUZLVH�EH�ORVW��,W�DOVR�PDLQWDLQV�WKH�
ODQGVFDSH�DQG�WKH�SRSXODWLRQ�LQ�UXUDO�DUHDV�� 

)XUWKHUPRUH��LQ�UHFHQW�\HDUV��*UHHQ�'HDO�VWUDWHJLHV��IURP�)DUP�WR�)RUN��DUH�DW�WKH�WRS�RI�WKH�(XURSHDQ�
DJHQGD��2QH�RI�WKHLU�PDLQ�REMHFWLYHV�LV�WR�UHGXFH�WKH�HQYLURQPHQWDO�IRRWSULQW�RI�IDUP�SURGXFWV�DV�D�
NH\� IDFWRU� IRU� IDUPHUV� WR� REWDLQLQJ� LQFHQWLYHV�� )RU� WKLV� SXUSRVH�� it is essential to assess the 
environmental footprints of dairy sheep production to identify weak points of the production chain 
ZKHUH� WR� WDNH� DFWLRQV� IRU� UHGXFLQJ� WKH� IDUP¶V� HQYLURQPHQWDO� LPSDFW� �)$2�� ������� 7KH� carbon 
footprint of the sheep milk production can be evaluated by using the Life Cycle Assessment (LCA) 
approach (De Boer, 2003). Nevertheless, it would be highly desirable to provide the dairy sheep sector 
with user-friendly tools owing to the difficulty associated with the LCA methodology. 

2EMHFWLYH��7KH�DLP�RI�WKLV�VWXG\�ZDV�WR�DQDO\VH�WKH�FDUERQ�IRRWSULQW�RI�GDLU\�VKHHS�SURGXFWLRQ�LQ�
QRUWKHUQ� 6SDLQ� EDVHG� RQ� WKH� XVHU�IULHQGO\� DQG� HDV\� WR� RSHUDWH�$UGL&DUERQ� WRRO�� EDVHG� RQ� /&$�
DQDO\VLV� 
 

$SSURDFK�DQG�PHWKRGRORJ\�� 
 
$UGL&DUERQ�LV�D�PXOWL�FULWHULD�FDOFXODWRU�WR�PHDVXUH�JUHHQKRXVH�JDV��*+*��HPLVVLRQV�IURP�VKHHS�
PHDW�DQG�PLON�SURGXFWLRQ�DQG�LGHQWLI\�WKH�EHVW�PLWLJDWLRQ�RSWLRQV��LQ�DFFRUGDQFH�ZLWK�WKH������,3&&�
DQG� WKH� ����� 5HILQHPHQW� ,3&&� JXLGHOLQHV�� $� PRGXOH� LV� DYDLODEOH� WR� DVVHVV� WKH� HIIHFW� RI� WKH�
LPSOHPHQWDWLRQ�RI�GLIIHUHQW�%HVW�$YDLODEOH�7HFKQLTXHV��%$7V��DW�IDUP�OHYHO�WR�HYDOXDWH�WKH�UHGXFWLRQV�
LQ� WHUPV� RI� QLWURJHQ�� SKRVSKRUXV�� DPPRQLD� DQG� JUHHQKRXVH� JDVHV� HPLVVLRQV� IURP� OLYHVWRFN��7KH�
HQYLURQPHQWDO�VXVWDLQDELOLW\�DQDO\VLV�LV�FRPSOHPHQWHG�E\�WKH�LQFRUSRUDWLRQ�RI�VRFLDO�DQG�HFRQRPLF�
SHUVSHFWLYHV� 
 
$UGL&DUERQ�DGRSWV�D�PXOWL�FULWHULD�OLIH�F\FOH�DSSURDFK�FRYHULQJ�FOLPDWH�FKDQJH��&&���DFLGLILFDWLRQ�
SRWHQWLDO��$3���HXWURSKLFDWLRQ�SRWHQWLDO��(3���SKRWRFKHPLFDO�R]RQH�IRUPDWLRQ��32&3��DQG�SDUWLFXODWH�
PDWWHU� IRUPDWLRQ� �30���$UGL&DUERQ� DOVR� SURYLGHV� D�ZKROH� IDUP� QXWULHQW� DQG� HQHUJ\� EDODQFH� DQG�
DPPRQLD�HPLVVLRQV��(0(3�(($��������,Q�DGGLWLRQ��WKH�WRRO�DFFRXQWV�IRU�EHQHILWV�VXFK�DV�IRRG�DQG�
SURWHLQ�SURGXFWLRQ��FDUERQ�VHTXHVWUDWLRQ�DQG�ELRGLYHUVLW\�DQDO\VLV��$UGL&DUERQ�RIIHUV�WKH�RSWLRQ�WR�

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 

KŶ�͞dŚĞ�ƌŽůĞ�ŽĨ�ĞŵĞƌŐŝŶŐ�ĞĐŽŶŽŵŝĞƐ�ŝŶ�ŐůŽďĂů�ĨŽŽĚ�ƐĞĐƵƌŝƚǇ͟ 

12-14 October 2022, Lima, Peru (hybrid conference) 

 

 2 

LQFOXGH�VRLO�FDUERQ�VHTXHVWUDWLRQ�LQ�WKH�FDUERQ�IRRWSULQW�RI�ERWK�IXQFWLRQDO�XQLWV��PLON�DQG�PHDW���DQG�
D�ELRGLYHUVLW\�DVVHVVPHQW�EDVHG�RQ�WKH�&RRO�)DUP�%LRGLYHUVLW\��&)$��������DSSURDFK�ZKLFK�DOORZV�
IDUPHUV� WR� VFRUH�SRLQWV�GHSHQGLQJ�RQ� WKH�DFWLRQV� LQYROYHG� LQ� WKH� IDUP��$UGL&DUERQ�HYDOXDWHV� VRLO�
FDUERQ�VHTXHVWUDWLRQ��&VHT��DFFRUGLQJ�WR�WKH�PHWKRG�GHYHORSHG�E\�3HWHUVHQ�HW�DO���������DQG�WHVWHG�E\�
%DWDOOD�HW�DO���������LQ����IDUPV�LQ�1RUWKHUQ�6SDLQ��,Q�RUGHU�WR�HVWLPDWH�&VHT��WKH�VDPH�FRHIILFLHQW�
�������LV�DSSOLHG�WR�FDUERQ�GHULYHG�IURP�FURS�UHVLGXHV�DQG�FDUERQ�GHSRVLWHG�E\�WKH�KHUG�GXULQJ�WKH�
JUD]LQJ�SHULRG� 
 
$UGLFDUERQ� UHSRUWV� WKH� VXVWDLQDELOLW\� UHVXOWV� RI� WKH� DQDO\]HG� IDUPV� WKURXJK� VHYHUDO� GDVKERDUGV��
&RQFUHWHO\��WKHUH�DUH�WKUHH�OHYHO�WR�DVVHVV�WKH�VXVWDLQDELOLW\��OHYHO����IRU�D�VLPSOLILHG�DQDO\VLV�IRU�D�
QRQ�H[SHULHQFHG�XVHU�� OHYHO���� IRU�D�PRUH�GHWDLOHG�DQDO\VLV� LQFOXGLQJ�VRFLR�HFRQRPLF�SHUVSHFWLYH���
FDUERQ� VHTXHVWUDWLRQ� DQG� WKH� ELRGLYHUVLW\� DQDO\VLV�� OHYHO� ��� WKH� PRVW� DGYDQFHG� DQDO\VLV� IRU� DQ�
H[SHULHQFHG�/&$�XVHUV��$UGL&DUERQ�LV�FXUUHQWO\�EHLQJ�XVHG�LQ�WKH�IUDPHZRUN�RI�WKH�/,)(�*5((1�
6+((3� SURMHFW� ZLWK� WKH� DLP� WR� GHYHORS� D� FRPPRQ� DSSURDFK� DGDSWHG� WR� VKHHS� PHDW� DQG� PLON�
SURGXFWLRQ�DQG�WR�UHGXFH�WKH�FDUERQ�IRRWSULQW�RI�VKHHS�PHDW�DQG�PLON�SURGXFWLRQ��7R�WKDW�HQG��VHYHUDO�
WRROV�VXFK�&$3��(5��&DUERQ6KHHS��/&$VKHHS�DQG�$UGL&DUERQ� DUH�EHLQJ�FRPSDUHG� 
 
7KH�$UGL&DUERQ�WRRO��ZKLFK�PDNHV�SRVVLEOH�WR�FDUU\�RXW�LQ�GHSWK�DQDO\VLV�LQ�D�VLPSOH�IRUP�RI�XVH��
KDV�EHHQ�UXQ�RQ�D�W\SLFDO�GDLU\�VKHHS�IDUP�LQ�1RUWKHUQ�6SDLQ��$UGL&DUERQ�LV�D�IOH[LEOH�WRRO�EHFDXVH�
LW�DOORZV�WR�XSORDG�WKH�PRVW�XSGDWHG�DQG�VXLWDEOH�HPLVVLRQ�IDFWRUV��7KXV��WKH�ODVW�6SDQLVK�]RRWHFKQLFDO�
GRFXPHQWV�IRU�WKH�FDOFXODWLRQ�RI�WKH�QLWURJHQ�DQG�SKRVSKRUXV�EDODQFH�RI�IHHG�IRU�WKH�GDLU\�DQG�PHDW�
VKHHS�VHFWRU�KDYH�EHHQ�LPSOHPHQWHG��0LWHFR��������DV�ZHOO�DV�WKH������5HILQHPHQW�WR�WKH������,3&&�
*XLGHOLQHV�DQG�WKH�ODVW�(0(3�(($�JXLGHERRN�������� 
 
7KH� VWXG\�ZDV� FRQGXFWHG�RQ�D� W\SLFDO� GDLU\� VKHHS� IDUP� LQ�1RUWKHUQ�6SDLQ� �*LSX]NRD���7KH�KHUG�
FRPSULVHG�����ODFWDWLQJ�HZHV�ZLWK�D�JUD]LQJ�SHULRG�RI�����GD\V�SHU�\HDU��'XULQJ�WKH�VWXG\�SHULRG��
����ODPEV�ZHUH�VROG�IRU�VODXJKWHULQJ��D�WRWDO�RI�������NJ�OLYH�ZHLJKW�SHU�\HDU���7KH�IDUP�FRYHUHG�D�
WRWDO�RI������KD�RI�ODQG�IRU�IDUPLQJ��ZLWK����KD�RI�QDWXUDO�JUDVVODQG�������KD�RI�PRXQWDLQ�SDVWXUH�DQG�
����KD�RI�UDQJHODQG��,Q�WKH�SUHVHQW�VWXG\� PLON�SURGXFWLRQ�ZDV��������/�\U����DQG�WKH�)XQFWLRQDO�8QLW�
�)8��ZDV�GHILQHG�DV���NJ�RI�)DW�DQG�3URWHLQ�&RUUHFWHG�0LON��)3&0���FRUUHFWHG�DW������IDW�DQG������
SURWHLQ�DFFRUGLQJ�WR�3XOLQD�HW�DO����������(OHFWULFLW\�DQG�IXHO�FRQVXPSWLRQ�ZHUH�������N:K�DQG������
/��UHVSHFWLYHO\���7KH�SXUFKDVH�RI�FRQFHQWUDWHV�DQG�IRGGHU�DPRXQWHG�WR�����W��ZLWKRXW�PLQHUDO�IHUWLOLVHU�
DSSOLFDWLRQ� 
 
7KH�V\VWHP�ERXQGDU\�ZDV�³IURP�FUDGOH�WR�IDUP�JDWH´��LQFOXGLQJ�DOO�³RQ�IDUP´�*+*�HPLVVLRQV��DV�
ZHOO�DV�³RII�IDUP´�HPLVVLRQV�FRUUHVSRQGLQJ�ZLWK�WKH�SURFHVVLQJ�DQG�WKH�WUDQVSRUW�RI�DOO�IDUP�SXUFKDVHV�
�FRQFHQWUDWHV��IRUDJHV�� OLPHVWRQH��HWF����7R�FRQVLGHU�DOO�WKHVH�RII�IDUP�HPLVVLRQV��D�FRPELQDWLRQ�RI�
HPLVVLRQV� IDFWRUV� KDV� EHHQ� LPSOHPHQWHG� LQ� WKH� $UGL&DUERQ� WRRO� �(FRDOLP� GDWDEDVH�� *XLGH�
*(6�7,0��� ������� 6LPXODWLRQV�ZHUH� SHUIRUPHG�XVLQJ� WKH� ����� ,3&&�DQG� WKH� �����5HILQHPHQW��
ZLWKRXW�DOORFDWLRQ�DQG�DSSO\LQJ�D�PDVV�DOORFDWLRQ�IDFWRU�RI������WR�PLON�SURGXFWLRQ��$V�QR�HFRQRPLF�
GDWD�LV�DYDLODEOH��ZH�SHUIRUPHG�D�PDVV�DOORFDWLRQ�SURFHGXUH��LW�UHVXOWHG�LQ�����WR�PLON�DQG����WR�
PHDW�� )LQDOO\�� ����\HDU� WLPH� KRUL]RQ� JOREDO� ZDUPLQJ� SRWHQWLDO� �*:3�� YDOXHV� UHSRUWHG� E\� ,3&&�
�������ZHUH�DSSOLHG�� 
 
7KH�XVH�RI�UHQHZDEOH�HQHUJLHV�VXFK�DV�VRODU�SDQHOV�DQG�ELRPDVV������UHGXFWLRQ���DQG�WKH�UHGXFWLRQ�
RI�IXHO�FRQVXPSWLRQ��������ZKHUH�DQDO\VHG�DV�%$7V�WR�DVVHVV�WKH�UHGXFWLRQ�RI�FDUERQ�HPLVVLRQ�DW�
IDUP�OHYHO� 
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5HVXOWV�DQG�GLVFXVVLRQ��7RWDO�HPLVVLRQV�SHU�NJ�)3&0�DUH�SUHVHQWHG�LQ�)LJXUH���ZLWK�WKH�UHODWLYH�
FRQWULEXWLRQ�SHU�SROOXWDQW�VRXUFHV��7KH�UHVXOWV�UHIOHFW�WKDW�RQ�DYHUDJH������RI�WKH�HPLVVLRQV�FRPH�
IURP�HQWHULF�IHUPHQWDWLRQ�DQG������IURP�WKH�ERXJKW�RI�FRQFHQWUDWHV�DQG�IRGGHU��1�2�HPLVVLRQV�IURP�
VRLO� DUH� DURXQG������RU� �����GHSHQGLQJ� RQ� WKH� ,3&&�JXLGHOLQH� VHOHFWHG�� DQG�PDLQO\� GXH� WR� WKH�
QLWURJHQ�GHSRVLWHG�DW�WKH�SDVWXUH�GXULQJ�JUD]LQJ�EHFDXVH�WKHUH�LV�QRW�PLQHUDO�IHUWLOL]DWLRQ��(OHFWULFLW\�
FRQVXPSWLRQ�DQG�IXHO�FRQVXPSWLRQ�DFFRXQWV�IRU����DQG�����UHVSHFWLYHO\��(PLVVLRQ�UHGXFWLRQ�ZKHQ�
WKH�%$7V�DUH�LPSOHPHQWHG�DUH�GHSLFWHG�LQ�WKH�)LJXUH����7KH�YDOXHV�RI�PLON�&)�HVWLPDWHG�LQ�WKH�SUHVHQW�
VWXG\�ZHUH�ZLWKLQ�WKH�UDQJH�IRU�GDLU\�VKHHS�SURGXFWLRQ�LQ�QRUWKHUQ�6SDLQ�REWDLQHG�E\�%DWDOOD�HW�DO��
��������IURP���WR�����NJ�ZLWK�DQ�DYHUDJH�YDOXH�RI�����NJ�&2�HT�SHU�NJ�RI�)3&0��$FFRUGLQJ�WR�WKH�
VDPH� DXWKRU�� WKH� FRQWULEXWLRQ� SHU� VRXUFHV� VKRZV� WKDW� WKH� HQWHULF� IHUPHQWDWLRQ� LW� LV� WKH� ELJJHVW�
FRQWULEXWRU�WR�WKH�WRWDO�*+*�HPLVVLRQV���������IROORZHG�E\�WKH�SXUFKDVH�RI�FRQFHQWUDWHV� 7KH�SUHVHQW�
VWXG\�KLJKOLJKWV�KRZ�WKH�FKRLFH�RI�,3&&�PHWKRGRORJ\�LV�QRW�D�NH\�LVVXH�ZKHQ�FDUERQ�IRRWSULQW�LV�
HVWLPDWHG�LQ�D�ZHW�UHJLRQ��,Q�WKLV�UHJDUG�� WKH������5HILQHPHQW� ,3&&�GHFUHDVHG�WKH�&)�GXH�WR�WKH�
XSGDWH�RI�HPLVVLRQ�IDFWRUV�E\�D�VLQJOH������� 
 
,W�VKRXOG�EH�QRWHG�WKDW�WKHUH�FXUUHQWO\�QR�FRQVHQVXV�RQ�KRZ�WR�DFFRXQW�IRU�FDUERQ�VRLO�VHTXHVWUDWLRQ�
XVLQJ�WKH�OLIH�F\FOH�DVVHVVPHQW��/&$��PHWKRGRORJ\��EXW�ZKHQ�VRLO�FDUERQ�VHTXHVWUDWLRQ�HVWLPDWH�ZDV�
LQFOXGHG�LQ�OLIH�F\FOH�DVVHVVPHQW�XVLQJ�WKH�PHWKRG�GHYHORSHG�E\�3HWHUVHQ�HW�DO���������DQG�WHVWHG�E\�
%DWDOOD�HW�DO����������ZH�REVHUYHG�ORZHU�YDOXHV�RI�*+*�HPLVVLRQV�SHU�NJ�RI�)3&0��7KXV��WKH�FDUERQ�
IRRWSULQW� YDOXHV� GHFUHDVH� ����� NJ�&2��HT�NJ� )3&0�� D� ����� UHGXFWLRQ� RQ� DYHUDJH��7KHVH� UHVXOWV�
LQGLFDWHG� WKH� HPLVVLRQ� IURP� GDLU\� VKHHS� IDUPV� FDQ� EH� FRQVLGHUDEO\� UHGXFHG� WKURXJK� WKH� FDUERQ�
VHTXHVWUDWLRQ�� 1HYHUWKHOHVV�� LW� QHHGV� WR� YHULI\� SULPDULO\� RQ� D� FRPPRQ� FDUERQ� DFFRXQWLQJ�
PHWKRGRORJ\� DOWKRXJK� LWV�PHDVXUHPHQW� LV� VWURQJO\� LQIOXHQFHG� E\� WKH�PRGHOV� XVHG� LQ� WKH� FDUERQ�
VHTXHVWUDWLRQ�HVWLPDWLRQ��$UFD�HW�DO�������� 
 
)LJXUH����7KH�GDVKERDUG�GLVSOD\V�D�VXPPDU\�RI�WKH�JUHHQKRXVH�JDV�HPLVVLRQV�FRQWULEXWLRQ�WR�FDUERQ�IRRWSULQW�
IURP�GLIIHUHQW�VRXUFHV��SUHVHQWHG�DV�SHUFHQW�����RI�WRWDO�FDUERQ�IRRWSULQW��NJ�&2��NJ�)3&0���� 
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&RQFOXVLRQV��,W�LV�FRQFOXGHG�WKDW�$UGL&DUERQ�LV�D�XVHU�IULHQGO\�DQG�HDV\�WR�RSHUDWH�WRRO�WR�SURYLGH�
IDUPHUV�� ODQG� SODQQHUV�� HWF��� ZLWK� WKH� EHVW� DYDLODEOH� PHWKRGRORJ\� UHJDUGLQJ� WKH� SRWHQWLDO�
HQYLURQPHQWDO�LPSDFW�RI�GDLU\�VKHHS�PLON�WR�SHUIRUP�DQ�LQ�GHSWK�DQDO\VLV�RI�WKH�FDUERQ�IRRWSULQW�RI�
WKH�GDLU\�SURGXFWLRQ� LQ�D� FRPSUHKHQVLYH�ZD\�� WKURXJK�DQG�HDV\�XQGHUVWDQGLQJ�RI� WKH�/&$�EDVHG�
GHFLVLRQ�PDNLQJ�SURFHVV�� 
 
 
5HIHUHQFHV 
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([SDQGHG�UHVXOWV�RI�D�V\VWHPDWLF�OLWHUDWXUH�UHYLHZ��

&UDGOH�WR�IDUP�JDWH�OLIH�F\FOH�DVVHVVPHQW�RI�SLJ�SURGXFWLRQ�
�

6W\UPLU�*LVODVRQ�����$OEHUWR�0DUHVFD���0RUWHQ�%LUNYHG��
�

��8QLYHUVLW\�RI�6RXWKHUQ�'HQPDUN��2GHQVH��'HQPDUN�
��6(*(6�,QQRYDWLRQ�3�6��&RSHQKDJHQ��'HQPDUN� �
�
.H\ZRUGV���
/LIH�&\FOH�$VVHVVPHQW��3LJ��6\VWHPDWLF�UHYLHZ���
�
&RUUHVSRQGHQFH��
6W\UPLU�*LVODVRQ�7HO�����������������
(�PDLO�DGGUHVV��VJLV#VHJHV�GN�
�
,QWURGXFWLRQ��
$FFRUGLQJ�WR�FXUUHQW�HVWLPDWHV��WKH�OLYHVWRFN�VHFWRU�LV�UHVSRQVLEOH�IRU�������RI�DQQXDO�DQWKURSRJHQLF�
JUHHQKRXVH�JDV�HPLVVLRQV��ZLWK�SRUN�SURGXFWLRQ�EHLQJ�UHVSRQVLEOH�IRU����RI�WKH�VHFWRU¶V�HPLVVLRQV�
����*UHHQKRXVH�JDV�HPLVVLRQV�IURP�DJULFXOWXUH�DUH�SULPDULO\�LQ�WKH�IRUP�RI�0HWKDQH��&+����1LWURXV�
R[LGH��1�2���DQG�&DUERQ�GLR[LGH��&2�������7KH�LPSDFW�SRWHQWLDO�RI�JUHHQKRXVH�JDVHV�DUH�JHQHUDOO\�
FKDUDFWHUL]HG�DQG�UHSRUWHG�LQ�&DUERQ�'LR[LGH�HTXLYDOHQFH��&2��HT���(PLVVLRQV�IURP�DJULFXOWXUH�FDQ�
EH�FDOFXODWHG�LQ�YDU\LQJ�ZD\V�GHSHQGLQJ�RQ�WKH�VRXUFH�RI�HPLVVLRQV�DQG�GDWD�DYDLODELOLW\���
2UJDQL]DWLRQV�VXFK�DV�WKH�,QWHUJRYHUQPHQWDO�3DQHO�IRU�&OLPDWH�&KDQJH��,3&&���WKH�(XURSHDQ�(QYL�
URQPHQW�$JHQF\��(($��DQG� WKH�)RRG�DQG�$JULFXOWXUDO�RUJDQL]DWLRQ�RI� WKH�8QLWHG�1DWLRQV��)$2���
SURYLGH�PHWKRGV�IRU�FDOFXODWLRQ�RI�GLUHFW�DJULFXOWXUDO�HPLVVLRQV���±����7KH�UHVXOWV�RI�WKHVH�FDOFXODWLRQV�
DUH�FRPPRQO\�XVHG�DV�LQYHQWRU\�GDWD�LQ�SLJ�SURGXFWLRQ�/&$V�IRU�DQLPDO�KRXVLQJ�DQG�PDQXUH�PDQ�
DJHPHQW��ZKLOH�UHVXOWV�RI�ILHOG�PDQDJHPHQW�FDOFXODWLRQV�FRPELQHG�ZLWK�GDWDEDVHV�DUH�JHQHUDOO\�XVHG�
DV�LQYHQWRU\�GDWD�IRU�IHHG�SURGXFWLRQ��
�
7KLV�SDSHU�SURYLGHV�VXSSOHPHQWDU\�UHVXOWV�RI�WKH�*LVODVRQ�HW�DO���������OLWHUDWXUH�UHYLHZ��ZKLFK��
FRYHUHG�H[LVWLQJ�SHHU�UHYLHZHG�FUDGOH�WR�IDUP�JDWH�/LIH�&\FOH�$VVHVVPHQWV��/&$V��RI�SULPDU\�SLJ�
SURGXFWLRQ�ZLWK�D�IXQFWLRQDO�XQLW�RI�PDVV�RI�DQLPDO�OLYH�ZHLJKW��NJ/:���2WKHU�UHFHQW�UHYLHZV�KDYH�
QRW� OLPLWHG� WKHLU� IXQFWLRQDO�XQLW�� WKH� WZR�PRVW� UHFHQW�EHLQJ�SXEOLVKHG� LQ������ ���� DQG� LQ������ ����
)XUWKHUPRUH��WKH�*LVODVRQ�HW�DO������OLWHUDWXUH�UHYLHZ�DGGUHVVHG�D�VLJQLILFDQW�QXPEHU�RI�VWXGLHV��QRW�
DVVHVVHG�LQ�SULRU�UHYLHZV��$V�VXFK��*LVODVRQ�HW�DO������UHSUHVHQWV� WKH�PRVW�UHFHQW� UHYLHZ�RI�/&$�
VWXGLHV�IRFXVLQJ�RQ�SULPDU\�SLJ�SURGXFWLRQ��
�
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0HWKRGRORJ\��
7KLV�VWXG\�ZDV�FUHDWHG�DORQJVLGH�WKH�*LVODVRQ�HW�DO������UHYLHZ�DQG�SURYLGHV�DGGLWLRQDO�GHWDLOV�RQ�
WKH�DFLGLILFDWLRQ�DQG�HXWURSKLFDWLRQ�LPSDFW�FDWHJRULHV��ZKLFK�KDYH�QRW�EHHQ�SUHVHQWHG�LQ�*LVODVRQ�HW�
DO�������6RPH�JHQHUDO�WUHQGV�IURP�WKH�*LVODVRQ�HW�DO������UHYLHZ�DUH�DOVR�UHSRUWHG��7KH�OLWHUDWXUH�
VHDUFK�ZDV�OLPLWHG�WR�WKH�:HE�RI�6FLHQFH�DQG�6FRSXV�VHDUFK�GDWDEDVHV��ZKLFK�UHVXOWHG�LQ�D�FRPELQHG�
LQLWLDO� OLVW�RI�������SDSHUV�EHIRUH� UHPRYDO�RI�GXSOLFDWHV��5HOHYDQW�NH\ZRUGV�ZHUH� VHOHFWHG� IRU� WKH�
VHDUFK� VWULQJV� LQ�RUGHU� WR� LGHQWLI\�/&$�VWXGLHV� IRFXVLQJ�RQ�SULPDU\�SLJ� SURGXFWLRQ�� WDUJHWLQJ� WKH�
VWXGLHV¶�WLWOH��DEVWUDFW�DQG�NH\ZRUGV��H[DPSOH�RI�NH\ZRUGV��³IRRWSULQW�DVVHVVPHQW´�RU�³OLIH�F\FOH�DV�
VHVVPHQW´���$�PXOWL�VWHS�SURFHGXUH�ZDV�GHYHORSHG�DQG�LPSOHPHQWHG�WR�V\VWHPLFDOO\�UHGXFH�SDSHUV�
FRQVLGHUHG�DV�RXW�RI�VFRSH��IXUWKHU�GHWDLOV�LQ�*LVODVRQ�HW�DO���������
�
�
5HVXOWV��
$�WRWDO�RI����VWXGLHV�ZHUH�LQFOXGHG�LQ�RXU�UHYLHZ�ZKLFK�ZHUH�SXEOLVKHG�EHWZHHQ�WKH�\HDUV�RI������
DQG�������DOO�RI�ZKLFK�GHILQHG�WKHLU�IXQFWLRQDO�XQLW�DV�PDVV�RI�DQLPDO�OLYH�ZHLJKW���
$�WUHQG�IRU�DQ�H[SRQHQWLDO�LQFUHDVH�LQ�WKH�QXPEHU�RI�SXEOLFDWLRQV�ZDV�LGHQWLILHG�LQ�WKH�UHFHQW�\HDUV��
HPSKDVL]LQJ�D�JURZLQJ�UHVHDUFK�LQWHUHVW�LQ�WKH�VXEMHFW�����FRQWULEXWLQJ�QDWLRQV�ZHUH�LGHQWLILHG��ZLWK�
PRVW�DVVHVVPHQWV�IURP�)UDQFH�������'HQPDUN������&KLQD�����DQG�6SDLQ������7KH�LQYHQWRU\�DQG�VFRSH�
GLIIHUHQFHV�RI�WKH�FRPSDUHG�V\VWHPV�ZHUH�UHJLVWHUHG�DQG�JURXSHG�LQ�ILYH�FDWHJRULHV��
7KH�VWXGLHV�WKDW�FRPSDUHG�GLIIHUHQFHV�LQ�WHFKQRORJLHV��PDQXUH�PDQDJHPHQW�RU�KRXVLQJ�V\VWHP��RU�
IDUPLQJ�PHWKRGV��YDFFLQDWLRQ�RU�LPPXQRFDVWUDWLRQ���ZHUH����LQ�WRWDO��
&RPSDULVRQ�RI�GLIIHUHQW�IHHGLQJ�PHWKRGV��H�J��PXOWLSKDVH�IHHGLQJ�VWUDWHJLHV��RU�IHHG�FRPSRVLWLRQV��
ZHUH�UHJLVWHUHG�LQ����RI�WKH�VWXGLHV���
&RPSDULVRQ�RI�GLIIHUHQW�QDWLRQV�RU�UHJLRQV�ZDV�UHJLVWHUHG�LQ����RI�WKH�VWXGLHV���
2WKHU�W\SHV�RI�FRPSDULVRQV�LQFOXGHG�WKH�IDUP�VL]H������WHPSRUDO�GHYHORSPHQWV�����DQG�RWKHUV�XQFDW�
HJRUL]DEOH������)RUHJURXQG�LQYHQWRULHV�RI�WKH�SURGXFWLRQ�V\VWHP��H�J��PDQXUH�PDQDJHPHQW�V\VWHP��
DQLPDO�KRXVLQJ�DQG�EXLOGLQJ�GDWD��DQG�HQHUJ\�XVH��ZHUH�XVXDOO\�EXLOW�XS�IURP�D�FRPELQDWLRQ�RI�GDWD�
VRXUFHV��PDLQO\�SULPDU\�GDWD�������QDWLRQDO�GDWD�DQG�VWDWLVWLFV������DQG�SHHU�UHYLHZHG�OLWHUDWXUH���������
6RXUFLQJ�RI�IHHG�PL[WXUH�GDWD�LQ�WKH�VWXGLHV�ZDV�FRPPRQO\�RYHUFRPH�E\�DSSO\LQJ�D�FRPELQDWLRQ�RI�
GDWD�VRXUFHV�DQG�WRROV��)HHG�IRUPXODWLRQV�ZHUH�SULPDULO\�VRXUFHG�IURP�SHHU�UHYLHZHG�OLWHUDWXUH�������
SULPDU\�GDWD������DQG�JHQHUDWHG�RSWLPL]HG�GDWD��������
$�PDMRULW\�RI�VWXGLHV�GLG�QRW�UHSRUW�QRUPDOL]HG�RU�ZHLJKWHG�UHVXOWV��ZLWK�RQO\�WZR�����VWXGLHV�SUHVHQW�
LQJ�QRUPDOL]HG�UHVXOWV�DQG�WKUHH�����UHSRUWLQJ�ZHLJKWHG�UHVXOWV���
�
&RPPRQO\�UHSRUWHG�LPSDFWV�ZHUH�FOLPDWH�FKDQJH�������HXWURSKLFDWLRQ�������DFLGLILFDWLRQ�������QRQ�
UHQHZDEOH�HQHUJ\�XVH������DQG�ODQG�XVH�������DOWKRXJK�D�WRWDO�RI����LPSDFW�FDWHJRULHV�ZHUH�LGHQWLILHG���
7KH�REMHFWLYH�RI�WKH����VWXGLHV�YDULHG��DOWKRXJK�LQWHUHVW�LQ�IHHG�FRPSDULVRQ�KDV�LQFUHDVHG�LQ�UHFHQW�
\HDUV�� ,PSURYHPHQW� IURP�IHHG�FKDQJHV�ZHUH�UHSRUWHG� WR�DFKLHYH�XS� WR�����UHGXFWLRQ�RI�&2��HT��
DOWKRXJK�PRUH�FRPPRQO\�DURXQG������,PSDFW�UHGXFWLRQ�IURP�PDQXUH�PDQDJHPHQW�DQG�KRXVLQJ�RI�
DQLPDO� YDULHG� FRQVLGHUDEO\�� DOWKRXJK� WKH� LQFOXVLRQ� RI� WKH� DQDHURELF� GLJHVWLRQ� ZLWKLQ� WKH� V\VWHP�
ERXQGDU\�ZDV�FRQVLVWHQWO\�DVVRFLDWHG�ZLWK�UHGXFWLRQ�RI�LPSDFWV��EHFDXVH�RI�VXEVWLWXWLRQ�RI�HQHUJ\�RU�
QDWXUDO�JDV�IURP�WKH�JHQHUDWHG�ELRJDV��7KUHH�����VWXGLHV�DVVHVVHG�WHPSRUDO�FKDQJHV�VLQFH�WKH�EHJLQ�
QLQJ�RI�WKH�����V�WR�WKH�����V��UHSRUWLQJ�&2��HT�UHGXFWLRQV�EHWZHHQ�����DQG������)RXU�����VWXGLHV�
FRQGXFWHG�FRPSDULVRQV�RI�GLIIHUHQW�QDWLRQDO�SURGXFWLRQ�V\VWHPV��ZKHUH�WKH\�UHSRUWHG�WKDW�&2��HT�
LQFUHDVHG�EHWZHHQ�������DQG�������ZKHQ�FRPSDULQJ�WKH�ZRUVW�DQG�EHVW�SHUIRUPLQJ�QDWLRQDO�SUR�
GXFWLRQ�V\VWHPV��
� �
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&OLPDWH�FKDQJH�ZDV�WKH�PRVW�FRPPRQO\�UHSRUWHG�LPSDFW�FDWHJRU\��FRYHUHG�E\����RI�WKH�VWXGLHV��
7KH�UHSRUWHG�FOLPDWH�FKDQJH�LPSDFW�UDQJHG�IURP�������WR������NJ�&2��HT�SHU�NJ/:�ZLWKRXW�ODQG�
XVH�FKDQJHV��/8&����)HHG�ZDV��RQ�DYHUDJH��WKH�ODUJHVW�VRXUFH�WR�WKH�JUHHQKRXVH�JDV�HPLVVLRQV�����±�
������2IWHQ��WKH�LQGLYLGXDO�UHYLHZHG�VWXGLHV�GLG�QRW�UHSRUW�WKH�LPSDFWV�IURP�WKH�KRXVLQJ��H�J��HQ�
WHULF�IHUPHQWDWLRQ��DQG�PDQXUH�PDQDJHPHQW�VHSDUDWHO\��7KHUHIRUH��ZH�GHFLGHG�WR�FRPELQH�WKH�LP�
SDFWV�RI�WKHVH�WZR�JURXSV�DV�ZHOO��+RXVLQJ�DQG�PDQXUH�PDQDJHPHQW�ZDV�WKH�VHFRQG�ODUJHVW�FRQWULE�
XWRU����������)XUWKHU�GHWDLOV�RQ�LQIRUPDWLRQ�IURP�WKLV�VHFWLRQ�FDQ�EH�IRXQG�LQ�*LVODVRQ�HW�DO�������
�
$FLGLILFDWLRQ�ZDV�UHSRUWHG�LQ����VWXGLHV�LQ�HLWKHU�DQ�DJJUHJDWHG�FDWHJRU\��DFLGLILFDWLRQ�SRWHQWLDO���RU�
DV�WHUUHVWULDO�DFLGLILFDWLRQ��DQG�LQ�RQH�VWXG\�DV�ERWK�DFLGLILFDWLRQ�SRWHQWLDO�DQG�DFFXPXODWHG�H[FHHG�
DQFH��7KH�PLG�SRLQW�LQGLFDWRU�XQLW�ZDV�HLWKHU�PDVV�RI�VXOIXU�GLR[LGH�HTXLYDOHQWV��J�62��HT���RU�PROHV�
RI�K\GURJHQ� LRQ�HTXLYDOHQWV� �PRO+��HT������VWXGLHV� UHSRUWHG�DFLGLILFDWLRQ�SRWHQWLDO��ZKLFK�UDQJHG�
IURP������WR�������J�62��HT�RU����WR�����PPRO+��HT�SHU�NJ/:��GHSHQGLQJ�RQ�WKH�XQLW�XVHG�LQ�WKH�
VSHFLILF�VWXGLHV��7HUUHVWULDO�DFLGLILFDWLRQ�ZDV�UHSRUWHG�LQ�ILYH�RI�WKH�VWXGLHV��DQG�UDQJHG�IURP����WR�
����J�62��HT���
�
(XWURSKLFDWLRQ�ZDV�UHSRUWHG�LQ����VWXGLHV��HLWKHU�DV�IUHVKZDWHU��PDULQH��WHUUHVWULDO�RU�DV�DQ�DJJUHJDWHG�
FDWHJRU\��HXWURSKLFDWLRQ�SRWHQWLDO���,Q�SDUWLFXODU��HXWURSKLFDWLRQ�SRWHQWLDO�ZDV�WKH�PRVW�FRPPRQO\�
RFFXUULQJ� LQGLFDWRU�� UHSRUWHG� LQ����VWXGLHV��PDLQO\�DV�PDVV�RI�SKRVSKDWH�HTXLYDOHQWV� �J�32�

���HT���
UDQJLQJ�IURP�����WR�����J�32�

���HT�SHU�NJ/:��0DVV�RI�QLWUDWH�HTXLYDOHQWV��J�12�
��HT��DQG�SKRVSKRUXV�

HTXLYDOHQWV��J�3�HT��ZHUH�ERWK�UHSRUWHG�D�VLQJOH�WLPH�ZKLFK�UDQJHG�IURP�����DQG�����J�12�
��HT��DQG�

EHWZHHQ������DQG������J�3�HT�SHU�NJ/:���
�
)LJXUH���GLVSOD\V�DFLGLILFDWLRQ�DQG�HXWURSKLFDWLRQ�SRWHQWLDO�RI�VWXGLHV�ZKLFK�UHSRUWHG�ERWK�LPSDFW�
FDWHJRULHV��LQ�J�62��HT�IRU�DFLGLILFDWLRQ�DQG�J�32�

���HT�SHU�IRU�HXWURSKLFDWLRQ���
�
�
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)LJXUH����6LQJOH�YDOXHV�DQG�UDQJHV�RI�DFLGLILFDWLRQ�DQG�HXWURSKLFDWLRQ�LPSDFWV�UHSRUWHG�LQ����VWXGLHV��$FLGLILFDWLRQ�LV�
UHSRUWHG�LQ�J�62�HT�SHU�NJ/:��ZKLOH�HXWURSKLFDWLRQ�LV�UHSRUWHG�LQ�J�32����SHU�NJ/:��
�
�
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Rationale and Objective LIFE Green Sheep (LIFE19 CCM/FR/001245) has been targeting a 
common Carbon Footprint (CF) assessment methodology at European level. In order to simplify the 
life cycle inventory, tools to estimate CF in dairy and meat sheep farm have already been developed 
in European countries such as France (CAP'2ER), Spain (ArdiCarbon) and Italy (Carbonsheep), and 
Ireland  (Sheep LCA). Nevertheless, they are specifically adapted to local production systems in 
terms of collected inputs and algorithms used in the impact assessment. Consistent data inventories 
and shared plans of mitigation practices for sheep production farming at European level requires 
aligned approaches and tools. The objective of this study was to compare 3 tools, already available 
in Europe, to estimate the carbon footprint of meat sheep farming systems. 
 
Approach and Methodology The 3 tools compared were: CAP'2ER (C2E; “Institute de l’Elevage, 
France); ArdiCarbon (AC; Neiker, Spain); and CarbonSheep (CS; Univ. of Sassari, Italy). For the 
comparison in this study all tools were set at level 1 of model detail for simplified estimates, which 
were based on aggregate inputs from farms. Collected inputs and impact assessments performed by 
models were based on customized algorithms and emission coefficients of IPCC (2019) for animal 
and farm emissions to increase the tool flexibility at country level. Algorithms and equations to 
estimate animal requirements, food intake and excretion, coefficients adopted to calculate emissions 
from each hotspot or emission source and allocation formulas were not modified before run the 
models for the estimate comparison. The LCA boundaries of the analysis were from cradle to farm 
gate. The comparison was performed collecting data from 3 sheep farms in France, Spain and 
Ireland (n=9). Basic inputs required to run each tool (79 for C2E, 80 for AC and 49 for CS) were 
collected from the 9 farms copying the life cycle inventory of flock consistency, crops and pasture 
areas, fertilizers, purchased feed, fuel and electricity, and farm outputs of meat sold from suckling 
lambs, fattening lambs and culled animals. The model runs enabled assessment of aggregated 
emissions from the following categories: total CF allocated to milk, enteric methane, manure 
management, crops and fertilizers, feed purchased, electricity, fuel and other purchased inputs. 
Emissions were expressed per kg of CO2eq./kg of carcass weight. A total of 27 estimates were 
obtained running each tool for the 9 farms. The model evaluation was performed from differences 
between C2E vs. AC, C2E vs. CS and AC vs. CS analysed as mean bias and the root mean square 
error of prediction (RMSPE) (Tedeschi, 2006).  
 
Results and Discussions Collected inputs proceeded from a broad range of farm conditions. The 
farms involved in the study had 756±682 ewes, 103±57 ha, and produced 17.2±19.1 tons of meat 
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per year. Most of the farms had semi-extensive farming systems with animals having access to 
pasture. The estimated of CF of the 3 models were presented in Figure 1 and resulted equal to: 33.3, 
30.9, and 31.2 kg of meat for C2E, AC and CS, respectively. All emissions were allocated to meat. 
All tools reported high incidence of animal emissions (enteric methane and manure) on the total CF 
in line with the literature evidences. The differences in CF expressed as mean bias were 2.4 for 
C2E-AC, 2.1 for C2E-CS and  -0.3 for AC-CS. It indicates that values predicted by the tools were 
very similar among them even if CS and AC showed more similar estimations compared to other 
combinations. The mean bias alone does not indicate the comparability of tools estimate since it 
compensates negative and positive differences. When differences were evaluated as RMSPE, it was 
higher than the mean bias, and equal to 6.55, 4.62 and 3.52 for C2E-AC, C2E-CS and AC-CS, 
respectively. When the RMSPE of each hotspot were expressed as percentage of the CF it was 
possible to observe that differences were due to enteric methane (51%, 96% and 113%) and to 
manure management (73, 49% and 103% of RMSPE for C2E-AC, C2E-CS and AC-CS 
respectively). It indicates that CF values were similar but compensating effects among differences 
emission hotspots were observed.Detected differences mainly relies on emission coefficients 
adopted for crops and feed purchased and on allocation formulas. 
 

 
Figure 1. Estimated of 
Carbon Footprint 
performed with 
CAP'2ER (C2E), 
ArdiCarbon (AC) and 
CarbonSheep (CS), 
for meat sheep farms 
across Europe. 
CAP’2ER is 
represented as the 
equivalence line. 
 
 
 
 
 
 
 

Conclusions The comparison indicated that the three tools performed similar estimates but 
algorithms and emission coefficients adopted need a careful alignment before run common 
estimates at European level to detect differences among hotspots. 
 
Aknowledgments The work was supported by European Community, LIFE PROGRAM for 
Climate Change mitigation, project: Green Sheep Life “Demonstration and dissemination actions to 
reduce the carbon footprint in sheep farming LIFE19 CCM/FR/001245 PI. Sindy Throude. 
  
References 
IPCC, 2019. 2019 Refinement to the 2006 IPCC Guidelines for National Greenhouse Gas 
Inventories. Calvo Buendia E, Tanabe K, Kranjc A, Baasansuren J, Fukuda M, Ngarize S, Osako A, 
Pyrozhenko Y, Shermanau P, and Federici S. (eds). Published: IPCC, Switzerland 
Tedeschi LO., 2006 Assesment of model adequacy. Agricultural Systems 89:225-247. 

0.0 

10.0 

20.0 

30.0 

40.0 

50.0 

60.0 

70.0 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 

C
ar

bo
n 

fo
ot

pr
in

t o
f d

iff
er

en
t t

oo
ls

 

Carbonfootprint estimated with Cap2ER 

ARDICARBON CARBONSHEEP CAP2ER 

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On “The role of emerging economies in global food security” 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 1 

 
 

Comparative life cycle assessment of shrimp production chains involving 
different types of farming systems 

 
Peng Chen1, Ahmad Al Eissa2, Paul Brown1, Jen-Yi Huang2,3,* 

 
1Department of Forestry and Natural Resources, Purdue University, West Lafayette, IN, United States 
2Department of Food Science, Purdue University, West Lafayette, IN, United States 
3Environmental and Ecological Engineering, Purdue University, West Lafayette, IN, United States 
 
Keywords: Aquaculture intensification; Recirculating aquaculture systems; Earthen pond farming; Mangrove-shrimp 
aquaculture; Alternative shrimp feed; Sustainable Production and Consumption 
 
*Corresponding author. Tel.: +1-765-496-6034, Fax: +1-765-494-7953 
Address: 745 Agriculture Mall Drive, West Lafayette, IN 47907, USA 
E-mail address: huang874@purdue.edu 
 
Keywords: Recirculating aquaculture systems; Alternative diets; Semi-intensive pond production, Mangrove-shrimp 
farming; Sustainable aquaculture 
 
*Corresponding author. Tel.: +1-765-496-6034 
 E-mail address: huang874@purdue.edu 

 
Rationale 

Global farmed shrimp production increased rapidly from less than 9000 tons in 1970 to 4 
million tons in 2018 with an annual increase of 3í5% (FAO, 2019). The US is one of the main markets 
for shrimp, with 90% of the product imported from overseas (USDA 2019). To meet the growing 
demand for shrimp in the US, rapid expansion and intensification of shrimp aquaculture could, 
however, exert severe damages to the environment. Therefore, there is a strong need to support the 
US shrimp production with more sustainable farming practices. 
 
Objectives 

The goal of this life cycle assessment (LCA) study was to evaluate the environmental 
performance of shrimp (Litopenaeus vannamei) production from cradle to Chicago market through 
(i) identifying the environmental hotspots of a local indoor shrimp farm, (ii) examining the 
environmental consequences of six alternative shrimp feeds, and (iii) comparing the environmental 
profiles of three shrimp production chains operated with different farming systems and production 
intensity. 
 
Approach and methodology 

The shrimp production chains start from feed ingredient production through feed processing 
to shrimp farming, with shrimp larvae reared separately. After harvest, shrimp are then processed and 
packaged before transportation to market. The local (Midwestern) intensive production chain (IPC) 
is based on a shrimp farm in Indiana that applies a recirculating system involving wastewater 
treatment and requires high feed and energy inputs. The interregional semi-intensive production chain 
(SPC) is based on an earthen pond system located in Alabama that uses moderate feed and energy 
inputs and manure fertilization with limited wastewater treatment. The oversea extensive production 
(EPC) is based on a mangrove-shrimp symbiosis system in Vietnam that does not need feed and 
energy inputs. The foreground data in the life cycle inventory were collected from on-site operation 
(IPC) and literature (SPC and EPC), and the background data, including fertilizers, energy carriers, 
transportation modes, packaging materials, etc. were adapted from the Ecoinvent database v3.0. The 
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midpoint impacts, including global warming potential (GWP), freshwater eutrophication potential 
(FEP), and terrestrial acidification potential (TAP) were calculated using the ReCiPe 2016 Midpoint 
(E) v1.02 method.  
 
Results and discussion 
 Feed production and farming stages were the major contributors to the terrestrial acidification 
potential (TAP; 55% and 25%, respectively) and global warming potential (GWP; 43% and 28%, 
respectively), which agreed with the study of Badiola et al. (2018) on the environmental performance 
of RAS. The freshwater eutrophication potential (FEP) was dominated by shrimp farming (89%). 
Polyculture of aquatic animal with plant, i.e., aquaponics, has been demonstrated to be an economical 
solution to reducing the energy demand per unit of food produced by intensive farming (Chen et al., 
2020). The P emission through wastewater discharge from farm was the main contributor to the FEP, 
however, separating the solid part of the wastewater (i.e., sludge) for disposal as landfill was found 
to markedly decrease the total FEP by five times (data not presented). For the impacts associated with 
processing and packaging, paper box was responsible for 67% of the TAP, 86% of the FEP, and 67% 
of the GWP, and ice accounted for 29%, 13%, and 26%, respectively. 
 In Feed C and six alternative feed mix, soybean meal was found to be a major ingredient 
affecting and causing the most variation of the environmental performance of shrimp feed in this 
study (e.g., contributing the highest FEP to Feed C). While soybean meal was reasonably assumed to 
be produced using domestically (US) supplied soybean, the environmental impact of soybean largely 
varies with its country of origin. For example, the GWP of 1 kg soybean meal from Argentina (6.7 
kg CO2 eq.) and Brazil (5.3 kg CO2 eq.) are considerably higher than that from the US (0.5 kg CO2 
eq.), mainly because the large variation in the LULUC CO2 emission associated with soybean 
production in different countries. 
 The environmental performance of two shrimp production chains based on semi-closed 
(Alabama) and open (Cà Mau) farms were analyzed and compared with the IPC. Different from the 
IPC, the farming stage accounted for the highest TAP (51%) and GWP (58%) and FEP (65%), mainly 
due to the electricity use. Feed production had the second largest contribution to the TAP (28%) and 
GWP (16%) because Feed S contains a significant proportion of poultry by-product meal. Farming 
also contributed markedly to the total FEP because of the high N and P emissions generated by the 
fertilizers (urea and triple superphosphate) used. The EPC had a very different environmental profile 
(Figure 1) from the IPC and SPC because of the mangrove-shrimp farm involved, on which feeding 
and cultivating conditions are fully controlled by natural environment and no additional material or 
energy inputs are required for its operation, resulting in no associated impacts generated. However, 
mangrove deforestation for farming resulted in a high GWP (12,600 kg CO2 eq.). The farming stage 
DOVR�VKRZHG�D�QHJDWLYH�)(3��í���NJ�3�HT����LQGLFDWLQJ�WKDW�LQ�DGGLWion to the uptake of eutrophicating 
substances (N and P) in the effluent from shrimp cultivation, the planted mangroves played a nutrient-
removing role for the surrounding water bodies. The EPC had the lowest TAP and FEP, which were 
��í����DQG����í�����ORZer than those of the IPC and SPC, respectively. Jonell and Henriksson 
(2015) reported similar results that extensive mangrove farming generated lower TAP and FEP than 
intensive and semi-intensive farming. However, the EPC was least sustainable in terms of GWP, 
indicating that the CO2 emission due to LULUC in mangrove area outweighed the benefits of no 
resource input in the farming stage (Figure 2). The SPC produced the highest TAP and FEP, mainly 
due to the intensive electricity use on farm which was 9.6 times higher than that for the IPC. 
 
Conclusion 

This cradle to the market LCA study can provide shrimp farmers with a deep and clear 
understanding of the environmental impacts associated with their production, as well as the 
groundwork to design or adapt alternative farming practices with reduced environmental cost. Shrimp 
feed contributed the largest total TAP and GWP of IPC. The impacts of shrimp feed can be reduced 
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by choosing feed formulae with lower FCR and avoiding poultry by-product and fish meals as the 
protein sources. However, replacing fish meal by plant proteins did not necessarily improve the 
environmental performance of the IPC. The GWP of the IPC highly depended on the origin of soybean 
meal included in the feed. Among the three production chains, the IPC had the highest FEP, which 
was dominated by P emission through wastewater discharge from shrimp farm. The intensive uses of 
electricity and fertilizers for pond cultivation made the SPC produce the highest TAP. Moreover, 
disposing sludge from recirculating systems as landfill and using renewable energy (e.g., wind energy 
in the Midwestern US) are potential ways to improve the environmental performance of closed shrimp 
farming. While the 2030 Agenda for Sustainable Development states that aquaculture should 
contribute towards food security and nutrition goals (FAO, 2016), the results of this study can also 
guide consumers in the Midwestern US to make more informed decisions on the purchase of imported 
or domestically produced shrimp at markets. 
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Figure 1. Environmental profiles of intensive, semi-intensive and extensive shrimp production chains. 

 
Figure 2. Effect of area of land transformation on total GWP of extensive production chain. 
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QHZ�VWDQGDUG� 
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WKH�)DUP�6WDQGDUG��LPSURYLQJ�PHWKRGRORJLFDO�FRQVLVWHQF\��WUDQVSDUHQF\��DQG�TXDOLW\�RI�GDWD�UHSRUWHG�
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Context:  
 
Aquaculture has been the main source of fish for human consumption since 2015. In 2018, it 
provided 53% of consumed fish, a percentage that is expected to increase over the long term as part 
of the solution to provide sufficient food and protein to more than nine billion people by 2050. 
Nevertheless,  this expansion is not free of environmental impacts (Bohnes et al., 2019). Thus, a 
major challenge for aquaculture is to find new practices to make its development more 
environmentally friendly. One solution to limit these impacts is to use feed as a lever because it 
contributes the most to the impacts of fish production (Boissy et al., 2011). Aquaculture is also 
criticised for its heavy dependence on limited resources due to its massive use of fishmeal and fish 
oil.  Multiobjective (MO) formulation, which aims for a compromise between lower cost and lower 
environmental impacts, appears to be a promising solution to reduce the environmental footprint of 
aquaculture production (Garcia-Launay et al., 2018). However, carnivorous fish, such as salmonids, 
are considered to be very sensitive to the composition of their diet, as illustrated by the negative 
impact of replacing fishmeal and fish oil with plants on growth (Lazzarotto et al., 2018). The 
objectives of this study were to design an eco-friendly trout feed (ECO-diet) using MO formulation 
and to compare its zootechnical and environmental performances to those of a commercial feed (C-
diet) containing 16% fishmeal and 6.5% fish oil.  
 
Material and methods:  
 
Two isoprotein, isolipid and isoenergetic diets were formulated: a control diet (C-diet) and an ECO-
diet, formulated using a multiobjective function adapted from Garcia-Launay et al. (2018) to 
minimize both the environmental footprint (climate change, non-renewable energy demand, 
acidification, NPPU, land occupation, eutrophication, water dependence, phosphorus demand),  and 
price of feed. The digestibility of the diet was measured and a 12 weeks-growth trial was conducted 
(3 tanks per diet) on juvenile rainbow trout (initial body weight of 61 g ±1.4 g) to assess the 
consequences of these diets on growth performance, body composition and nutrient utilization. The 
experimental results were used in a LCA approach to estimate the environmental impacts of the diet 
and of 1 kg of body-weight gain at rearing facility scale. Emissions and impacts were calculated 
using SimaPro® software v8.3.0.0, with the attributional databases ecoinvent® v3 and 
AGRIBALYSE® including the ECOALIM dataset (Wilfart et al., 2016) for background data. 
Environmental impacts categories were those described by Wilfart et al. (2016) associated to NPPU 
and water dependence from Boissy et al. 2011 which are specific to aquaculture systems. Statistical 
analyses were performed using R software (v4.01). Results were expressed as mean ± 1 standard 
deviation. The normality of the residuals and homogeneity of the variances were checked using a 
Shapiro-Wilk test and Bartlett test, respectively. Then, data were tested by one-factor analysis of 
variance (ANOVA) to measure effects of diets on growth-performance and body-composition 

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On ³The role of emerging economies in global food security´ 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 2 

parameters, and environmental impacts per kg of body weight gain. A Kruskal-Wallis test was 
applied to non-QRUPDO� GDWD��:KHQ� D� VLJQLILFDQW� GLIIHUHQFH�ZDV� REVHUYHG��7XNH\¶V� UDQJH� WHVW�ZDV�
applied to compare least-square means. For all statistical analyses, the significance level was set at 
0.05. 
A mixed linear regression model with the tank as the random effect was used to determine effects of 
the diet, duration of the experiment, and their interaction on trout growth using the lmer function of 
the lme4 package of R. 
 
Results and discussion:  
 
MO formulation changed the composition of the diet greatly, which has decreased environmental 
impacts of the feed. It increased the number of ingredients used (from 16 to 23) but reduced the use 
of fishmeal and fish oil by half. MO formulation also led to the elimination of soy products, faba 
bean, and gluten meal in favor of processed animal co-products that have high protein contents and 
low climate change impact. Rapeseed oil also disappeared from the ECO-diet due to its major 
contribution to land use, eutrophication, and acidification and, to a lower extent, climate change 
(Figure 1). Unlike other studies, in which MO formulation was applied to pig and poultry feeds  
(Meda et al., 2021), the ECO-diet was less expensive than the commercial-type C-diet (-8%). 
Indeed, the C-diet was formulated as closely as possible according to current commercial practices, 
which consider both least cost and pre-set percentages of fishmeal and fish oil. This approach 
increased costs. The still high content of fishmeal and fish oil in the C-diet thus explains why the C-
diet cost more than the ECO-diet, which was formulated without constraints on these two raw 
ingredients. 
The ECO-diet had high digestibility, which differed little from that of the C-diet. Mean fish body 
weight after 12 weeks of growth did not differ significantly from that obtained with the C-diet, but 
analysis of fish growth curves (Figure 2) indicated that the ECO-diet could lead to lower growth in 
the long term. Based on these growth curves, fish fed the C-diet would require 5 more days of 
rearing to reach the size of a human meal portion (250 g), while those fed the ECO-diet would 
require 20 more days. The decrease in growth performance in the long term is probably mainly 
related to the decrease in feed intake. The lower protein and fat digestibilities of the ECO-diet could 
have also contributed to the trend of lower growth but to lower extent compared to feed intake 
because nutrients digestibility could be considered as high in both diets. In any case, this decrease 
cannot be associated with a decrease in feed efficiency, because the feed conversion ratio did not 
differ between the two diets.  
 
Overall, using MO formulation to decrease environmental impacts of feed made it possible to 
significantly decrease the environmental footprint of the fish farming system studied per kg of body 
weight gain (Figure 3). The decrease in impacts was lower at the farm level than that at the feed 
level, especially for EU and, to a lesser extent, NRE and CC. In contrast, the feed and farm levels 
had similar decreases for NPPU, WD, LO, AC, and PD. This is not in agreement with what has been 
observed in pig and poultry where the formulation has been applied (de Quelen et al., 2021; Meda 
et al., 2021). The farm level included emissions due to biological processes of fish as well as 
emissions from the operation of the farm facility. NPPU and PD depended only on the feed, which 
explains why their decrease was the same for both levels. In the experimental system used, the fish 
were reared in raceways in which water was taken from a river, continually flowed through the 
system, and then returned to the river. Because the water could thus be reused, it was not included 
in water use in life cycle inventory, as recommended by Boissy et al. (2011). Consequently, the 
decrease in WD at the farm level was the same as that at the feed level. Finally, the experiment was 
performed in 60 L tanks, which contributed less to LO than the areas used to produce the crops that 
provided feed ingredients. 
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Conclusion:  
 
MO formulation is a useful tool to reduce the environmental footprint of aquaculture production 
without compromising animal performances or necessarily increasing production cost. Nevertheless, 
some points deserve further investigation. For example, because growth performance could 
decrease over the long term, the rearing period should be extended to validate the performance of 
these diets in portion-size trout or to evaluate them when producing large trout intended for smoked 
fillets, which requires longer rearing periods.   
 
References:  
 
Bohnes, F.A., Hauschild, M.Z., Schlundt, J., Laurent, A., 2019. Life cycle assessments of 

aquaculture systems: a critical review of reported findings with recommendations for policy 
and system development. Rev. Aquacult. 11, 1061-1079. https://doi.org/10.1111/raq.12280. 

Boissy, J., Aubin, J., Drissi, A., van der Werf, H.M.G., Bell, G.J., Kaushik, S.J., 2011. 
Environmental impacts of plant-based salmonid diets at feed and farm scales. Aquaculture. 
321, 61-70. https://doi.org/10.1016/j.aquaculture.2011.08.033. 

de Quelen, F., Brossard, L., Wilfart, A., Dourmad, J.-Y., Garcia-Launay, F., 2021. Eco-Friendly 
Feed Formulation and On-Farm Feed Production as Ways to Reduce the Environmental 
Impacts of Pig Production Without Consequences on Animal Performance. Frontiers in 
Veterinary Science. 8. https://doi.org/10.3389/fvets.2021.689012. 

Garcia-Launay, F., Dusart, L., Espagnol, S., Laisse-Redoux, S., Gaudre, D., Meda, B., Wilfart, A., 
2018. Multiobjective formulation is an effective method to reduce environmental impacts of 
livestock feeds. Brit. J. Nutr. 120, 1298-1309. https://doi.org/10.1017/s0007114518002672. 

Lazzarotto, V., Medale, F., Larroquet, L., Corraze, G., 2018. Long-term dietary replacement of 
fishmeal and fish oil in diets for rainbow trout (Oncorhynchus mykiss): Effects on growth, 
whole body fatty acids and intestinal and hepatic gene expression. Plos One. 13. 
https://doi.org/10.1371/journal.pone.0190730. 

Meda, B., Garcia-Launay, F., Dusart, L., Ponchant, P., Espagnol, S., Wilfart, A., 2021. Reducing 
environmental impacts of feed using multiobjective formulation: What benefits at the farm 
gate for pig and broiler production? Animal. 15. 
https://doi.org/10.1016/j.animal.2020.100024. 

Wilfart, A., Espagnol, S., Dauguet, S., Tailleur, A., Gac, A., Garcia-Launay, F., 2016. ECOALIM: A 
Dataset of Environmental Impacts of Feed Ingredients Used in French Animal Production. 
PLOS ONE. 11, e0167343. https://doi.org/10.1371/journal.pone.0167343. 

 
 

���

https://doi.org/10.1111/raq.12280
https://doi.org/10.1016/j.aquaculture.2011.08.033
https://doi.org/10.3389/fvets.2021.689012
https://doi.org/10.1017/s0007114518002672
https://doi.org/10.1371/journal.pone.0190730
https://doi.org/10.1016/j.animal.2020.100024
https://doi.org/10.1371/journal.pone.0167343


13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On ³The role of emerging economies in global food security´ 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 4 

 Figure 1: Feed ingredients contribution to 
(a) feed protein, (b) lipid, and (c) starch 
contents for the C-diet (left) and ECO-diet 
(right). 
 

 

Figure 2. Mean body weight of fish fed the 
C-diet and ECO-diet during the 84-day 
experiment. 

C-diet ECO-diet 
  

R² = 0.97 R² = 0.98 

 

Figure 3: Relative environmental impacts at 
the experimental facility gate and total feed 
intake, final body weight (BW), and initial 
BW of the C-diet and ECO-diet treatments. 
Results are represented as a percentage of 
the largest impact in each category. CC = 
climate change; NRE = non-renewable and 
fossil energy demand; AC = acidification; 
EU = eutrophication; LO = land occupation; 
NPPU = net primary production use; WD = 
water dependence; PD = phosphorus 
demand 
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Rationale and objectives 
Aquaculture is playing, and will continue to play, a significant role in boosting global fish 
production and in meeting rising demand for fishery products.  
Carvalho & Guillen (2021) state that fish accounts 20% of the animal protein consumed by humans 
globally. Due to the relevant contribution of fish to the global food provision, the aquaculture sector 
has been subject to a production increase of 527% from 1990 to 2018 (FAO,2020). Moreover, this 
sector is projected to be the prime source of seafood by 2030, as demand grows from the global 
middle class and wild capture fisheries approach their maximum take. In the Mediterranean Sea 
aquaculture is a particularly fast-growing sector, expanding approximately 5 % annually (Massa et 
al., 2017). 
 

 
Figure 1: World capture fisheries and aquaculture production by environment 1990 ± 2019 (FAO, 2020). 

A further shift towards alternative diets, such as pescatarian diet, has the potential to reduce global 
agricultural greenhouse gas emissions and help prevent diet-related diseases (Tilman & Clark, 
2014). Thus, aquaculture could contribute to the overall objective of filling the gap between EU 
consumption and production of seafood.  
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In 2019 there was a production of over 2 million fish tones in the Mediterranean from which 43% 
was aquaculture production. Among the main cultivated species in the Mediterranean aquaculture 
sector are: Gilthead seabream (Sparus aurata) and European seabass (Dicentrarchus labrax), with 28% 
and 25% of the total production in weight (34% and 30% in value) respectively (FAO, 2020). 
However, in order to stay within planetary boundaries and considering the huge growth expected for 
aquaculture products, specific actions to be more sustainable and to mitigate the environmental 
impacts linked to this sector are required. Product Environmental Footprint (PEF) 
(COM2013/179/EU) appears as a suitable tool for assessing the sustainability of aquaculture 
products, although this methodology has also some gaps that needs to be faced, such as the 
inclusion of specific impact categories for assessing marine impacts. 
Within this framework in 2018 the AQUAPEF project (LIFE17 ENV/ES/000193) was launched 
with the aim to validate the usefulness of the PEF methodology to assess the potential 
environmental benefits arisen from the implementation of different environmental improvement 
strategies in Mediterranean Marine Fish Farms, more specifically in Eastern Mediterranean (Aegean 
sea). 
The Mediterranean Sea is subjected to the relevant European legislation that commits the European 
Union member states to secure a good qualitative and quantitative status for all their water bodies, 
following the Water Framework Directive (WDF; 200/60/ec). WFD constitutes of a set of 
descriptors that is used to cover the ecological, physical, chemical and anthropogenic components 
that define an ecosystem¶s status. Based on the WFD, various ecological parameters were measured 
in situ and the most relevant ones were suggested to complement LCA results to make the PEF 
more integrative and reliable.  
 
Approach and methodology 
A stepwise approach was used to measure the benefits in the Environmental Footprint resulted from 
the implementation of environmental strategies in two different aquaculture farming sites located in 
Eastern Mediterranean, specifically in the Aegean Sea, one site in the north and one in the south. 
Both sites are located near the coastline, the production system is Open Net-pen and the specie 
selected for the study was seabass. 
First, the potential environmental impact related to the production of farmed seabass was measured 
according to the First Open Public Consultation version of Marine Fish Product Environmental 
Footprint Category Rules (Marine Fish PEFCR) (draft v1), released July 30th 2021. The fish value 
chain considered by Marine Fish PEFCR consist of the full Life Cycle (Cradle-to-Grave) of 1 kg of 
consumed packed edible unprocessed marine fish. The phases considered are feed production, 
juvenile production, fish growing stage (sea-cages), preparation (degutting, filleting and packaging), 
distribution, retailer storage, consumer and End of Life (EoL). For this study, the last three stages 
were not included because they are not within the aquaculture companies scope and the data used 
are default values. 
Second, main causes and origins of the seabass environmental footprint were identified and the 
specific environmental improvements strategies were selected and implemented in two different 
aquaculture companies.  
Third, the environmental impact calculation was performed considering the implemented 
improvements in seabass cages of Marine Fish Farms studied.  
Finally, a comparison of the results for environmental impacts without and with environmental 
improvements was carried out to assess the success of those implementations in the seabass farms 
studied and consequently, in the Aquaculture of Mediterranean Sea. 
Apart from that, since traditional LCA approaches do not consider ecological parameters in their 
estimation of marine environmental footprint, ecological parameters were proposed to obtain a 
better understanding of the Aquaculture sector environmental behavior. For this purpose, the 
ecological quality of the water and sediment adjacent to fish farms was assessed by sample analysis 
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(inorganic, organic and dissolved nutrients concentrations, dissolved oxygen concentration, CO2 
concentration, Chlorophyll-a and physiological parameters for the water column, nutrients and 
metals sinking capacity, redox potential and physiological parameters for sediments). Afterwards, 
the most suitable parameter to complement LCA results was identified between marine researchers 
and LCA practitioners. 
 
Results and discussion 
The environmental impacts of 1 kg of packed fresh edible Mediterranean aquaculture seabass, head 
on, delivered to retailer (cradle to gate) are presented in the Figure 2. For the assessment, primary 
data has been collected from two aquaculture companies located in the Aegean Sea (Eastern 
Mediterranean) and their suppliers for the operational years 2018 and 2021. And, Ecoinvent 3.5. and 
commercial databases are used for background datasets.  
Main consumables and infrastructure for operation of every step of the life cycle are included. 
However, the vaccines which could have a negative impact in the environment are out of the scope 
due to lack of databases. The International reference Life Cycle Data system (ILCD) methodology, 
released by the Joint Research Centre in 2012, and  the software SimaPro 9. are used for the study. 
 

 
Figure 2. Potential environmental impacts related to the production of 1kg packed fresh edible seabass farmed in the Eastern 

Mediterranean Sea, head on and deliver to retailer. 

 
Feed production phase is by far the major responsible for most of the impacts assessed for seabass 
farmed products in the Mediterranean Sea. However, fish growing stage must be highlighted due to 
marine eutrophication impacts, as non-ingested feed and the actual metabolism of fish (i.e. feed 
feces or egestion) lead to large organic and inorganic loading to the environment. 
There are several environmental improvement strategies identified for impact reduction in the 
Mediterranean fish farms focused on these hot-spots: i) incorporate environmentally friendly feed 
ingredients in diets, ii) optimization of feed demand with automatic feeders, iii) optimization of feed 
demand with online-connected cameras and sensors and iv) reduction of fish load in cages, among 
others.  
In this study, in order to further explore the impact of feeds in fish farming areas, improvements in 
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management practices are implemented in two Mediterranean aquaculture companies. Thus, the 
comparison of the environmental footprint of seabass production before and after the 
implementation of improvements in sea farms has shown positive results.  
On the one hand, the implementation of automatic feeders for the optimization of feed demand 
shows a reduction of 9 % in Climate Change (kg CO2 eq.), 2 % in Marine Eutrophication (kg N eq.) 
and 16 % in Land Use (Pt), among others. And on the other hand, the installation of online-
connected cameras and sensors in sea-cages to optimize feed demand allows a decrease of 18 % in 
Climate Change (kg CO2 eq.), 7 % in Marine Eutrophication (kg N eq.) and 40 % in Land Use (Pt), 
among others. Therefore, minimizing feed wastage and organic loads with these strategies could 
obtain a reduction in the environmental impact. 
Apart from that, the environmental assessment of the marine ecosystem quality around two fish 
farms located in Eastearn Mediterranean sea, with and without improvements, has indicated 
potential water column parameters that could complement LCA approaches.  
The differences between the Improvement, non-improvement and control stations were assessed by 
Analysis of Variance (ANOVA) and indicated  that between them, the parameters that differed were 
the inorganic nutrient concentrations (particularly ammonium , MS=3.8,F=4.8, P < 0.001), the 
concentrations of dissolved phosphorus (df=5, MS=0.03, F= 2.8, P < 0.05) and dissolved nitrogen  
(df=5, MS=3.0, F= 2.3, P < 0.05 ) and the concentration of particulate organic phosphorus (df=5, 
MS=1.0,F=5, P < 0.001). Values of these abiotic parameters were higher in stations close to fish 
farms comparing to the control sites (post hoc Tukey test, P < 0.05) at both locations in the 
Mediterranean.  
Consequently, these parametes seem to be the most relevant to evaluate fish farm ecological impact. 
These are included in formulas for the calculation of ecological eutrophication indicators such as 
trophic index TRIX (Vollemweider et al. 1998) and eutrophication index EI (Primpas et al. 2010)  
that show the highest potential of incorporation in the current LCA approaches. These parameters 
can complement the PEF calculation in relation to the impact in marine eutrophication and the 
contribution of implemented ecological improvements to its reduction. 
 
Conclusions 
- Focusing efforts on implementing improvements related to fish feeding is effective to reduce the 

environmental footprint of marine aquaculture production. 
- Complementing the LCA study with water column ecological parameters could widen the scope 

of the environmental sustainability assessed.  
 
References 

FAO. 2020. The State of World Fisheries and Aquaculture 2020. Sustainability in action. Rome. 
Massa, F., Onofri, L., Fezzardi, D., 2017. Aquaculture in the Mediterranean and the black 

sea: a blue growth perspective. pp. 93±123.In:Handbook on the Economics and Management of 
Sustainable Oceans. Paulo, A.L.D., Lisa Emelia, S., Anil, M. (Eds.). Edward Elgar-UnEnvironment. 

Tilman D. & Clark, M. (2014). Global diets link environmental sustainability and human health. 
Nature 515(7528): 518-522. 

Vollenweider, R.A., Giovanardi, F., Montanari, G., Rinaldi, A., (1998). Characterization of the 
trophic conditions of marine coastal waters with special reference to the NW Adriatic Sea. Proposal 
for a trophic scale, turbidity and generalized water quality index. Environmetrics,9, 329-348 

Primpas, I. Tsirtsis, G., Karydis, M., Kokkoris, G.D.D., (2010). Principal component analysis: 
development of multivariate index for assessing eutrophication according to the European water 
framework directive. Ecol. Indic. 10, 178-183 

Carvalho, N. & Guillen, J. (2021). Aquaculture in the Mediterranean. IEMed. Mediterranean 
Yearbook 2021, 276(503): 276-281 

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

 
3RWHQWLDOV�DQG�FKDOOHQJHV�RI�QRYHO�IHHG�LQSXWV�LQ�VDOPRQLG�GLHWV 

 
<DQQLF�:RFNHQ
��0RULW]�+HPSHO��0DUNXV�/DQJHODQG��)ULHGHULNH�=LHJOHU� 

 
5,6(�5HVHDUFK�,QVWLWXWHV�RI�6ZHGHQ��32�%R[��������������*RWKHQEXUJ��6ZHGHQ 
 
.H\ZRUGV��QRYHO�IHHG��/&$��PXVVHOV��VDOPRQLG��VHDZHHG��LQVHFW�PHDO 
 

&RUUHVSRQGLQJ�DXWKRU��7HO���������������� 
�(�PDLO�DGGUHVV��\DQQLF�ZRFNHQ#UL�VH� 
 
,QWURGXFWLRQ 
*OREDO�VDOPRQLG�DTXDFXOWXUH�KDV�LQ�WKH�ODVW����\HDUV�JURZQ�IURP�����WR�����PLOOLRQ�WRQV�RI�DQQXDO�
SURGXFWLRQ�ZKLOH�FDSWXUH�ILVKHULHV�ZKLFK�KDYH�EHHQ�VWDEOH�DW�DURXQG���PLOOLRQ�WRQV�GXULQJ�WKH�VDPH�
SHULRG��)$2��������:LWK�WKH�HPHUJHQFH�RI�QHZ�SURGXFLQJ�FRXQWULHV�DQG�WHFKQRORJLFDO�DGYDQFHV��WKH�
SURGXFWLRQ�YROXPH�LV�H[SHFWHG� WR�FRQWLQXH� WR� ULVH��$V�FDUQLYRURXV�VSHFLHV�� VDOPRQLGV�KDYH�D�KLJK�
GLHWDU\� UHTXLUHPHQW� IRU�SURWHLQV�DQG�KLJK�TXDOLW\�DPLQR�DFLGV��)XUWKHU�� WR� IXOO\�XWLOL]H� WKH�JURZWK�
SRWHQWLDO�PRVW�VDOPRQLGV�UHTXLUH�DQ�HQHUJ\�GHQVH�GLHW��ZLWK�D�KLJK�FRQWHQW�RI�RPHJD���IDWW\�DFLGV��
7KH�IHHG�IRU�VDOPRQLGV�LV�WR�D�ODUJH�H[WHQW�FRPSRVHG�RI�KLJK�TXDOLW\�SURWHLQ�LQJUHGLHQWV�DQG�OLSLGV��
WUDGLWLRQDOO\�RI�PDULQH�RULJLQ��$DV�HW�DO���������7KH�ZRUOG¶V�ODUJHVW�ILVKHU\��WKH�3HUXYLDQ�$QFKRY\�
�(QJUDXOLV�ULQJHQV��LV�PDLQO\�GHVWLQHG�WR�IHHG�IRU�WHUUHVWULDO�DQG�DTXDWLF�DQLPDOV��,Q�������FD������
WKRXVDQG�WRQQHV�OLYHZHLJKW�3HUXYLDQ�DQFKRY\�ZHUH�XVHG�LQ�$WODQWLF�VDOPRQ�IHHG�LQ�1RUZD\�DQG�&KLOH��
WKH�WZR�OHDGLQJ�SURGXFHUV�RI�IDUPHG�VDOPRQ�JOREDOO\��:LQWKHU�HW�DO��������)$2�������3HOOHWLHU�HW�DO��
�������$V�PRVW�PDULQH�UHVRXUFHV�DUH�DOUHDG\�H[SORLWHG�DW��RU�DERYH��WKHLU�PD[LPXP�FDSDFLW\��HIIRUWV�
KDYH� EHHQ� PDGH� WR� GHFRXSOH� DTXDFXOWXUH� IURP� WKHVH� OLPLWHG� UHVRXUFHV� DQG� PDULQH� LQSXWV� KDYH�
SULPDULO\�EHHQ�UHSODFHG�E\�VR\�SURWHLQ�FRQFHQWUDWH��$DV�HW�DO�������� 
 
5HFHQWO\��PXFK�DWWHQWLRQ�KDV�EHHQ�JLYHQ�QRYHO�IHHG�LQJUHGLHQWV��DV�WKHVH�DUH�WKRXJKW�WR�HQDEOH�WKH�
VDOPRQLG� LQGXVWU\� WR� JURZ� PRUH� VXVWDLQDEO\�� ZKLOH� PHHWLQJ� WKH� UHTXLUHPHQWV� RI� ERWK� ILVK� DQG�
FRQVXPHU��,QVHFW�ODUYDH��DOJDH��VHD�VTXLUWV��EOXH�PXVVHOV�DQG�WKH�XWLOL]DWLRQ�RI�VLGH�VWUHDPV�WR�SURGXFH�
PLFURELDO�IHHG�LQJUHGLHQWV�DOO�UHSUHVHQW�LQWHUHVWLQJ�IHHG�DOWHUQDWLYHV�IRU�VDOPRQLGV�� 
6LQFH�EOXH�PXVVHOV��VHD�VTXLUWV�DQG�VHDZHHG�FDQ�EH�IDUPHG�ZLWKRXW�DQ\�H[WHUQDO�LQSXWV�RI�IHHG�RU�
IHUWLOL]HUV�� WKHLU� FXOWLYDWLRQ� KDV� D� UHODWLYHO\� VPDOO� HQYLURQPHQWDO� LPSDFW� RQ� D�PDVV� EDVLV�� DQG� WKH�
QXWULWLRQDO�FRPSRVLWLRQ�FRXOG�RIIHU�DQ�LQWHUHVWLQJ�DOWHUQDWLYH�VRXUFH�RI�SURWHLQ��7KHLU�H[WUDFWLYH�QDWXUH�
FDQ�HYHQ�KHOS�PLWLJDWH�ORFDO�HXWURSKLFDWLRQ��+RZHYHU��WKHUH�DUH�NQRZOHGJH�JDSV�ZKHQ�LW�FRPHV�WR�
WKHLU�IXQFWLRQ�DV�DQLPDO�IHHGV� 
,QVHFWV�� RU� VSHFLILFDOO\� LQVHFW� ODUYDH�� DUH� DQRWKHU� VRXUFH� RI� SURWHLQ� ZKLFK� KDV� JDLQHG� LQFUHDVLQJ�
DWWHQWLRQ�IRU�WKHLU�SRWHQWLDO�XVH�LQ�ILVK�IHHGV��,QVHFW�UHDULQJ�UHTXLUHV�FRPSDUDWLYHO\�OLWWOH�VSDFH�DQG�
HQHUJ\��WKH�UHTXLUHPHQWV�IRU�IHHG�TXDOLW\�DUH�ORZ��DOORZLQJ�WKH�XVH�RI�IRRG�LQGXVWU\�VLGH�VWUHDPV�OLNH�
H�J��SRWDWR�SHHO��DQG�WKH�IHHG�LV�YHU\�HIILFLHQWO\�FRQYHUWHG�WR�ELRPDVV�GXH�WR�EHLQJ�HFWRWKHUPLF�DQLPDOV�
�7KHYHQRW�HW�DO�������� 
 
+HUH�ZH�SUHVHQW�UHVXOWV�IURP�WZR�GLIIHUHQW�IHHG�WULDOV��D�JURZ�RXW�WULDO�RI�UDLQERZ�WURXW��2QFKRUK\QFXV�
P\NLVV��DQG�D�MXYHQLOH�IHHG�WULDO�RQ�$WODQWLF�VDOPRQ��6DOPR�VDODU�� 
 
0HWKRGV 
7KH�UDLQERZ�WURXW�IHHG�WULDO�LQYHVWLJDWHG�WKH�SRVVLELOLW\�RI�JURZLQJ�WURXW�EDVHG�RQ�D�IHHG�ZKLFK�XWLOL]HV�
SUHGRPLQDWHO\� 6ZHGLVK� LQJUHGLHQWV�ZLWK� WKH� DLP� RI� SURGXFLQJ� �� WRQQHV� RI� ILVK� WR� EH� VROG� WR� WKH�
FRQVXPHU�PDUNHW��7KH� ILVK�ZHUH� IHG� D� GLHW� FRQVLVWLQJ� RI� SURWHLQV� IURP� LQVHFW� ODUYDH� �PHDOZRUP�
�7HQHEULR�PROLWRU��DQG�EODFN�VROGLHU� IO\� �+HUPHWLD� LOOXFHQV��� UHDUHG�RQ� IRRG�ZDVWH��PDULQH� LQSXWV�

���

mailto:yannic.wocken@ri.se


��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

IURP�$WODQWLF�KHUULQJ��&OXSHD�KDUHQJXV��DQG�(XURSHDQ�VSUDW��6SUDWWXV�VSUDWWXV��ILVKHG�LQ�WKH�%DOWLF�
6HD�DQG�PHDOV�IURP�WKH�VHD�VTXLUW��&LRQD�LQWHVWLQDOLV��DQG�EOXH�PXVVHO��0\WLOXV�HGXOLV��IDUPHG�LQ�WKH�
1RUGLF� FRXQWULHV� �7DEOH� ���� &RPSDUHG�ZLWK� LQGXVWU\� VWDQGDUG� IHHG�� WKH� QRYHO� UDLQERZ� WURXW� IHHG�
LQFOXGHG�D�PXFK� ORZHU�VKDUH�RI�SODQW�EDVHG� LQJUHGLHQWV� �QRYHO������YV��FRQYHQWLRQDO��������DQG�
VLPLODU�LQFOXVLRQ�RI�PDULQH�IHHG�LQSXWV������YV�������:LQWKHU�HW�DO����������,QVHFW�PHDOV�ZHUH�XVHG�
WR�EULGJH�WKH�JDS�OHIW�E\�ORZ�SODQW�EDVHG�LQJUHGLHQW�LQFOXVLRQ��7KLV�H[SHULPHQWDO�IHHG�IRUPXODWLRQ�
ZDV�WHVWHG�WR�FRPSDUH�LWV�SHUIRUPDQFH�LQ�ILVK�KHDOWK�DQG�JURZWK�WR�FRPPHUFLDOO\�DYDLODEOH�IHHGV�LQ�D�
JURZ�RXW�H[SHULPHQW��� 
 
7DEOH����([SHULPHQWDO�IHHG�IRUPXODWLRQ�IRU�WKH�UDLQERZ�WURXW�IHHG�WULDO 
/ŶŐƌĞĚŝĞŶƚ й�ƐŚĂƌĞ 
DĞĂůǁŽƌŵ�ŵĞĂů ���� 
�ůĂĐŬ�ƐŽůĚŝĞƌ�ĨůǇ�ŵĞĂů ���� 
�ŝŽŶĂ�ŵĞĂů ��� 
�ůƵĞ�ŵƵƐƐĞů�ŵĞĂů ��� 
&ŝƐŚ�ŵĞĂů ���� 
&ŝƐŚ�Žŝů ���� 
sĞŐĞƚĂďůĞ�ŵĞĂůƐ ���� 
sĞŐĞƚĂďůĞ�Žŝů ���� 
DŝĐƌŽ�ŝŶŐƌĞĚŝĞŶƚƐ ��� 

 
,Q�WKH�VHFRQG�WULDO��WKH�DLP�ZDV�WR�LQYHVWLJDWH�WKH�HIIHFWV�RQ�ILVK�KHDOWK�DQG�JURZWK�RI�LQFOXGLQJ�ORZ�
WURSKLF� VSHFLHV� LQWR�$WODQWLF� VDOPRQ� IHHG� DV� D� UHSODFHPHQW� RI� ILVK� PHDOV�� /RFDOO\� IDUPHG� NHOS�
�6DFFKDULQD�ODWLVVLPD��DQG�EOXH�PXVVHOV�ZHUH�FKRVHQ�DV�IHHG�LQJUHGLHQWV�GXH�WR�WKHLU�ORZ�LPSDFW�DQG�
SRWHQWLDO�IRU�XSVFDOHG�SURGXFWLRQ�� 
,Q�WRWDO�VHYHQ�GLIIHUHQW�IHHG�IRUPXODWLRQ�ZHUH�WHVWHG��)RXU�IHHGV�FRQWDLQLQJ�IHUPHQWHG�NHOS�DW�D���±�
���LQFOXVLRQ�UDWH�DQG�WKUHH�IHHGV�FRQWDLQLQJ�VLODJH�PDGH�IURP�EOXH�PXVVHOV�������DQG�����LQFOXVLRQ��
DV�D�ILVKPHDO�UHSODFHPHQW��7DEOH�����7KHVH�QRYHO�IHHG�IRUPXODWLRQV�ZHUH�WHVWHG�LQ�D�IHHG�WULDO�ZLWK�
MXYHQLOH��VPROW�VWDJH��$WODQWLF�VDOPRQ�DQG�FRPSDUHG�WR�D�FRQWURO�JURXS�RI�ILVK�UHDUHG�RQ�DQ�LQGXVWU\�
VWDQGDUG�IHHG�� 
 
7DEOH����([SHULPHQWDO�IHHG�IRUPXODWLRQ�IRU�WKH�$WODQWLF�VDOPRQ�IHHG�WULDO��,QFOXVLRQ�UDWHV�DUH�VWDWHG�
LQ�SHUFHQW��  

^ĞĂǁĞĞĚ�&ĞĞĚƐ 
  

�ůƵĞ�DƵƐƐĞů�&ĞĞĚƐ 
 

 
6:� 6:� 6:� 6:� %0� %0� %0�� 

&ŝƐŚ�Žŝů ���� ���� ���� ���� ���� ���� ���� 
&ŝƐŚŵĞĂů ���� ���� ���� ���� ���� ���� ���� 
sĞŐĞƚĂďůĞ�ŵĞĂůƐ ���� ���� ���� ���� ���� ���� ���� 
sĞŐĞƚĂďůĞ�Žŝů ���� ���� ���� ���� ���� ���� ���� 
DŝĐƌŽ�ŝŶŐƌĞĚŝĞŶƚƐ ��� ��� ��� ��� ��� ��� ��� 
^ĞĂǁĞĞĚ�ƐŝůĂŐĞ ��� ��� ��� ��� � � � 
�ůƵĞ�ŵƵƐƐĞů�ƐŝůĂŐĞ � � � � ��� ��� ���� 
 
 
$OO�IHHG�LQJUHGLHQWV�DQG�FRPSOHWH�IHHGV�ZHUH�PRGHOOHG�XVLQJ�PDVV�DOORFDWLRQ�DQG�FKDUDFWHUL]DWLRQ�
IDFWRUV�IURP�WKH�,3&&������UHSRUW������\HDU�WLPH�KRUL]RQ��ZHUH�XVHG�WR�FDOFXODWH�WKH�JOREDO�ZDUPLQJ�
SRWHQWLDO��*:3��� 
 

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
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 � 

5HVXOWV 
:H�SUHVHQW�/&$�UHVXOWV� IRU� WKHVH� WZR� WULDOV�XVLQJ�QHZ�GDWD� IRU�NH\�QRYHO� IHHG� LQJUHGLHQWV� �EODFN�
VROGLHU�IO\�ODUYDH��PHDOZRUPV��PXVVHO�VLODJH�DQG�IHUPHQWHG�VHDZHHG��FRPSOHPHQWHG�ZLWK�H[LVWLQJ�
GDWD�IRU�FRQYHQWLRQDO�LQJUHGLHQWV��:H�SUHVHQW�GLIIHUHQFHV�LQ�WKH�HQYLURQPHQWDO�SHUIRUPDQFH�RI�WKH�
WHVWHG�IHHGV�WKHPVHOYHV�DV�ZHOO�DV�RI�VDOPRQLGV�IHG�ZLWK�WKH�QRYHO�IHHGV�FRPSDUHG�WR�WKRVH�IHG�ZLWK�
FRQYHQWLRQDO�IHHG� 

 
*UDSK����*OREDO�ZDUPLQJ�SRWHQWLDO�RI�QRYHO�IHHG�LQJUHGLHQWV��WRS��FRPSDUHG�WR�WZR�FRPPRQ�IHHG������ 
 ���LQJUHGLHQWV��ERWWRP� 
 
)RU�ERWK�WKH�VHDZHHG�VLODJH�DQG�EOXH�PXVVHO�VLODJH�WKH�FXOWLYDWLRQ�SKDVH�DFFRXQWV�IRU�PRVW�RI�WKH�
FDUERQ� GLR[LGH� HPLVVLRQV�� 3URGXFLQJ� HQVLODJH� GRHV� QRW� UHTXLUH� H[WHQVLYH� SURFHVVLQJ� VWHSV� DIWHU�
KDUYHVW�PDNLQJ�LW�D�YHU\�HIILFLHQW�PHWKRG� 
,QVHFW� ODUYDH� KDYH� WKHLU� JOREDO�ZDUPLQJ� SRWHQWLDO� KRWVSRWV� LQ� WKH� IHHG� DQG� HOHFWULFLW\� XVH� GXULQJ�
UHDULQJ�DQG�GU\LQJ��3DUW�RI�WKH�IHHG�XVHG�LQ�IDUPLQJ�WKH�ODUYDH�DQDO\]HG�LQ�WKLV�VWXG\�ZDV� LQGXVWU\�
VLGH�VWUHDPV�LQ�WKH�IRUP�RI�XQVROG�YHJHWDEOHV��EODFN�VROGLHU�IO\�ODUYDH��DQG�SRWDWR�SHHO��PHDOZRUPV���� 
 
$SSO\LQJ�WKLV�WR�WKH�ZKROH�IHHG�SHUVSHFWLYH�ZH�IRXQG�WKDW�ERWK�IHHGV�ZLWK�QRYHO�IHHG�LQJUHGLHQWV�KDG�
ORZHU�*:3�WKDQ�WKH�FRPPHUFLDO�IHHG�XVHG�LQ�WKH�VWXGLHV��7KH�6ZHGLVK�H[SHULPHQWDO�IHHG�KDG�����
WLPHV�ORZHU�FDUERQ�HPLVVLRQV�SHU�NJ�WKDQ�WKH�FRPPHUFLDO�UDLQERZ�WURXW�IHHG��7KLV�ODUJH�GLIIHUHQFH�
FDQ�EH�SDUWO\�DFFUHGLWHG�WR�WKH�XVH�RI�EORRGPHDO�LQ�WKH�FRQWURO�IHHG�ZKLFK�KDG�D�ODUJH�FRQWULEXWLRQ�
XVLQJ�PDVV�DOORFDWLRQ��%RWK�$WODQWLF�VDOPRQ�IHHGV�VKRZHG�GHFUHDVLQJ�FDUERQ�HPLVVLRQV�ZLWK�ULVLQJ�
LQFOXVLRQ�RI�EOXH�PXVVHO�RU�VHDZHHG�VLODJH��&RPSDUHG�WR�WKH�FRQWURO�IRUPXODWLRQ�WKH�VHDZHHG�IHHG�
KDG� ���� WR� ����� ORZHU� JOREDO� ZDUPLQJ� SRWHQWLDO� DQG� WKH� EOXH�PXVVHO� IHHG� VKRZHG� D� GHFUHDVH�
EHWZHHQ����DQG�������� 
 
)RU�UDLQERZ�WURXW��WKH�H[SHULPHQWDO�GLHW�ZDV�HIILFLHQW�DQG�OHG�WR�HTXDO�RXWFRPHV�LQ�WHUPV�RI�JURZWK�
DQG�KHDOWK�FRPSDUHG�WR�WKH�FRQYHQWLRQDO�IHHG��)XUWKHU�WHVWLQJ�RI�VHQVRU\�TXDOLW\�RI�ILOHWV�VKRZHG�QR�
GLIIHUHQFH�EHWZHHQ�WKH�WZR�JURXSV� 
7KH�IHHGLQJ�WULDO�ZLWK�VDOPRQ�KDV�VKRZQ�WKDW�WKH�UHSODFHPHQW�RI�ILVKPHDO�ZLWK�VHDZHHG��RU�PXVVHO�
VLODJH�KDV�D�QHJDWLYH�LPSDFW�RQ�WKH�ILVK¶V�JURZWK�SHUIRUPDQFH��7KXV��FRPSDUHG�WR�FRQYHQWLRQDO�IHHGV��
SRWHQWLDO� HQYLURQPHQWDO� EHQHILWV� RI� WKH� QRYHO� LQJUHGLHQWV�ZRXOG� QHHG� WR� EH� SXW� LQ� UHODWLRQ� WR� WKH�
LQFUHDVHG� DPRXQW� RI� IHHG� QHHGHG� WR� UHDFK� JURZ� RXW� VWDJH� DV� ZHOO� DV� WKH� SURORQJHG� XVH� RI� IDUP�
LQIUDVWUXFWXUH� 
 
 

4.52

0.43

0.768

1.49

0.31

0.13

0 1 2 3 4 5

Soybean meal (solvent) /BR

Fishmeal (Anchovie) /PE

BSF larvae (dried and packaged)

Mealworm (dried and packaged)

Seaweed silage

Blue mussel silage

kg CO2 eq/kg
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2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
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 � 

'LVFXVVLRQ 
 
7KH�6ZHGLVK�IHHG�WULDO�VKRZHG�WKDW�IDUPLQJ�UDLQERZ�WURXW�EDVHG�RQ�ORFDO��6FDQGLQDYLDQ�LQJUHGLHQWV�
LV�SRVVLEOH�ZLWKRXW�QHJDWLYH�LPSDFW�RQ�ILVK�JURZWK�DQG�QXWULHQW�SURILOH��$GGLWLRQDO�EHQHILWV�RI� WKH�
FLUFXODU�DSSURDFK�DUH�WKH�LQFUHDVHG�XWLOL]DWLRQ�RI�ZDVWH�VWUHDPV�DQG�WKH�SRWHQWLDO�IRU�FORVLQJ�QXWULHQW�
ORRSV�LQ�D�JHRJUDSKLF�DUHD��7KH�%DOWLF�6HD�LV�IDFLQJ�LQFUHDVLQJ�HXWURSKLFDWLRQ�SUREOHPV�VR�F\FOLQJ�
QXWULHQWV�ZLWKLQ�WKH�VDPH�ZDWHUVKHG�FDQ�ORZHU�ILVK�IDUPLQJ¶V�FRQWULEXWLRQ�WR�WKLV�SUREOHP� 
 
7KH�QRYHO�$WODQWLF�VDOPRQ�IHHGV�KDG�D�ORZHU�FDUERQ�IRRWSULQW�WKDQ�WKH�FRQWURO�IHHG�IRUPXODWLRQV��EXW�
WKLV�DGYDQWDJH�ZDV�RIIVHW�E\�WKH�ORZHU�JURZWK�UDWH�RI�WKH�ILVK��7KH�VHDZHHG�ZDV�LQFOXGHG�DW�YHU\�ORZ�
LQFOXVLRQ� UDWHV� DQG� VWLOO� DIIHFWHG� JURZWK� UDWHV� QHJDWLYHO\��'HVSLWH� FRQWDLQLQJ� KLJK� OHYHOV� RI�PDQ\�
PLFUR�QXWULHQWV��WKHUH�DUH�TXHVWLRQ�PDUNV�UHJDUGLQJ�WKHLU�ELRDYDLODELOLW\�LQ�VHDZHHG��7KH�VDPH�LV�WUXH�
IRU�XQGHVLUDEOH�VXEVWDQFHV�OLNH�KHDY\�PHWDOV�LQ�NHOS��ZKHUH�ORZ�ELRDYDLODELOLW\�ZRXOG�EH�GHVLUDEOH��
%OXH�PXVVHOV�KDYH�D�QXWULHQW�FRPSRVLWLRQ�WKDW�LV�PRUH�VLPLODU�WR�ILVK�PHDO�ZKLFK�IDYRUV�LW�LQ�XVH�DV�D�
UHSODFHPHQW� IRU� ILVKPHDO�DQG�RU�RWKHU�SURWHLQ� LQJUHGLHQWV� LQ� IHHGV� IRU� VDOPRQLGV��:KHQ� UHSODFLQJ�
ILVKPHDO�RU�ILVK�RLO�IRU�DOWHUQDWLYH�LQJUHGLHQWV�RIWHQ�D�KLJKHU�LQFOXVLRQ�RI�VR�FDOOHG�PLFUR�LQJUHGLHQWV�
�H�J�� YLWDPLQV��PLQHUDOV�� DPLQR� DFLGV�� SLJPHQWV�� LV� QHHGHG��7KHVH� DUH� XVHG� WR� IXOILOO� WKH� QXWULHQW�
UHTXLUHPHQWV�RI�WKH�ILVK��VXSSO\�KHDOWK�SURPRWLQJ�VXEVWDQFHV�DQG�DFKLHYH�DGHTXDWH�SDODWDELOLW\�RI�WKH�
IHHG�WR�PDLQWDLQ�D�KLJK�IHHG�LQWDNH��6RPH�PLFUR�LQJUHGLHQWV�FDUU\�D�KLJK�HQYLURQPHQWDO�EXUGHQ�DQG�
FDQ�FRQWULEXWH�WR�FDQFHOLQJ�RXW�WKH�HQYLURQPHQWDO�EHQHILWV�RI�QRYHO�IHHG�LQJUHGLHQWV��$�OLPLWDWLRQ�RI�
WKLV�VWXG\�ZDV�RQO\�WHVWLQJ�WKH�MXYHQLOH�OLIH�VWDJH��7R�REWDLQ�UHVXOWV�PRUH�DSSOLFDEOH�WR�UHDOLVWLF�IDUPLQJ�
VFHQDULRV� IXWXUH� UHVHDUFK� VKRXOG� IRFXV� RQ� H[SHQGLQJ� WKH� WULDO� SHULRG� WR� FRYHU� WKH� VDOPRQV�ZKROH�
OLIHF\FOH�IURP�KDWFKLQJ�WR�VODXJKWHU�� 
 
$�SRWHQWLDO�LVVXH�RI�DOO�QRYHO�IHHG�LQJUHGLHQWV�DVVHVVHG�LQ�WKH�WZR�VWXGLHV�LV�VFDODELOLW\�RI�SURGXFWLRQ�
WR� UHDFK� WKH� UHTXLUHG� YROXPHV� ZKLFK� ZRXOG� HQDEOH� IXUWKHU� JURZWK� RI� WKH� VDOPRQLG� DTXDFXOWXUH�
LQGXVWU\��(VSHFLDOO\�WKH�6ZHGLVK�QRYHO�IHHG�LQJUHGLHQWV�DUH�VRXUFHG�IURP�SLORW�VFDOH�SURGXFWLRQ�ZKLFK�
PDNHV�D�GLUHFW�DSSOLFDWLRQ�RI�RXU�UHVXOWV�WR�XSVFDOH�VFHQDULRV�PRUH�LQVHFXUH��$GGLWLRQDOO\��PRVW�QRYHO�
IHHG� LQJUHGLHQWV� UHTXLUH�D�KLJKHU�GHJUHH�RI� ODERU�DQG�PDWHULDO� LQSXW� WKDQ� WKH�YHU\�HIILFLHQW� IRUDJH�
ILVKHULHV��7KLV�PHDQV�WKDW�SULFHV�DUH�OLNHO\�WR�EH�KLJKHU�DQG�WKHUH�LV�FXUUHQWO\�QR�ILQDQFLDO�LQFHQWLYH�
IRU�WKH�IHHG�SURGXFHUV�WR�VZLWFK�WR�QRYHO�IHHG�LQJUHGLHQWV�� 
 
 
 
5HIHUHQFHV 
$DV��7���<WUHV¡\O��7���cVJnUG��%���������³8WLOLVDWLRQ�RI�IHHG�UHVVRXUFHV�LQ�WKH�SURGXFWLRQ�RI�$WODQWLF�
VDOPRQ��6DOPR�VDODU��LQ�1RUZD\��$Q�XSGDWH�IRU�����´�$TXDFXOWXUH�UHSRUWV��������±��� 
 
)$2�ILVKHULHV�DQG�DTXDFXOWXUH�VWDWLVWLFV� �������$YDLODEOH�DW��KWWSV���ZZZ�IDR�RUJ�ILVKHU\�VWDWLVWLFV�
TXHU\�HQ�KRPH�>$FFHVVHG�����������@ 
 
 
3HOOHWLHU�� 1��� 7\HGPHUV�� 3��� 6RQHVVRQ�� 8�� ������� ³1RW� DOO� VDOPRQ� DUH� FUHDWHG� HTXDO�� /LIH� F\FOH�
DVVHVVPHQW��/&$��RI�JOREDO�VDOPRQ�IDUPLQJ�V\VWHPV´�(QYLURQPHQWDO�6FLHQFH�DQG�7HFKQRORJ\������
������������ 
 
7KHYHQRW��$���5LIYHUD��-���:LOIDUW��$���0DLOODUG��)���+DVVRXQD��0���6HQJD�.LHVVH��7���/H�)HRQ��6���$XELQ��
-���������´�0HDOZRUP�PHDO�IRU�DQLPDO�IHHG��(QYLURQPHQWDO�DVVHVVPHQW�DQG�VHQVLWLYLW\�DQDO\VLV�WR�
JXLGH�IXWXUH�SURVSHFWV´�-RXUQDO�RI�&OHDQHU�3URGXFWLRQ� 
 

���
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������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

:LQWKHU��8���6NRQWRUS�+RJQHV��(���-DIDU]DGHK��6���=LHJOHU��)���������³*UHHQKRXVH�JDV�HPLVVLRQV�RI�
1RUZHJLDQ�VHDIRRG�SURGXFWV�LQ�����´�6LQWHI�UHSRUW����������� 
 
 

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
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 � 

 
 

$SSO\LQJ�PXOWL�QXWULHQW�IXQFWLRQDO�XQLWV� 
 
 

9HQOD�.\WWl���2RQD�3LHWLOlLQHQ���$QQD�.nUOXQG���0DUMXNND�.ROHKPDLQHQ���7LLQD�3HOOLQHQ���$QQH�
0DULD�3DMDUL���0HUMD�6DDULQHQ� 

 
 

�1DWXUDO�5HVRXUFHV�,QVWLWXWH�)LQODQG��/XNH���+HOVLQNL��)LQODQG 
�8QLYHULVW\�RI�(DVWHUQ�)LQODQG��.XRSLR��)LQODQG 
�8QLYHUVLW\�RI�+HOVLQNL��+HOVLQNL��)LQODQG 
 
 
.H\ZRUGV��Q/&$��QXWULHQW�LQGH[��SURWHLQ�ULFK�IRRGV��QXWULWLRQDO�IXQFWLRQDO�XQLW� 
 

&RUUHVSRQGLQJ�DXWKRU��7HO������������������ 
�(�PDLO�DGGUHVV��PHUMD�VDDULQHQ#OXNH�IL 
 
 
:KHQ�ORRNLQJ�IRU�VROXWLRQV�WR�UHGXFH�WKH�HQYLURQPHQWDO�LPSDFW�RI�IRRG��WKH�LQWHJUDWLRQ�RI�QXWULWLRQDO�
DQG�HQYLURQPHQWDO�DVSHFWV�EHFRPHV�HVSHFLDOO\�LPSRUWDQW��VXVWDLQDELOLW\�VKRXOG�EH�DFKLHYHG�LQ�D�ZD\�
WKDW� KXPDQ� QXWULWLRQ� ZRXOG� QRW� VXIIHU� ZKHQ� HQYLURQPHQWDO� LPSDFWV� DUH� UHGXFHG�� 'XH� WR� VHYHUDO�
HQYLURQPHQWDO�DQG�KHDOWK�LPSDFWV��D�WUDQVLWLRQ�WR�PRUH�SODQW�EDVHG�GLHWV�LQ�WKH�:HVWHUQ�FRXQWULHV�LV�
GHVLUDEOH��RQH�PDQLIHVWDWLRQ�RI�ZKLFK�LV�WKH�UHSODFHPHQW�RI�DQLPDO�VRXUFH�SURGXFWV� WR�SODQW�EDVHG�
DOWHUQDWLYHV��,W�UHTXLUHV�D�SURGXFW�VSHFLILF�LQIRUPDWLRQ�DQG�XQGHUVWDQGLQJ�RQ�WKH�VXEVWLWXWLRQ�LPSDFW�
WKDW�LQWHJUDWHV�ERWK�HQYLURQPHQWDO�DQG�QXWULWLRQDO�SHUVSHFWLYHV���$W�WKH�HQG�RI�ODVW�\HDU��)$2�SXEOLVKHG�
D� UHSRUW� RQ� WKH� EHVW� SUDFWLFHV� IRU� LQWHJUDWLQJ� QXWULWLRQ� LQ� /&$� RI� IRRG� LWHPV�� SURYLGLQJ� JHQHUDO�
JXLGHOLQHV� IRU� QXWULWLRQDO� /&$� �Q/&$�� PHWKRGRORJ\� �0F/DUHQ� HW� DO�� ������� +RZHYHU�� WKH�
PHWKRGRORJLFDO�DSSURDFKHV�UHPDLQ�YDU\LQJ�EHFDXVH��DV�LQ�DQ\�/&$��WKH�PHWKRGRORJLFDO�FKRLFHV�DUH�
GHSHQGHQW�RQ�WKH�JRDO�DQG�VFRSH�RI�WKH�VWXG\��LH�D�FRQWH[W�RI�WKH�DVVHVVPHQW�DQG�LQWHQGHG�XVDJH�RI�
WKH�UHVXOWV��6WLOO��WKH�XVH�RI�QXWULWLRQDO�IXQFWLRQDO�XQLWV��Q)8V��LV�D�NH\�VROXWLRQ�IRU�LQWHJUDWLQJ�QXWULWLRQ�
LQWR�WKH�/&$�DV�LW�VHHNV�WR�LQFRUSRUDWH�IRRG�IXQFWLRQDOLW\�LQWR�WKH�)8��7KLV�PHWKRG�KDV�EHHQ�GHYHORSHG�
RYHU�WKH�ODVW�\HDUV��6DDULQHQ�HW�DO��������0F$XOLIIH�HW�DO��������*UHHQ�HW�DO��������� 
 
7KH�SUDFWLFDO� LPSOHPHQWDWLRQ�RI�Q/&$�WKURXJK�SURGXFW�JURXS�VSHFLILF�Q)8V�LV�VWXGLHG�LQ�1(3*D�
SURMHFW� OHG� E\� 1DWXUDO� 5HVRXUFHV� ,QVWLWXWH� )LQODQG�� 7KH� SURMHFW� GHYHORSV� VFLHQWLILFDOO\� YDOLG�
PHWKRGRORJLHV� IRU� FRPELQLQJ� QXWULWLRQDO� IDFWRUV�ZLWK� HQYLURQPHQWDO� LPSDFWV� RI� IRRG� SURGXFWV� LQ�
YDULRXV�SURGXFW�JURXSV��7KH�SURMHFW
V�GHYHORSPHQW�ZRUN� WDNHV�SODFH� LQ�D�)LQQLVK� FRQWH[W��EXW� WKH�
VFLHQWLILF� SURFHGXUHV� FDQ� EH� LPSOHPHQWHG� DOVR� HOVHZKHUH�� ,Q� WKH� SURMHFW� WKH� PHWKRGRORJLFDO�
LQWHJUDWLRQ�RI�QXWULWLRQDO�TXDOLW\�LQWR�HQYLURQPHQWDO�DVVHVVPHQW�LV�GHYHORSHG�LQ�WKH�PXOWLGLVFLSOLQDU\�
SURMHFW� WHDP� LQFOXGLQJ� IRRG�� HQYLURQPHQW� DQG� QXWULWLRQ� VFLHQWLVWV� IURP� OHDGLQJ� )LQQLVK� UHVHDUFK�
LQVWLWXWHV�DQG�XQLYHUVLWLHV��7KH�ZRUN�KDV�EHHQ�FDUULHG�RXW�DV�LWHUDWLYH�GHYHORSPHQW�SURFHVV�LQ�FORVH�
FROODERUDWLRQ��WKURXJK�GLVFXVVLRQV�DQG�WHVW�DVVHVVPHQWV��:RUNVKRSV�DQG�VHPLQDUV�ZLWK�VWDNHKROGHUV�
KDYH�EHHQ�RUJDQL]HG�WR�FROOHFW�IHHGEDFN�RQ�YLHZV�RQ�XVDELOLW\�RI�WKH�PHWKRGRORJ\�DQG�FRPPXQLFDWLRQ�
RI�Q/&$�UHVXOWV�WR�FRQVXPHUV��,QGHHG��LQ�DGGLWLRQ�WR�PHWKRGRORJLFDO�GHYHORSPHQW��WKH�1(3*D�SURMHFW�
DLP� WR�EXLOGLQJ�D�EDVLV� IRU� D�SURGXFW� ODEHOOLQJ� WKDW� LQWHJUDWHV�QXWULWLRQ�DVSHFWV� WR� OLIH�F\FOH�EDVHG�
HQYLURQPHQWDO�LQIRUPDWLRQ��� 
� 
,Q�WKLV�VWXG\��ZH�SUHVHQW�WKH�PHWKRGRORJLFDO�IUDPHZRUN�IRU�WKH�SURGXFW�JURXS�VSHFLILF�Q/&$�ZLWK�
Q)8��)LUVW��ZH�GHVFULEH�WKH�SURFHGXUH�IRU�VHOHFWLQJ�VXLWDEOH�QXWULHQWV�WR�EH�LQFOXGHG�LQ�WKH�Q)8�IRU�

���
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 � 

SURWHLQ�ULFK�IRRGV�LQ�D�QDWLRQDO�FRQWH[W��FRQVLGHULQJ�WKH�)LQQLVK�QXWULWLRQ�DQG�IRRG�UHFRPPHQGDWLRQV��
DV�ZHOO�DV�WKH�SRSXODWLRQ
V�GLHWDU\�KDELWV�DQG�QXWULHQW�LQWDNH��:H�KLJKOLJKW�WKH�XQUHVROYHG�FRQFHUQV�
LQYROYLQJ�WKH�VKLIW�LQ�GLHWV�WRZDUG�SODQW�EDVHG�IRRGV�DQG�WKH�UHVXOWLQJ�FKDQJH�LQ�QXWULHQW�LQWDNH��DQG�
WKH�VHQVLWLYLWLHV�DQG�XQFHUWDLQWLHV�DVVRFLDWHG�ZLWK�Q)8V��6LQFH�WKH�XVH�RI�Q)8�DIIHFWV�WKH�RWKHU�FKRLFHV�
PDGH� LQ� /&$� PRGHOLQJ� �H�J��� V\VWHP� ERXQGDULHV�� DOORFDWLRQV��� ZH� DOVR� GLVFXVV� WKH� FKDOOHQJHV�
DVVRFLDWHG� ZLWK� Q)8� LPSOHPHQWDWLRQ� LQ� /&$�� 7KH� PHWKRGRORJLFDO� IUDPHZRUN� ZLWK� SUDFWLFDO�
LPSOHPHQWDWLRQ�DQG�GLVFXVVLRQ�LV�GHVFULEHG�LQ�GHWDLO�LQ�.\WWl�HW�DO���������XQSXEOLVKHG�� 
 
)RU�SURGXFW�JURXS�VSHFLILF�Q)8V��WKH�JURXSLQJ�RI�IRRGV�LV�DQ�LPSRUWDQW�VWHS���LW�QHHGV�WR�EH�EURDG�
HQRXJK� WR� FRYHU� YDULHW\� RI� IRRGV� WKDW� DUH� VXEVWLWXWDEOH� ZLWK� HDFK� RWKHU� EXW� QDUURZ� HQRXJK� WR�
GLIIHUHQWLDWH�WKH�IRRGV�ZLWK�GLIIHUHQW�IXQFWLRQV��7KHUHIRUH��LQ�WKLV�VWXG\�WKH�JURXSLQJ�ZDV�EDVHG�RQ�
WKH�SODWH�PRGHO�SUHVHQWHG�LQ�WKH�QDWLRQDO�IRRG�UHFRPPHQGDWLRQV�RI�)LQODQG��951���������$V�D�UHVXOW��
WKH�IRRGV�WKDW�DUH�FRQVXPHG�VLPLODUO\��DQG�WKXV�DUH�VXEVWLWXWDEOH��DUH�JURXSHG�WRJHWKHU��)RU�SURSHU�
XVDJH�RI�Q)8��LW�LV�FUXFLDO�WR�LGHQWLI\�WKH�QXWULHQWV�WKDW�DUH�GHULYHG�IURP�WKH�SURGXFW�JURXS�XQGHU�VWXG\��
)LUVW��WKH�QXWULHQWV�WKDW�DUH�FXUUHQWO\�REWDLQHG�IURP�VRXUFHV�RI�SURWHLQ�ZHUH�LGHQWLILHG��7KLV�ZDV�GRQH�
EDVHG�RQ�WKH�1DWLRQDO�)LQ'LHW�6XUYH\V��.DDUWLQHQ�HW�DO��������WKDW�PRQLWRU�WKH�GLHWDU\�KDELWV�DQG�
QXWULHQW�LQWDNH�RI�WKH�DGXOW�SRSXODWLRQ�LQ�)LQODQG��$FFRUGLQJ�WR�WKH�VXUYH\��LQ�FXUUHQW�GLHWV�WKH�PDLQ�
VRXUFHV�RI�SURWHLQ�DUH�PHDW�DQG�GDLU\�SURGXFWV��%HFDXVH�RXU�DSSURDFK�LV�EDVHG�RQ�WKH�VXEVWLWXWLRQ�
HIIHFW�RI�SURGXFWV��ZH�PDSSHG�RXW�DOO�WKH�QXWULHQWV�WKDW�PHDW�DQG�GDLU\�SURGXFWV�DUH�VLJQLILFDQW�VRXUFHV�
RI�LQ�FXUUHQW�GLHWV��7KHVH�FULWHULD�UHVXOWHG�WR�WKH�IROORZLQJ�EHQHILFLDO�QXWULHQWV�EHLQJ�LQFOXGHG�WR�WKH�
QXWULHQW�LQGH[�RI�SURWHLQ�ULFK�IRRGV��FDOFLXP��&D���LURQ��)H���VHOHQLXP��6H���]LQF��=Q���YLWDPLQ�%���
YLWDPLQ�%���� QLDFLQ�� ULERIODYLQ�� DQG� WKLDPLQH��%HFDXVH� WKH� LQGH[� LV� EDVHG� RQ� UHODWLRQ� RI� QXWULHQW�
FRQWHQW�RI�IRRG�DQG�WKH�QDWLRQDO�GDLO\�LQWDNH�UHFRPPHQGDWLRQ�RI�QXWULHQW��WKH�LQGH[�ZDV�FDOFXODWHG�
VHSDUDWHO\�IRU�DOO�SRSXODWLRQ�JURXSV�ZLWK�GLIIHUHQW�QXWULWLRQ�UHFRPPHQGDWLRQV��7KH�LQGH[�ZDV�XVHG�
GLUHFWO\�DV�D�)8�IRU�SURWHLQ�ULFK�IRRGV�E\�GLYLGLQJ�WKH�HQYLURQPHQWDO�LPSDFWV�E\�WKH�LQGH[�VFRUH��7KH�
VHQVLWLYLW\�RI�FOLPDWH�LPSDFWV�WR�WKH�FKRLFH�RI�QXWULHQWV�LQ�WKH�LQGH[�DQG�V\VWHP�ERXQGDULHV�LQ�/&$�
ZHUH�WHVWHG�ZLWK�IXUWKHU�DQDO\VHV�� 
 
7KH�UHVXOWV�VKRZ�WKDW�XVLQJ�QXWULHQW�LQGH[�LQVWHDG�RI�PDVV�DV�)8�GHFUHDVHV�WKH�GLIIHUHQFH�EHWZHHQ�
DQLPDO�VRXUFH�IRRGV�DQG�SODQW�EDVHG�IRRGV��'XH�WR�KLJK�FOLPDWH�LPSDFWV�RI�EHHI�SHU�����JUDPV��DOVR�
WKH�FOLPDWH�LPSDFW�SHU�LQGH[�VFRUH�ZDV�WKH�KLJKHVW��DQG�FRQVHTXHQWO\��WKH�KLJK�LQGH[�VFRUHV�RI�ILVK�
IRRGV�OHDG�WR�ORZ�FOLPDWH�LPSDFWV�SHU�LQGH[���7KH�UHVXOWV�DUH�VHQVLWLYH�WR�WKH�FKRLFH�RI�QXWULHQWV�LQ�WKH�
LQGH[��WKH�W\SH�RI�IRRG�DVVHVVHG�DQG�WKH�V\VWHP�ERXQGDULHV�RI�DVVHVVPHQW��7KH�PRUH�GHWDLOHG�UHVXOWV�
DUH�SUHVHQWHG�DW�WKH�FRQIHUHQFH�DQG�LQ�WKH�VFLHQWLILF�SXEOLFDWLRQ�ZLWK�PHWKRGRORJLFDO�IRFXV��� 
 
 
 
5HIHUHQFHV� 
 
 
*UHHQ��$���7KRPDV�1���6PHWDQD��6���$OH[DQGHU�0��������5HFRQFLOLQJ�UHJLRQDOO\�H[SOLFLW�QXWULWLRQDO�
QHHGV�ZLWK�HQYLURQPHQWDO�SURWHFWLRQ�E\�PHDQV�RI�QXWULWLRQDO�OLIH�F\FOH�DVVHVVPHQW��-RXUQDO�RI�&OHDQHU�
3URGXFWLRQ���������������� 

.DDUWLQHQ��1���7DSDQDLQHQ��+���5HLQLYXR��+���3DNNDOD��+���$DOWR��6���5DXOLR��6���0lQQLVW|��6��HW�DO��
�������7KH�)LQQLVK�1DWLRQDO�'LHWDU\�6XUYH\�LQ�$GXOWV�DQG�(OGHUO\��)LQ'LHW���������()6$�6XSSRUWLQJ�
3XEOLFDWLRQV�������������(��KWWSV���GRL�RUJ���������VS�HIVD������(1������ 

0F$XOLIIH��*��$���7DNDKDVKL��7���/HH��0�5�)��������$SSOLFDWLRQV�RI�QXWULWLRQDO� IXQFWLRQDO�XQLWV� LQ�
FRPPRGLW\�OHYHO�OLIH�F\FOH�DVVHVVPHQW��/&$��RI�DJUL�IRRG�V\VWHPV��7KH�LQWHUQDWLRQDO�MRXUQDO�RI�OLIH�
F\FOH�DVVHVVPHQW���������������������� 

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

0F/DUHQ�� 6��� %HUDUG\��$���+HQGHUVRQ��$���+ROGHQ��1���+XSSHUW]��7��� -ROOLHW�� 2���'H�&DPLOOLV�� &���
5HQRXI��0���5XJDQL��%���6DDULQHQ��0���YDQ�GHU�3ROV��-���9i]TXH]�5RZH��,���$QWyQ�9DOOHMR��$���HW�DO���
������,QWHJUDWLRQ�RI�HQYLURQPHQW�DQG�QXWULWLRQ�LQ�OLIH�F\FOH�DVVHVVPHQW�RI�IRRG�LWHPV��RSSRUWXQLWLHV�
DQG�FKDOOHQJHV��5RPH��)$2� 

6DDULQHQ��0���)RJHOKROP��0���7DKYRQHQ��5���.XUSSD��6��������7DNLQJ�QXWULWLRQ�LQWR�DFFRXQW�ZLWKLQ�
WKH� OLIH� F\FOH� DVVHVVPHQW� RI� IRRG� SURGXFWV�� -RXUQDO� RI� &OHDQHU� 3URGXFWLRQ� ����� ��������� '2,�
��������M�MFOHSUR������������ 

951���������7HUYH\WWl�UXRDVWD���6XRPDODLVHW�UDYLWVHPXVVXRVLWXNVHW��������+HDOWK�IURP�IRRG�±�7KH�
)LQQLVK�QXWULWLRQ�UHFRPPHQGDWLRQV���,Q�)LQQLVK��9DOWLRQ�UDYLWVHPXVQHXYRWWHOXNXQWD��+HOVLQNL� 

 
 
 

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On “The role of emerging economies in global food security” 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

CHEF WOO HIGH-PROTEIN RAMEN NOODLE LIFE CYCLE 
ASSESSMENT: A detailed comparison with animal-based protein sources 

 
Martin C. Heller1, Gregory A. Keoleian2,*, Soodeh Shockravi3 

 
1Senior Research Specialist, Center for Sustainable Systems, Ann Arbor, MI, USA; Managing Director, 
AgResilience Consulting LLC, Traverse City, MI, USA (current address) 
2 Director, Center for Sustainable Systems, Ann Arbor, MI, USA  
3 Director of Nutritional Sciences and Head of Product Development, Borealis Foods, Inc, Oakville, ON, Canada 
 
Keywords: high protein ramen noodle; life cycle greenhouse gas emissions; fossil energy; land use; water use 
 

*Corresponding author. Tel.: 1-734-764-3194 
 E-mail address: gregak@umich.edu 
 
Rationale and objective: This study was conducted by The Center for Sustainable Systems 
at University of Michigan to provide environmental performance of replacing meat 
consumption with consumption of the novel plant-based Chef Woo (CW) ramen noodle, a 
unique product that supplies 20g of plant-based complete protein per serving. Typical wheat-
based ramen provides 5 g of protein and Borealis Foods, the producer of the Chef Woo ramen 
noodle, seeks to make this shelf stable, high protein ramen noodle more widely accessible 
and affordable, particularly to low-income and other economically vulnerable consumers. 
The goal of the study is to conduct a comparative assessment of CW and beef, pork, chicken 
and a plant-based burger and to highlight opportunities for improvement in the environmental 
performance across the supply chain. 
 
Approach and methodology:  
A peer reviewed LCA of the Chef Woo product was conducted and environmental impact 
results were compared with representative studies of beef, pork, chicken and a plant-based 
burger designed to cover an equivalent boundary condition (cradle to preparation/cooking, 
excluding retail). The declaring differences were reserved to those where impacts differ by 
more than 25% (based on expert judgement). The novelty of CW ramen noodle is its supply 
of a full serving of nutritionally complete protein (having all essential amino acids). 
Therefore, for this study, protein provision will be considered the primary function. The 
chosen functional unit of 20g of protein was supplied to the end consumer in one ready-to-
rehydrate cup of Chef Woo and 116g, 111g, and 89g of beef, pork, or chicken, respectively. 
In addition, the high-protein ramen was compared with a meal of regular ramen 
supplemented with pork or chicken to provide 20g protein total as well as a Beyond Burger 
patty (plant-based beef analog). 
System boundaries included upstream ingredient and raw material supply (including farm 
production of agricultural crops), processing and packaging operations, distribution to point 
of sale, storage and preparation for consumption, and disposal of packaging materials. 
Impacts at retail were excluded, as were contributions due to retail- or consumer-level food 
losses. This exclusion is considered conservative as CW is shelf stable and does not require 
refrigeration, and therefore its allocation of retail-level energy consumption should be lower 
than that of fresh meats. However, representation of retail stages in LCA introduces a great 
deal of uncertainty and modeling challenges that were deemed unnecessary for the goals of 
this study. The preparation stage was included in order to demonstrate differences arising 
from preparation of the “instant” ramen product compared to other protein sources that 
require cooking before consumption. Instant ramen is prepared simply by adding boiling 
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water. The preparation stage impacts are therefore associated with the energy required to 
bring 250 mL of water to boiling. Primary, secondary and tertiary packaging materials were 
inventoried and packaging end-of-life management impacts were modeled using the EPA’s 
Waste Reduction Model (WARM) and assuming representative U.S. average practices. The 
environmental impact of meat production came from three studies designed to be 
representative of U.S. production methods (Putman et al. 2017; Putman et al. 2018; 
Rotz et al. 2019). These farm-gate studies were used as inputs into a cradle-to-grave life cycle 
model that also included representative harvesting/processing, packaging, distribution 
(equivalent distance to Chef Woo), at-home storage and cooking for consumption. Production 
and packaging of Beyond Burger came from (Heller and Keoleian 2018), with other 
downstream stages modeled the same as meats. Ramen Express, a regular (wheat-based) 
ramen noodle manufactured in the same facility as Chef Woo, was modeled similarly to Chef 
Woo, with necessary changes to ingredients. 
The environmental impacts assessed were chosen here as greenhouse gas emissions, fossil 
energy use, land use and water use.  For greenhouse gas emissions CO2e are based on global 
warming potentials from IPCC 2013, 100-year time horizon.  Fossil energy use is evaluated 
by converting “fossil resource scarcity” reported by ReCiPe as “kg oil-eq and multiplying 
this value by 43.2 MJ/kg (higher heating value of crude oil). Water use is based on “water 
consumption” reported by ReCiPe which is the amount of water extraction from surface 
water bodies or ground water that is lost from the watershed of origin. This “loss” is 
commonly through evaporation, evapotranspiration, or incorporation into a product. Land use 
is reported in m2yr annual crop equivalents, and characterization factors are the relative 
species loss caused by a specific land use type (annual crops, permanent crops, forestry, 
urban land, etc). For typical agricultural land occupation with annual crops, the 
characterization factor is 1; the characterization factor is 0.55 for grasslands (including 
pastures and grazing), 0.3 for occupation by forest (e.g., for paper products) and 0.73 for 
most industrial or urban land occupations.  
Primary data on processing of pea protein isolate were available under confidentiality from a 
supplier. Other CW ingredients were based on secondary datasets, modified to better reflect 
anticipated country-of-origin market mixes and electricity grid mixes. Drying of dehydrated 
vegetables was based on information provided by suppliers. Primary data on utility 
requirements for the noodle manufacturing process were provided by Borealis Foods.  
More details regarding the methods, data collection and inventory, study limitations and 
detailed results are available in this ISO peer review study report (Heller and Keoleian, 
2021). 
 
Main Results: The contribution from major stages/components in the CW life cycle to the 
four impact indicators is shown in Figure 1, followed by a comparison of the total impacts 
across protein sources presented in Tables 1 and 2. Noodle ingredients (which includes frying 
oil) is a significant contributor across all indicators. Distribution of energy demand across life 
cycle stages follows that of GHGE fairly well, with the exception that processing and 
packaging represent somewhat larger shares. Ingredients contribute more than half of the 
fossil energy use, with pea protein isolate being the single greatest contributor, at 24.3% of 
total fossil energy use.  As may be expected, agricultural production of ingredients dominates 
land use (93%, including noodle, oil and dried vegetables) with packaging representing the 
remainder. Contributors include sunflower oil (32%), pea protein isolate (31%), wheat flour 
(19%), proprietary protein (proxied by pea isolate) (9%), and all vegetables (2%). 
Agricultural production of ingredients also dominates water use, with noodle ingredients and 
oil contributing 73% and dried vegetables 5%. Downstream stages of distribution and 
preparation contribute minimally across all indicators. 
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When comparing an equivalent provision of protein, Chef Woo greenhouse gas emissions are 
significantly less than beef or pork, and somewhat less than Beyond Burger. Chef Woo fossil 
energy use is significantly less than beef, and somewhat less than pork and Beyond Burger. 
Chef Woo land use is significantly less than beef, somewhat more than pork and significantly 
more than chicken or Beyond Burger. Chef Woo water use is significantly less than beef and 
pork, somewhat less than chicken, and significantly more than Beyond Burger. Differences in 
greenhouse gas emissions and fossil energy use between Chef Woo and chicken cannot be 
determined by this study, due to underlying uncertainties. Supplying 20 g of protein through 
Chef Woo rather than a traditional noodle meal (regular ramen supplemented with meat) 
leads to significantly less impacts across all categories when using beef, significantly less 
greenhouse gas emissions and water use when using pork, and somewhat less greenhouse gas 
emissions and water use when using chicken.   
 
 

 
 

Figure 1. Distribution of impacts across life cycle stages for CW noodle cup. 
 
 
Table 1. Comparison of total impacts for supplying 20g protein from various sources. 

 
 
 

 
GHGE fossil energy 

use 
land use water use 

 
kg CO2eq MJ m2a liter 

Chef Woo 0.43 5.08 0.91 8.18 

beef 3.32 10.33 3.13* 289.01 

pork 0.88 7.55 0.72 35.67 

chicken 0.39 4.22 0.40 15.15 

Beyond Burger 0.59 8.36 0.45 4.29 

Ramen Express + 
beef 2.85 10.81 2.69 220.52 

Ramen Express + 
pork 1.02 8.71 0.88 30.14 

Ramen Express + 
chicken 0.64 6.22 0.64 14.76 

*land use value is from a different US beef production LCA than other beef indicators; used here as proxy 
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Table 2: Relative comparison between CW and other protein sources. Negative 
percentages mean Chef Woo has lower impact.  
 

 
 
 
Discussion and Conclusion: The range of environmental impacts from meat production seen 
in studies of other modeling frameworks, geographic locations and production practices 
suggest that the comparison made here, using studies designed to represent US production, is 
conservative, and that other contexts would likely further favor Chef Woo. Sensitivity 
analysis of the Chef Woo LCA suggests that modeling assumptions and processing 
efficiency-related parameters have minor influence (less than 10%) on the reported baseline, 
but that data quality for the upstream production of ingredients could have a notable effect on 
the reported Chef Woo environmental performance. We feel that all reasonable efforts were 
made to gather appropriate and supply-chain specific data on these ingredients. Based on the 
LCA findings presented here, CW outperforms beef as a source of protein in all impact 
categories, and performs as good or better than pork or chicken in all categories except land 
use. Combining regular (wheat-based) ramen with enough beef, pork or chicken to supply 
20g of protein also has higher GHGE, energy use, and water use than CW. Beyond Burger, 
also a processed, plant-based protein source, results in 27% more GHGE and 39% more fossil 
energy use than CW but about 50% less land and water use.  
This study confirmed expected findings regarding “hotspots” in the CW life cycle. The 
production of ingredients made notable contributions to GHGE, energy use, land use and 
water use. Supplying protein is often resource intensive, and the primary CW protein source, 
pea protein isolate, is the top contributor across all impact categories, with the interesting 
exception of land use, where sunflower oil makes a comparable contribution. Packaging, 
distribution and at-home preparation make minor contributions across all categories.  
The poorer performance relative to meats of CW land use compared to GHGE appears to, at 
least in part, be due to contributions from sunflower oil. Whereas the contribution from 
sunflower oil to overall CW GHGE is 14%, its contribution to land use is 32%. Alternative 
oils suitable for frying (e.g., rapeseed, soybean) could lead to notable reductions in 
environmental impact. Environmental impact, of course, must be balanced with other criteria 
in the selection of frying oils. Still, this appears to be one area where CW environmental 
performance could be improved. 
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Introduction 
Dealing with a global nutritional demand while trying to care and preserve the environment is one of 

the main challenges facing today and will continue to be trial in the coming years. Food systems are 

resource-, emission-, and energy-intensive, generating one third of the total anthropogenic 

greenhouse gas (GHG) emissions and consuming more than 70% of the water withdrawn (FAO, 2017). 

In addition, demands for water, energy, and food are estimated to increase by 40%, 50% and 35% 

respectively by 2030 (Endo et al., 2017), threating the sustainability of food supply chains (FSC) and 

undermining the world’s capacity to meet its food needs. This problematic situation stands up the 

need to update and redesign dietary patterns, which constitute a crucial step towards ensure food 

security and guarantee a more sustainable future. In this context, superfoods could play a key role. 

Superfoods are known as food products with superior nutritional properties and great biological value, 

and they are supposed to improve the overall health and promote the smooth operation of organic 

systems (Magrach and Sanz, 2020). Their unique characteristics bring some questions into play: Can 

superfoods improve the diet not only from a nutritional point of view, but also from an environmental 

perspective? Can they be the solution to ensure access to healthy and sustainable food for all?  

Attempting to answer these queries, Life Cycle Assessment (LCA) has proven to be an effective tool 

for assessing the potential environmental impacts of products, processes or services, allowing to 

propose sustainable solutions for global food challenges, as well as supporting the transition towards 

improved production and consumption patterns (Sala et al., 2017). In this framework, this study aims 

to apply LCA to evaluate the performance of two ‘updated’ diets, in which the introduction of quinoa 

was considered to replace the nutrient intake of two conventional products, rice and meat. The results 

will enable to assess the convenience of including superfoods in common diets from an environmental 

perspective as well as of reducing animal-proteins to improve the sustainability of dietary patterns.  

 
Methods 
Goal and scope 
The goal of the study is to estimate the environmental impacts of two alternative diets in which the 

introduction of quinoa was considered by means of: i) the overall replacement of rice (scenario #1), 

and ii) the partial substitution of meat, namely, beef (20%), pork (30%) and chicken (30%) (scenario 

#2) (Figure 1). The comparison of the updated dietary patterns and the current Spanish diet will enable 

to understand the benefits associated with superfoods from an environmental perspective, allowing 

consumers, as well as all stakeholders involved in the FSCs, to make decisions that will lead to a 
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more sustainable sector. 

In order to fulfill this goal, one of the most common functional units (FU) for diets comparison was 

applied, i.e., a food basket with all products consumed in home by an average Spanish citizen during 

a year (Heller et al., 2013). On the other side, a ‘cradle to gate’ approach was defined, which includes 

the cultivation and production of plant-based products (tillage, fertilization, harvesting, etc.), fishing 

and breeding of animals (feeding, cleaning, farms maintenance, etc.), as well as the packaging and 

industrial transformation of foods (manufacturing, processing, cooking, etc.).   

 

 
Figure 1: Overview of the scenarios and system boundaries. 

 

Life cycle inventory (LCI) compilation 
The food basket for an average Spaniard was based on the household consumption surveys carried 

out by the Spanish Ministry of Agriculture, Fishery and Food (MAPA). Data from 2020 were 

considered as it is the most recent data available (MAPA, 2020). A total of 267 different food products 

were included in the LCI, which were divided into 5 categories according to the following food 

classification: meat-based products (including meat, fish, eggs, milk and dairy products), plant-based 

foods (fruits, vegetables, mushrooms, cereals, legumes and nuts), sweets (confectionary, pastry, 

candies and sugar), beverages (water, juices and alcoholic beverages), and ready-to eat products 

(prepared meals, sauces and snacks). On the other hand, background processes, i.e., secondary data, 

were compiled from the Agribalyse v3.0.1 database (ADEME, 2022). 

 
Life cycle impact assessment (LCIA) 
Six different impact categories were assessed in this study: ozone depletion (ODP), photochemical 

ozone creation (POPC), freshwater eutrophication (EP, freshwater), marine eutrophication (EP, 

marine), global warming potential (GWP) and cumulative energy demand (CED). The selection of 

the indicators was based on a revision of LCA studies of diets, which compilated the most used 

categories for assessing their environmental impacts (Heller et al., 2013). The translation of inputs 

and outputs into environmental impact values was done by applying the IPCC 2021 and 

Environmental Footprint (EF) 3.0 methods, which provide the better degree of specificity and 

consistency, as well as being the recommended by the European Commission (Manfredi et al., 2015). 

On the other hand, the Cumulative Energy Demand (CED) method was used to estimate the energy 

requirements of the diets. 

 
Results and discussion 
Figure 2 depicts the impacts associated with an average diet of a Spanish citizen and the two ‘updated’ 

scenarios proposed in this study. The current consumption patterns generate annually 1.15·10-4 kg 

CFC11 eq., 4.70 kg NMVOC eq., 0.15 kg P eq., 6.43 kg N eq., and 1.18 t CO2 eq., and consume 
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around 19.7 GJ of energy per person. These figures are dominated by animal-based products, with 

percentages between 58% and 72%. Only in CED, plant-based foods presented the major 

contributions (87%). The rest of the impacts are divided into the remaining categories, ranging from 

1% to 13%. These values and trends in the results are supported by other studies: In a Spanish context, 

Muñoz et al. (2010) reported a carbon footprint (CF) of 1.56 tons CO2 eq./capita and year, whereas 

the energy consumption reached up to 12.5 GJ. Batlle-Bayer et al. (2019) estimated a cradle to 

consumer emissions of 1.6 t CO2 eq./capita and year, with a contribution of 89% from food production 

and processing. Considering the WHO (World Health Organization) healthy diet guidelines, per 

capita GHG emissions get up to 1.19 t CO2 eq., a quite similar value than that calculated in our study 

(Ritchie et al., 2018).  

In view of the results, the need to focus efforts on improving diets involving especially animal- and 

plant- based products is evident. Based on this, scenario #1, which gives attention to the replacement 

of rice for quinoa, leads to slight environmental benefits in all categories except for EP freshwater. 

This is due to two reasons: (i) quinoa production and processing generally has, in terms of the impact 

categories selected, a better environmental performance than rice, and (ii) a lower intake of food to 

meet basic health requirements is needed as consequence of the nutritional profile of quinoa (4.16 kg 

of rice vs 2.11 kg of quinoa/capita and year). However, a more intensive use of phosphate fertilizers 

is made to ensure the growth and quality of the crop, which has a strong impact on freshwater 

eutrophication. Overall impacts reach 1.14·10-4 kg CFC11 eq., 4.69 kg NMVOC eq., 0.15 kg P eq., 

6.42 kg N eq., 1.18 tons CO2 eq., and 19.7 GJ of energy/capita and year. Based on these figures, 

improvements range from 0.03% (CED) to 0.37% (GWP), which is translated into avoiding annually 

around 2·105 tons CO2 eq. considering the Spanish population. 

On the other hand, scenario #2, which focused on the partial substitution of meat for quinoa, seems 

to lead to more significant environmental benefits, reporting the following impacts: 1.12·10-4 kg 

CFC11 eq., 4.63 kg NMVOC eq., 0.15 kg P eq., 6.32 kg N eq., 1.13 tons CO2 eq., and 19.6 GJ of 

energy per capita and year. Given that meat is considered one of the major resource consumer and 

generator of pollutant emissions, its replacement by products of vegetable origin heads to 

enhancements up to 4.02% (GWP). This trend was already confirmed by other authors, who reported 

that the environmental impact of meat-based diets may be roughly a factor of 1.5-2 higher than the 

effect of vegetarian meals in which meat is replaced by plant proteins (Van Dooren et al., 2014). 

Likewise, Kustar and Patino-Echeverri (2021) evidenced that plant-based solutions have lower 

impacts on land use (average 51%), water use (27%), and GHG emissions (33%) than omnivorous 

diets. Contrary, as in scenario #1, the impact on EP freshwater is increased by 3.33% as a result of 

quinoa farming practices, so the implementation of more sustainable techniques and control of 

fertilizers use is strongly recommended to improve the sustainability of the system.  

 

Based on the methodology applied and the results obtained, it is of interest to highlight the weaknesses 

and opportunities for improvement of the study, which will be the focus of future research. The use 

of nutrition-based FU is a key point to develop, since it allows visualizing the environmental 

performance of the diet considering priority aspects when dealing with nutritional quality. To this end, 

taking into consideration FU related to a specific nutrient, such as protein, or a complex index that 

encompasses several ingredients, such as Nutrient Rich Food 9.3 (NRF9.3) (Drewnowski, 2009), is 

an interesting aspect, especially for carrying out diet comparisons. On the other hand, the introduction 

of significant indicators to address food production, such as land or water use, would be an 

opportunity to broaden the study and gain a more comprehensive understanding of its environmental 

performance. Finally, as it has been proven that the introduction of quinoa brings environmental 

benefits, especially by partially replacing meat consumption, the study of the inclusion of other 

superfoods to complement diets, such as spirulina, or more novel foods like insects, is a focus of 

research to be taken into account. 
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Figure 2: Results reported for the scenarios under study expressed per capita and year. 

 

Conclusions 
In a global scenario where food systems are in a critical position from an environmental perspective, 

this work shows how superfoods can play an important role in moving towards more sustainable diets. 

The main results show that the substitution of rice by quinoa is associated with slight environmental 

benefits, up to 0.34%, as both are products of plant origin. However, considering a partial replacement 

of beef, pork and chicken consumption by quinoa, environmental improvements significantly 

increase, reaching benefits of 4.02% in GWP, which translates into the avoidance of almost 3·106 tons 

of CO2 equivalent per year considering the Spanish population. Therefore, the inevitable conclusion 

is that diets based on reduced animal protein clearly improve the sustainability of dietary patterns and 

consumption habits, especially if superfoods with complex nutritional profile such as quinoa are 

included. Based on this, future studies will focus on addressing nutritional aspects by considering 

nutrition-based FU, as well as addressing the inclusion of a wide range of superfoods in diets.   
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1. ,QWURGXFWLRQ 
 
'HSOHWLRQ�RI�QDWXUDO�UHVRXUFHV��HFRV\VWHP�GHJUDGDWLRQ�DQG�ZDWHU�VFDUFLW\�DUH�DIIHFWLQJ�JOREDO�IRRG�
SURGXFWLRQ�� ,Q� DGGLWLRQ�� FOLPDWH� FKDQJH� LV� OHDGLQJ� WR� D� VKLIW� LQ� SUHFLSLWDWLRQ� SDWWHUQV�� JOREDO�
WHPSHUDWXUH� DQG� ULYHU� UXQRIIV� RQ�ZKLFK� WKH� JOREDO� DJULFXOWXUDO� V\VWHP�GHSHQGV��:LWKRXW� GHFLVLYH�
DFWLRQ� WR� UHPHG\� WKH�FXUUHQW� VLWXDWLRQ�� WKH�ZRUOG�ZLOO�QRW�EH�RQ� WUDFN� WR�PHHW� WKH�8QLWHG�1DWLRQV�
6XVWDLQDEOH�'HYHORSPHQW�*RDOV�E\�������:LOOHWW�HW�DO��������� 
2Q�WKH�RWKHU�KDQG��QRQ�FRPPXQLFDEOH�GLVHDVHV��1&'V���VXFK�DV�FDUGLRYDVFXODU�GLVHDVHV��FDQFHU�DQG�
W\SH�,,�GLDEHWHV�PHOOLWXV��DUH�FXUUHQWO\�WKH�OHDGLQJ�FDXVH�RI�GHDWK�DQG�GLVDELOLW\�LQ�WKH�ZRUOG��DIIHFWLQJ�
WKH� TXDOLW\� RI� OLIH� RI� FLWL]HQV�� ,Q� WKLV� FRQWH[W�� WKH� :+2� *OREDO� +HDOWK� 2EVHUYDWRU\� LGHQWLILHG�
PDOQXWULWLRQ� DQG� XQKHDOWK\� FRQVXPSWLRQ� KDELWV� DQG� OLIHVW\OHV� WKH� PDLQ� ULVN� IDFWRUV� IRU� WKH�
GHYHORSPHQW�RI�1&'V��:+2��������� 
,Q� DQ� HIIRUW� WR� SURYLGH� FRQWH[W�VSHFLILF� DGYLFH� RQ� KHDOWK\� GLHWV� LQ� /DWLQ�$PHULFD�� WKH� &KLOHDQ�
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WKH\� DUH� RIWHQ� XQDZDUH� RI� RU� TXHVWLRQ�� 7KHUHIRUH�� FRQQHFWLQJ� QXWULWLRQ� ZLWK� HQYLURQPHQWDO�
VXVWDLQDELOLW\�SURYLGHV�RSSRUWXQLWLHV�WR�UDLVH�VRFLDO�DZDUHQHVV�DERXW�&KLOHDQ�HDWLQJ�KDELWV��7KHUHIRUH��
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2.1.&DUERQ�IRRWSULQW�DVVHVVPHQW 
 
7KH�VFRSH�RI�WKH�FDUERQ�IRRWSULQW�VWXG\�ZDV�EURDG��FRYHULQJ�WKH�IROORZLQJ�VWDJHV��VHH�)LJXUH���� 

x $JULFXOWXUH� DQG� LQGXVWULDO� PDQXIDFWXULQJ�� 7KLV� VWDJH� FRPSULVHV� WKH� SURGXFWLRQ� RI� WKH�
GLIIHUHQW�IRRGVWXIIV�WKDW�FRQVWLWXWH�WKH�&KLOHDQ�GLHWDU\�SDWWHUQ�� 

x :KROHVDOH�DQG�UHWDLO�GLVWULEXWLRQ��7KLV�VWDJH�FRYHUV�WKH�GLVWULEXWLRQ�DFWLYLWLHV�LQYROYHG�LQ�WKH�
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2.3.1XWULWLRQDO�TXDOLW\�DVVHVVPHQW 
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3. 5HVXOWV�DQG�GLVFXVVLRQ 

 
$FFRUGLQJ� WR� WKH� UHVXOWV�� WKH� DYHUDJH� &)� RI� WKH� &KLOHDQ� GLHW� ZDV� ����� NJ&2�āSHUVRQ��āGD\����
$JULFXOWXUH�DQG�LQGXVWULDO�PDQXIDFWXULQJ�ZHUH�DVVRFLDWHG�ZLWK�����RI�WRWDO�JUHHQKRXVH�JDVHV��*+*��
HPLVVLRQV��7KH�RWKHU� VWDJHV�RI� WKH�VXSSO\� FKDLQ��ZKROHVDOH�DQG� UHWDLO�� DQG�KRXVHKROG�GLVWULEXWLRQ��
ZHUH�UHVSRQVLEOH�IRU�WKH�UHPDLQLQJ����RI�WRWDO�*+*�HPLVVLRQV��7KH�ODUJHVW�RYHUDOO�FRQWULEXWLRQ�WR�
WKH�&)�FDPH�IURP�PHDW��������IROORZHG�E\�EHYHUDJHV�������DQG�VWDUFK�EDVHG�SURGXFWV������DV�FDQ�
EH�VHHQ�LQ�)LJXUH��D� 
$Q� DQDORJRXV� WUHQG�ZDV� IRXQG� LQ� WKH� UHVHDUFK� OLWHUDWXUH� IRU� RWKHU� /DWLQ�$PHULFDQ� FRXQWULHV�� )RU�
LQVWDQFH��9i]TXH]�5RZH�HW�DO���������HVWLPDWHG�WKH�*+*�HPLVVLRQV�OLQNHG�WR�WKH�DYHUDJH�3HUXYLDQ�
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7KH�UHVXOWV�VKRZ�WKDW�PDOQXWULWLRQ�DQG�XQKHDOWK\�GLHWDU\�SDWWHUQV�DUH�LVVXHV�RI�FRQFHUQ�LQ�&KLOH��7KH�
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&URVV�GLVFLSOLQDU\�5HVHDUFK�LQ�(QYLURQPHQWDO�7HFKQRORJLHV��&5(786��('���(���������� 
 
5HIHUHQFHV 
%DWOOH�%D\HU��/���%DOD��$���*DUFtD�+HUUHUR��,���/HPDLUH��(���6RQJ��*���$OGDFR��5���)XOODQD�L�3DOPHU��3���

������7KH�6SDQLVK�'LHWDU\�*XLGHOLQHV��$�SRWHQWLDO�WRRO�WR�UHGXFH�JUHHQKRXVH�JDV�HPLVVLRQV�RI�
FXUUHQW� GLHWDU\� SDWWHUQV�� -�� &OHDQ�� 3URG�� ����� ���±�����
KWWSV���GRL�RUJ���������M�MFOHSUR������������ 

&DPEHVHV�)UDQFR��&���*RQ]iOH]�*DUFtD��6���)HLMRR��*���0RUHLUD��0�7���������'ULYLQJ�FRPPLWPHQW�WR�

a) b)

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

VXVWDLQDEOH�IRRG�SROLFLHV�ZLWKLQ�WKH�IUDPHZRUN�RI�$PHULFDQ�DQG�(XURSHDQ�GLHWDU\�JXLGHOLQHV��
6FL��7RWDO�(QYLURQ���������������KWWSV���GRL�RUJ���������M�VFLWRWHQY������������ 

&'&�� ������ *OREDO� +HDOWK� 3URWHFWLRQ� DQG� 6HFXULW\�� $ERXW� *OREDO� QRQ�FRPPXQLFDEOH� GLVHDVHV�
>:::� 'RFXPHQW@�� 85/� KWWSV���ZZZ�FGF�JRY�JOREDOKHDOWK�KHDOWKSURWHFWLRQ�QFG�JOREDO�QFG�
RYHUYLHZ�KWPO��DFFHVVHG����������� 

'LUYHQ��0���������/RV�SHTXHxRV�SURYHHGRUHV� VXHOHQ� WHQHU�JUDQGHV�GLILFXOWDGHV�HQ�DGDSWDUVH�D� ODV�
FRQGLFLRQHV�GH�ORV�VXSHUPHUFDGRV��&XDG��,QW��7HFQRO��SDUD�HO�'HVDUUR��+XP���±�� 

*RQ]iOH]�*DUFtD�� 6��� *UHHQ�� 5�)��� 6FKHHOEHHN�� 3�)��� +DUULV�� )��� 'DQJRXU�� $�'��� ������ 'LHWDU\�
UHFRPPHQGDWLRQV�LQ�6SDLQ�±DIIRUGDELOLW\�DQG�HQYLURQPHQWDO�VXVWDLQDELOLW\"�-��&OHDQ��3URG�������
��������KWWSV���GRL�RUJ���������M�MFOHSUR������������ 

*RYHQPHQW� RI� &KLOH�� ������ 5DGLRJUDSK\� RI� IRRG� LQ� &KLOH��0LQLVWU\� RI� 6RFLDO� 'HYHORSPHQW� DQG�
)DPLO\�6HUYLFHV� 

+DUULV��)���0RVV��&���-R\��(�-�0���4XLQQ��5���6FKHHOEHHN��3�)�'���'DQJRXU��$�'���*UHHQ��5���������7KH�
:DWHU�)RRWSULQW�RI�'LHWV��$�*OREDO�6\VWHPDWLF�5HYLHZ�DQG�0HWD�DQDO\VLV��$GY��1XWU���������±
�����KWWSV���GRL�RUJ���������DGYDQFHV�QP]��� 

0HNRQQHQ��0�0���+RHNVWUD��$����������7KH�JUHHQ��EOXH�DQG�JUH\�ZDWHU�IRRWSULQW�RI�IDUP�DQLPDOV�DQG�
DQLPDO�SURGXFWV��9ROXPH����0DLQ�5HSRUW��8QHVFR�9DOXH�:DWHU�5HV��5HS��6HU��1R����� 

0HNRQQHQ��0�0���+RHNVWUD��$�<���������7KH�JUHHQ��EOXH�DQG�JUH\�ZDWHU�IRRWSULQW�RI�FURSV�DQG�GHULYHG�
FURS�SURGXFWV��+\GURO��(DUWK�6\VW��6FL����������±������KWWSV���GRL�RUJ���������KHVV���������
���� 

9DQ� 'RRUHQ�� &��� 0DULQXVVHQ�� 0��� %ORQN�� +���$LNLQJ�� +��� 9HOOLQJD�� 3��� ������ ([SORULQJ� GLHWDU\�
JXLGHOLQHV�EDVHG�RQ�HFRORJLFDO�DQG�QXWULWLRQDO�YDOXHV��$�FRPSDULVRQ�RI�VL[�GLHWDU\�SDWWHUQV��)RRG�
3ROLF\�������±����KWWSV���GRL�RUJ���������M�IRRGSRO������������ 

9i]TXH]�5RZH�� ,��� /DUUHD�*DOOHJRV�� *���9LOODQXHYD�5H\�� 3��� *LODUGLQR��$��� ������ &OLPDWH� FKDQJH�
PLWLJDWLRQ�RSSRUWXQLWLHV�EDVHG�RQ�FDUERQ�IRRWSULQW�HVWLPDWHV�RI�GLHWDU\�SDWWHUQV�LQ�3HUX��3/R6�
2QH������±����KWWSV���GRL�RUJ���������MRXUQDO�SRQH�������� 

:+2�� ������ 1RQ�FRPPXQLFDEOH� GLVHDVHV� SURJUHVV� PRQLWRU� ������ *HQHYD�� :RUOG� +HDOWK�
2UJDQL]DWLRQ� 

:LOOHWW��:���5RFNVWU|P��-���/RNHQ��%���6SULQJPDQQ��0���/DQJ��7���9HUPHXOHQ��6���*DUQHWW��7���7LOPDQ��
'���'H&OHUFN��)���:RRG��$���-RQHOO��0���&ODUN��0���*RUGRQ��/�-���)DQ]R��-���+DZNHV��&���=XUD\N��
5��� 5LYHUD�� -�$���'H�9ULHV��:���0DMHOH� 6LEDQGD�� /���$IVKLQ��$��� &KDXGKDU\��$���+HUUHUR��0���
$JXVWLQD��5���%UDQFD��)���/DUWH\��$���)DQ��6���&URQD��%���)R[��(���%LJQHW��9���7URHOO��0���/LQGDKO��
7���6LQJK��6���&RUQHOO��6�(���6ULQDWK�5HGG\��.���1DUDLQ��6���1LVKWDU��6���0XUUD\��&�-�/���������)RRG�
LQ� WKH�$QWKURSRFHQH�� WKH� ($7±/DQFHW� &RPPLVVLRQ� RQ� KHDOWK\� GLHWV� IURP� VXVWDLQDEOH� IRRG�
V\VWHPV��/DQFHW���������±�����KWWSV���GRL�RUJ���������6�������������������� 

 

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On ³The role of emerging economies in global food security´ 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 1 

 
 

Using nutrient profiling algorithms to compare nutritionally-invested 
environmental impacts of cow¶V�PLON�DQG plant-based beverages 

 
Ashley Green1,2,*, Thomas Nemecek2, Alexander Mathys1 

 
1Sustainable food processing laboratory, ETH Zurich, Zurich, Switzerland 
2Life cycle assessment group, Agroscope, Zurich, Switzerland  
 
Keywords: plant-based beverages; nutrient profiling; life cycle assessment; sustainability; milk 
 
*Corresponding author: ashley.green@hest.ethz.ch 
 
Rational and objective 
Consumers are beginning to adopt more plant-based diets; consequently, establishing key tradeoffs 
between environmental and nutritional sustainability domains of plant-based beverages (PBB) 
versus cow¶s milk is a pertinent question. Accordingly, we quantify nutrient densities, fatty acid 
profiles, disqualifying nutrient scores, and environmental impacts of these drinks. For the nutrient 
densities, we developed a novel profiling algorithm to rank food items within a food group based on 
their ability to address nutrient deficiencies in certain dietary patterns. For environmental impacts, 
we included deforestation, global warming potential (GWP), stress-weighted water use, non-
renewable energy, land competition, eutrophication, acidification, freshwater ecotoxicity organics, 
and freshwater ecotoxicity inorganics.  
 
We assessed cashew, soy, almond, hemp, oat, spelt, rice, and coconut PBB, as well as cow¶s milk 
produced from arable-land based, pasture-raised, and grass-fed systems² the predominant 
difference between these systems was the percentage of feed concentrates; additionally, we 
compared soy produced in France versus soy from Brazil. Lastly, in addition to estimating 
environmental impacts per serving size of beverage (200ml) we used the nutrient metrics as the 
functional unit to estimate environmental impacts on a nutrient basis.   
 
Approach and methodology  
For this study, a nutritional group measured the nutrient contents of all drinks. We further combined 
literature and database data to estimate environmental impacts for which we included farm, 
transport, processing, and packaging impacts. We used the Swiss Agriculture Life Cycle Assessment 
(SALCA) impact assessment method (Roesch et al., 2017) for all impact categories expect water, 
for which we used the AWARE method (Boulay et al., 2018).   
 
Following the µpoints of differentiation¶ framework (Green, 2022), we developed a novel nutrient 
profiling algorithm termed the Food Substitute Index (FSI20) to rank the nutrient density of 
substitute products within a food group. The µpoints of differentiation¶ framework provides 
guidelines on how to develop and apply nutrient metrics in the context of LCA. The FSI20 metric is 
reflective of national nutrient deficiencies across various dietary patterns (in this case, omnivore, 
vegetarian, and vegan diets). This particular index was applied to Switzerland for ranking PBB 
versus cow¶s milk; however, the algorithm is applicable for all countries. We also used a previously 
developed nutrient metric, the Nutrient Rich protein-substitution index (NRprot-sub), which was 
developed to rank protein-rich food items (Green et al., 2021). Using these metrics as the functional 
unit, we were able to estimate nutritionally-invested environmental impacts.  
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Results and discussion 
Preliminary findings show that coconut and cashew PBB, on average, have a lower combined 
sustainability compared to other drinks. This is due to the high environmental impacts of cashew 
and low nutrient density of coconut drink. Cow¶s milk, in general, performs much better with a 
nutrient-based functional unit compared to a volumetric one because while it has high 
environmental impacts it is also very nutrient dense. Of the PBB, soy milk was the most nutrient 
dense and has low environmental impacts when produced in France; however, it has relatively 
higher impacts (e.g., deforestation, GWP) when produced in Brazil. PBB were only nutritionally 
competitive with cow¶s milk when fortification was accounted for. Spelt and hemp, which are more 
novel beverages, show promise; for example, hemp has a favorable fatty acid profile. 
 
We also provide commentary on the role of these beverage in the context of lower-income nations 
and emerging economies. For example, vitamin A is not a nutrient of concern for Switzerland but it 
is important in lower-income nations particularly amongst children and pregnant women. Thus, in 
such a context, cow¶s milk is the best option as the other beverages do not contain vitamin A. Zinc, 
which we measure based on differences in levels of dietary phytate which inhibits absorption of 
zinc, is also a nutrient of concern in lower-income nations. Cow¶s milk provides around 9% of daily 
recommended intakes (based on average needs for a 19-50 yr old female in Switzerland) for this 
nutrient, while soy ranges from 6-11%, cashew 5-11%, and almond provides 1-7%. In general, 
foods are considered inadequate sources of nutrients if they provide less than 5% of daily 
recommended intakes.   
 
Conclusion 
The nutrient density of beverages varied greatly even within a single beverage type; environmental 
impacts can also be wide-ranging (albeit to a lesser extent), and this is predominately due to 
differences in the percent of raw material used in the beverage. This high variation means that 
recommended optimal beverages for particularly populations to cover nutritional deficiencies in an 
environmentally-friendly manner is not straightforward.  
 
We developed a novel index (i.e., FSI20) reflective of micronutrient deficiencies across varies 
dietary patterns. Such a context-specific index will be useful in lower-income economies as most 
indices (e.g., NRF9.3) are based on data from higher-income contexts. The main barrier here is a 
lack of dietary studies in lower-income nations that provide nutrient deficiency data for most 
essential nutrients. 
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Introduction 
Over the last decades, large volumes of life cycle inventory (LCI) and life cycle impact assessment 
(LCIA) data for agricultural practices have been assembled by different authors and institutes. 
These are available in the literature, but come in many different formats and with different levels of 
transparency. This often obstructs reuse of these data and hampers the collective knowledge of the 
LCA community. Methodological and assumptions by individual LCA practitioners also render 
comparisons of LCIA results inaccurate. In response, we have developed HESTIA (hestia.earth), an 
online open-access data platform that allows LCA practitioners and other users to upload their 
agricultural LCI and LCIA data using a standardised schema and glossary of terms. The LCI data 
can, in turn, be exported for integration in LCA software or be recalculated into LCIA results using 
our online calculation engine. This allows users to compare results across LCA studies using a 
harmonized set of terms, methodological choices, and assumptions. 
 
HESTIA was initiated in 2019 and is already operational. The platform is continuously being 
updated to make the platform more user-friendly and meet diverse requests from users. To date, 
3,000 agricultural cycles are available on the platform, derived from published LCA articles and 
datasets from related sciences. The data uploaded build on previous work by Poore and Nemecek 
(2018), Gephart et al. (2021), and other related initiatives, but we strive towards increasing 
individual contributions from the scientific community. In return, users who upload data will ensure 
archiving and more correct interpretation of their data, promote their work to a wider set of users, 
and be assigned unique DOIs. 
 
By limiting HESTIA to agricultural processes, we have been able to streamline the upload format to 
make it intuitive to researchers from all fields of agricultural research, with an ambition to also 
allow for uploads by individual farmers. Biotic and abiotic factors can to a large extent be gap-filled 
using remote sensing data, while environmental emissions from fields, animals, and ponds are 
provided through HESTIA’s calculation engine. Our API also allows for results to be integrated for 
additional uses, such as procurement processes, certification schemes, or data explorers. 
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The HESTIA session at LCAFood 2022 seeks to introduce the LCA community to the HESTIA 
platform and walk participants through the uploading process. The session will guide participants 
through the structure of HESTIA’s schema, glossary of terms, and calculation engine. An 
agricultural case study will also be used to walk participants through the uploading process and 
explore the different outputs from the HESTIA calculation engine. In more detail, we will discuss 
the following during this interactive session: 

• Introduction to the HESTIA online interface 
• Introduction to the HESTIA Schema 
• Introduction to the HESTIA Glossary of terms 
• Exploring how data are gap-filled using geospatial data and lookup tables 
• Example of an LCI upload 
• Exploring emission models and LCIA results 
• Examples of different uses for HESTIA data 
• Questions and discussion 
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Objective: 
The Paris Agreement requires that all human activities reach net zero GHG emissions by mid-century. 
This paper reviews LCA and wider literature on apple production globally to identify ranges of 
emissions and carbon sequestration in orchards, to inform pathways of transitioning apple production 
systems to net zero.  
 
Methods: 
A combination of LCA and other literature were reviewed, including GHG accounting for farming 
systems and carbon balances in apple orchards. We conducted this research in three steps. Firstly, we 
reviewed and synthesized a total of 84 published literature investigating the contribution of apple 
production to environmental impacts globally. 38 published papers were selected for further 
investigation based on availability of transparent data. Secondly, to enable the comparison on the 
same terms from different apple production practices in different geographic and climatic conditions, 
we harmonised the inventory data across available 31 datasets from reviewed LCA studies. Thirdly, 
a focused review of orchard carbon sequestration has been performed to provide ranges of carbon 
sequestration in apple orchards across the 6 published studies. Finally, we combine the above steps 
together and discuss pathways to net zero GHG emission of apple production.  
 
Results and discussions: 
This review reveals a large range of 
GHG emissions from apple 
production reported by different 
studies, ranging between 1 and 67 
tCO2-eq/ha/yr. These differences are 
due to methodological choices, 
different cultivation practices and 
local conditions for cultivating 
apples. We note that the inventory of 
apple production was usually 
collected for one year, which is not 
representative of the whole apple 
production cycle. This contributes to 
an important bias, due to the 
variability in farming practices and 
environmental conditions over the 
orchard lifespan.  
Zooming further into the inventories supporting these GHG emission profiles (see Figure 2), it is 
possible to note a high variability of inputs to apple production, in particular in terms of energy 
consumption (diesel in agricultural machinery, electricity for irrigation) and fertiliser application. 
These results are very useful for informing transition to net zero, as they point to key measures needed 
for reducing emissions from apple production. Understanding where and how the use of these inputs 

Figure 1 GHG emissions of farming stage of apple production reported in the reviewed 
literature. Grey dot pattern filled bars showed the range of different inputs of global apple 
production after statistical analysis. Grey solid filled bar showed the range of calculated 
individual inputs specifically demonstrated in studies. 
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can be reduced, and whether they could be substituted with their low carbon equivalent, is a key next 
step.  

Besides reducing emissions, another important 
lever is the management of carbon sequestration 
in the apple orchard. Only one paper from 
reviewed 32 LCA studies investigated the effects 
of carbon sequestration in the orchard. A limited 
number of studies from other disciplines showed 
that sequestration by above ground vegetation 
(green bars in Figure 3) in apple orchards is in 
the range 29 to 79 t CO2/ha/year. (Lakso, 2010; 
Robertson et al., 2012) While the soil is the 
biggest carbon sink, storing in the range 21 to 
272 t CO2/ha/year, only two out of the reviewed 
studies reported it. Grey bars in Figure 3 show 
the estimated carbon balance in apple orchards combining available data from reviewed studies. It 
shows that in selected locations, the operation of apple orchards could be an overall net negative, i.e., 
more sequestration than emissions. However, more investigation is needed to validate these findings.   
 
Conclusion: 
Achieving global net zero GHG emissions requires both enhancing sinks and reducing emissions. 
This study provides a harmonised comparison of global apple production to highlight environmental 
impact hotspots and supplies insights on which production processes could be improved in order to 
reduce GHG emissions. Enhancing carbon sequestration in orchards, there is a great potential for 
delivering potentially net sequestration from apple production, which can compensate emissions hard 
to abate elsewhere in the economy. Examples of ways to enhance sequestration include processing 
pruned branches, leaves and old trees into biochar which can be reapplied to soil in the orchard (e.g., 
Payen et al., 2021). 
 
Selected references: 
Lakso, A.N., 2010. Estimating the Environmental Footprint of New York Apple Orchards. N. Y. Fruit 
Q. 18. 
Robertson et al., 2012. Economic, biodiversity, resource protection and social values of orchards: a 
study of six orchards by the Herefordshire Orchards Community Evaluation Project. Natural England 
Commissioned Reports No. 090. 
Payen et al.,  2021. Soil organic carbon sequestration rates in vineyard agroecosystems under different 
soil management practices: A meta-analysis. J. Clean. Prod. 290, 125736. 

Figure 3 Estimated carbon balance in the UK, Italian and Chinese apple 
orchards combining available data from studies evaluating carbon 
emissions and sequestrations in the same country but not in the same 
farming systems. 

Figure 2 Comparison of key inputs to apple production from reviewed studies. Grey dot pattern filled bars showed the range of different inputs of global 
apple production after statistical analysis. Grey solid filled bar show the full range of individual inputs reported in the reviewed studies. 
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Abstract 
 
Purpose 
Introducing insect protein into the food system has been recommended as a promising solution for 
securing future food security while reducing adverse environmental effects associated with food 
production. However, the market for edible insects in Europe is still small, and a generalized tool is 
needed to ensure the sector's sustainable scaling. Applying heuristic algorithms with life cycle 
assessment (LCA) is a promising approach to efficiently optimize the insect production chain and 
minimize the environmental impact in a very large design space. Developing a web-based tool 
integrating a heuristic digital approach can contribute to overcoming barriers to insect production's 
economic and sustainable viability by performing scenario analyses and optimization along the 
insect production chain that leads to many alternative life cycles. Applying the modular approach to 
the multi-objective decision-making process through a simplified web-based tool can provide not 
only means for the estimation of environmental impacts of insect production for food and feed but 
also introduce basic principles of sustainable trade-offs to the industrial stakeholders. Such an 
approach can contribute to a sustainable scaling of the insect production sector. 
 
Approach 
The research relied on a modular LCA approach (Steubing et al. 2016) and scenario life cycle 
inventory (LCI) databases combined into a single superstructure database (Steubing and de Koning 
2021) to analyze the production of multiple insect species (Acheta domesticus, Musca domestica, 
Hermentia illucens, Tenebrio molitor). The production system for each insect species was divided 
into 29 module variants that could be combined into 4608 distinct product scenarios for each 
species (Spykman et al. 2021), which allowed us to compare 18432 scenarios with different feeds, 
processing and utilities, type of end product, packaging and scaling options. These options were 
used to aggregate module results into production scenario results. The modular parametric 
optimization tool combining modular LCA cost, environment, and social impacts and multi-
objective optimization further extended to simultaneous analyses of multiple insect types and 
production scenarios to test the sensitivity of results. Country-specific optimal scenarios and 
hotspots supporting industrial-scale production of insects were also explored. 
 
Results and Discussion 
Different species environmental impacts and cost values are shown in Table 1; all insects reared on 
plant residues subject to blanching and microwave drying processing were packaged in 
polyethylene foil (LDPE). Tenebrio molitor has the lowest carbon emissions despite the high non-
renewable energy use as compared to Hermentia illucens. The most eco-efficient scenario of insects 
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in Europe was for production of house cricket (Acheta domesticus) because its production was both 
environment, energy, and cost-efficient.  
 
Table 1: Some environmental impacts and cost of per ton raw LQVHFWV¶ production  
Species GWP, 

kgCO2 eq 
Non-renewable 

energy, MJ 
Land use, m2 Water use, m3 Cost, Euro 

Acheta domesticus 429.17 929.01 48.51 205.66 270.78 
Musca domestica 445.90 5190.03 54.03 301.07 276.93 
Hermentia illucens 445.90 929.01 0.97 0.03 51.28 
Tenebrio molitor 209.01 7333.00 8.34 272.28 276.93 
 
The online tool as shown in Fig 1, based on modular scenarios, allowed for quick estimation of the 
most promising production scenarios for every of the four insect species, relying on limited 
available options for each stage (module) of production. Moreover, it allowed us to define the 
recommendations for the improvements associated with the type of feed and processing (the main 
processes responsible for high environmental impact and cost).  
 

 
Figure 1: Left- Poultry feed as feed, Right- Plant residues as feed; Environment impacts and cost  
 
 
If poultry feed is applied, it should be replaced by milling by-products, brewery grains, or plant 
residues, as poultry feed is more expensive and has higher environmental impacts than residues and 
by-products. Using electricity instead of natural gas considerably reduced the environmental 
impacts of production. The combination of scenarios can potentially provide the eco-efficient 
production life cycle for each species considered. 
 
Conclusion 
The developed web-based modular assessment tool assesses multiple potential sustainable scenarios 
of insect production. It also shows process-type recommendation options that can possibly reduce 
environmental impact and production cost. Using a superstructure database removes the limitation 
of redundant storage of LCI database information and simplifies the complex scenario analysis 
process. The results are sensitive to methodology selection, so they need careful consideration and 
communication during the design of the modular assessment system. 
 
Acknowledgments 

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On ³The role of emerging economies in global food security´ 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 3 

The research is done in the scope of SUSINCHAIN project and received funding from the European 
8QLRQ¶V Horizon 2020 research and innovation programme under grant agreement nº 861976. 
 
References 
Spykman R, Hossaini SM, Peguero DA, et al (2021) A modular environmental and economic 

assessment applied to the production of Hermetia illucens larvae as a protein source for food 
and feed. Int J Life Cycle Assess 26:1959±1976. https://doi.org/10.1007/s11367-021-01986-y 

Steubing B, de Koning D (2021) Making the use of scenarios in LCA easier: the superstructure 
approach. Int J Life Cycle Assess 26:2248±2262. https://doi.org/10.1007/s11367-021-01974-2 

Steubing B, Mutel C, Suter F, Hellweg S (2016) Streamlining scenario analysis and optimization of 
key choices in value chains using a modular LCA approach. Int J Life Cycle Assess 21:510±
522. https://doi.org/10.1007/s11367-015-1015-3 

 
 

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On “The role of emerging economies in global food security” 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 1 

Environmental impact of Tenebrio molitor rearing. A case study in Spain 
 

Alejandro Corona-Mariscal*1, Julio Just2, Gabriela Clemente1, Neus Sanjuán1 
 

1Grup ASPA. Departament de Tecnologia d’Aliments, Universitat Politècnica de València, València, Spain. 
2Feedect, Insects for sustainable feeding, València, Spain    
 
Keywords: Life cycle assessment; edible insects; entomophagy; Tenebrio molitor; Spain. 
 
*Corresponding author. Tel.: +34 600323430 
 E-mail address: acormar@upv.edu.es 
 
Introduction 
Around 2,385 species of edible insects are consumed worldwide, together with 15 species of 
arachnids (Jongema, 2017). Approximately 2 billion people consumes insects in traditional diets, 
where México stands out as the country with the greatest consumption (around 549 different 
species) followed by China, Thailand, and India (Jongema, 2017; Baiano 2020; FAO 2013). Wild 
harvesting is the most common way to obtain edible insects, in fact, 92% of the know edible insects 
are collected in this way, the remaining 6% correspond to semi-domestication systems, and only 2% 
of the consumed edible insects are reared (Yen, 2015). 
 
The production of quality protein is one of the challenges to be faced in the next future. Among the 
alternative protein sources, different authors agree that insect consumption by humans should be 
promoted as they provide a high protein content per kilogram, also supplying other nutrients such as 
fats, calcium, iron, and zinc (Govorushko, 2019; van Huis, 2013). According to Govorushko (2019), 
insect farming has some advantages compared to other protein sources, among them, farm 
management is relatively easy, with lower space and water requirements than conventional animal 
farms and greater food conversion efficiency in a short time, which translates into a fast return of 
investment. Along these lines, the production of insects for human food purposes can allow the 
Sustainable Development Goals (SDG) to be met, specifically SDG 2, zero hunger, and SDG 12, 
responsible consumption, and production. 
 
Nowadays, insect farming is increasing, with more companies taking a chance on this commodity. 
Considering that edible insects are claimed to be more environmentally friendly than conventional 
protein sources, assessing their environmental impacts is crucial to detect potential hot spots and 
improve the environmental profile of the product. Therefore, the aim of this study is to assess the 
environmental impacts of T. molitor rearing process in a medium scale farm located in Spain by 
using Life Cycle Assessment (LCA).  
 
Methods 
An LCA was carried out in accordance with ISO 14040 and 14044 standards (ISO, 2006 a, b). The 
farm has produces 1000 kg of fresh larvae per week, and the cycle of the insects takes 5 weeks. The 
percentage of protein in the fresh larvae is 18.9%, with a conversion ratio of 3.5 kg of feed per kg of 
fresh larvae. The system inputs are the insects’ feed, namely carrot by-products and wheat, and the 
electricity for heating; as a result, the desired product, fresh larvae, is obtained together with the 
frass, composed of excretions, dead insects and feed remain, which is given away to be used as 
fertilizer.  
 
The functional unit used for this LCA was 1 kg protein and cradle to farm gate system boundaries 
were set. As concerns the frass, the avoided loads of producing conventional N, P2O5 and K2O 
fertilizer were accounted for, by considering its N content (3.29% wet basis), P2O5 (3.88% wet 
basis) and K2O (2.95% wet basis). As the carrots used are a by-product from agricultural activity, an 
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economic allocation was considered by considering the price and mass percentage of both, the 
commercial grade carrots, and the by-products. The price of the carrot by-product was retrieved 
from the insect producer whereas that of commercial grade carrot from the Spanish Department of 
Agriculture (MAPA, 2022). The mass percentage of both types of carrots was obtained from Ríos 
(2001). 
 
To carry out the inventory analysis, primary data on the farming process (feed and electricity inputs, 
and frass and fresh larvae outputs) were obtained directly from the company. For the background 
processes (production of Spanish electricity mix, carrots, and wheat), secondary data were retrieved 
from Ecoinvent database v3.7 (Wernet et. al., 2016). Eighteen impact categories were assessed by 
using ReCiPe 2016 v1.1 Midpoint (H) method (Huijbregts, et. al., 2017). 
 
Results and discussion 
The environmental impacts of T. molitor rearing are shown in Table 1. As expected, when 
considering the avoided loads associated with the use of frass as organic fertilizer, the impacts 
decrease in most of the impact categories. For example, for climate change, a 31.75% decrease in 
the total impact with respect to that without considering the avoided loads is observed, while the 
decrease observed in the total terrestrial ecotoxicity value is 70.57%. 
 
Table 1. Environmental impacts of T. molitor from cradle to farm gate. Avoided loads correspond to 
the use of frass as organic fertilizer. 
Impact category Unit Impacts Avoided Total impact 
Climate change, default, excl biogenic carbon kg CO2 eq. · kg protein-1 7.1 -2.2 4.8 

Fine Particulate Matter Formation kg PM2.5 eq. · kg protein-1 9.7 · 10-3 -2.7 · 10-3 6.9 · 10-3 

Fossil depletion  kg oil eq. · kg protein-1 1.9 -8.8 · 10-1 1.1 

Freshwater Consumption m3 · kg protein-1 4.3 -4.5 · 10-2 4.3 

Freshwater ecotoxicity kg 1,4 DB eq. · kg protein-1 3.2 · 10-1 -1.1 · 10-1 2.1 · 10-1 

Freshwater Eutrophication kg P eq. · kg protein-1 1.7 · 10-3 -5.6 · 10-4 1.1 · 10-3 

Human toxicity, cancer kg 1,4-DB eq. · kg protein-1 3.6 · 10-1 -1.8 · 10-1 1.8 · 10-1 

Human toxicity, non-cancer kg 1,4-DB eq. · kg protein-1 9.8 -2.2 7.63 

Ionizing Radiation kBq Co-60 eq. to air · kg protein-1 3.1 · 10-1 -1.4 · 10-1 1.7 · 10-1 

Land use Annual crop eq.·year · kg protein-1 2.4 · 10+1 -9.6 · 10-2 2.4 · 10+1 

Marine ecotoxicity kg 1,4-DB eq. · kg protein-1 3.8 · 10-1 -1.4 · 10-1 2.4 · 10-1 

Marine Eutrophication kg N eq. · kg protein-1 2.8 · 10-2 -3.3 · 10-4 2.7 · 10-2 

Metal depletion kg Cu eq. · kg protein-1 4.1 · 10-2 -5.0 · 10-2 -9.9 · 10-3 

Photochemical Ozone Formation, Ecosystems kg NOx eq. · kg protein-1 2.3 · 10-2 -4.3 · 10-3 1.9 · 10-2 

Photochemical Ozone Formation, Human Health kg NOx eq. · kg protein-1 2.3 · 10-2 -4.1 · 10-3 1.9 · 10-2 

Stratospheric Ozone Depletion kg CFC-11 eq. · kg protein-1 7.3 · 10-5 -4.0 · 10-6 6.9 · 10-5 

Terrestrial Acidification kg SO2 eq. · kg protein-1 3.4 · 10-2 -9.9 · 10-3 2.4 · 10-2 

Terrestrial ecotoxicity kg 1,4-DB eq. · kg protein-1 1.2 · 10+1 -8.5 3.5 

 
Feed production is the stage that contributes the most to all the impact categories (Figure 1). In 
particular, the share of wheat production ranges from 64.77% of the total fossil depletion impact, to 
96.96% of the total freshwater consumption. The production of carrots has a lower impact than 
wheat production because, as commented in the methods section, the carrots used are a by-product. 
The production of electricity has also a remarkable contribution across the assessed impact 
categories, ranging from 0.06% of total marine eutrophication to 30.53% of fossil depletion. 
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Figure 1. Impact contribution analysis of 1 kg protein of T. molitor, larvae. Climate change, default excl 
biogenic carbon (CC_exc), fine particulate matter formation (FPMF), fossil depletion (FD), freshwater consumption (Fwc), 
freshwater ecotoxicity (Few), freshwater eutrophication (FWE), human toxicity cancer (HTc), human toxicity non-cancer (HTnc), 
ionizing radiation (IR), land use (LU), marine ecotoxicity (Mwe), marine eutrophication (MWE), metal depletion (MD), 
photochemical ozone formation ecosystems (POFe), photochemical ozone formation human health (POFh), stratospheric ozone 
depletion (SOD), terrestrial acidification (TA), and terrestrial ecotoxicity (TE).  
 
The climate change value obtained in this study has been compared with those for other protein 
sources from literature, inasmuch as, it is the most commonly assessed impact category due to its 
great concern worldwide. In particular, the score of T. molitor obtained in this study is 1.35 kg CO2 
eq / kg protein, while that for Acheta domesticus (crickets) is 2.57 kg CO2 eq / kg protein (Halloran 
et al., 2017) and 374.72 kg CO2 eq / kg protein for pig (Lamnatou et. al., 2016).  
 
Conclusions 
The environmental impacts of T. molitor rearing of a medium-scale farm located in Spain have been 
assessed. Feed production is the stage that contributes the most to the all the environmental impacts. 
In particular, the production of wheat shows the greatest contribution, as the carrots used are a by-
product from agriculture and an economic allocation is applied to estimate their environmental 
impact. The use of frass as fertilizer shows to be an interesting management strategy from the 
environmental point of view, otherwise the greater impacts would be obtained. To reduce the 
environmental impacts, a good design of feed composition is required. Along these lines, the use of 
by-products from agriculture or food processing is recommended, contributing in this way to foster 
circular economy. However, shifts in the feed composition can imply potential shifts in the insect 
yield and in its protein content, which in turn would affect the impact results. In addition, frass 
composition could also change, influencing the total impacts too. Strategies such as self-production 
of energy with renewable methods would also decrease the environmental impacts of the process, as 
the electricity production is the second largest contributor to environmental impacts after the 
production of wheat. Comparisons with other animal commodities show that T. molitor is a low 
impact protein source. Assessing the whole supply chain of Tenebrio, including further processing, 
could give a better insight on the impacts of this insect. In addition, the inclusion of alternative 
functional units (e.g. € earned, or protein bioavailability) is recommended in future studies.   
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Rationale Field crops are commonly grown in sequences or rotations where different species are 
placed at specific times in order to capture benefits from changes in such factors as chemical and 
mechanical inputs, and breaking the disease cycles of the major crops. Legumes offer an additional 
benefit of biological nitrogen (N) fixation, so they not only need minimal input of N fertilizer but 
also, they leave N-rich residues that may reduce the need for nitrogen input on the following crop. 
According to Costa et al. (2020), in Life Cycle Assessment (LCA) the pre-crop effect is typically 
either overlooked or counted as a benefit for the following crop. Black box assessment, multiple 
product- or area-based functional units have been proposed for the assessment of crop rotations 
(Knudsen et al. 2014, Naudin et al. 2008, Nemecek et al. 2008). Yet, when the environmental 
information is to be used in communicating single product sustainability, results for separate 
products are needed. Objective In this study, the objective was to assess the climate change impact 
as carbon footprint (CF) of selected crop sequences and to analyze the impact of different 
allocations of the pre-crop to pre-crop effect. The aim was to identify a reasonable method for 
allocation when assessing CF for single crops cultivated in sequences containing legumes. 
Approach and methods An LCA model was constructed to assess the CF from crop sequences by 
utilizing IPCC methods for quantifying direct and indirect N2O emissions from fertilization, N2O 
from peat decomposition and CO2 from liming (IPCC 2006, 2013, 2019). Emissions from input 
production and use were included. Assessment was conducted for a set of crop sequences that were 
considered as typical for a livestock farm. The aim was to assess all crops in the sequence separately, 
to provide a CF per crop with a functional unit (FU) of 1 kg of produced crop (as fed). Two 
approaches were compared: typical and allocation approach. The system boundary was set from 
cradle to farm gate. Crop cultivation characteristics were included as described in Hietala et al. 
(2022) and were considered to represent typical Finnish feed crop cultivation. For this study, the 
shares of different soil types were set as constant according to average soil types in faba bean 
cultivation in Finland. The studied crop sequences were four to six years long and designed around 
typical Finnish rotations together with one of the Leg4Life project field experiment sequences: 
Typical: continuous cereal (CC, barley-barley-wheat-barley-barley-oat), Typical: single break bean 
(SBB, barley-barley-faba bean-wheat) and Experimental: high bean content (HBC, faba bean-
wheat-faba bean-turnip rape-faba bean-wheat). The amount of N left in soil after faba bean was 
estimated to be 20-70 kg ha-1 and the level for this analysis was set at 35 kg ha-1. It was assumed 
that the input fertilization level of the following crop would be reduced by the amount of the 
residual N. Three approaches were used: 1) without allocation, 2) with allocation to pre-crop and 
residual N together with 3) black box assessment for pre-crop and benefiting crop, utilizing 
allocation to crops as co-products. The allocation was conducted in parallel by utilizing physical 
mass, economic and biophysical allocation based on N yield or fertilization rate (kg N/kg FU). For 
the mass allocation, the basis was the mass of the yield of the crop and the mass of the N residue. 
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For the economic allocation, the allocation basis was the 5-year market price of the crop and the 
residue value was assumed the same as price of mineral fertilizer. Nitrogen yield based allocation 
was determined based on nitrogen content of the harvested crop and the residue. 
Results and discussion The assessment result for CC presents a typical situation without any pre-
crop effect related to N residue (Table 1). This CF level was defined as the upper limit for cereal CF 
when different allocations were investigated. SBB and HBC without allocation illustrated the 
typical assessment of singular production years when the pre-crop effect is accounted as a benefit 
for the following crop. In both cases, the wheat CF per FU was lowered. With a co-product 
approach, the N residue amount was treated as a product, to which emissions were allocated. All 
allocation approaches resulted in lowered emissions for faba bean and increased emissions for the 
following crop, in comparison to the no-allocation approach. Allocation based on N yield resulted in 
higher CF per FU for wheat than the upper limit based on CC. In HBC for turnip rape, the CF per 
FU remained below the reference value (1.06 kgCO2-eq / FU, without pre-crop), resulting in the 
lowest CF with mass allocation and the highest with allocation based on N yield. 
 
Table 1. Assessment results of CF as kgCO2-eq / FU for three different crop sequences with different 
allocation approach. (CC=Continuous cereal, SBB=Single break bean, HBC=high bean content). 

 CC SBB HBC SBB and HBC 

No allocation Co-product approach 
Mass Economic N yield 

Barley 0.47 0.47 - 0.47 0.47 0.47 
Wheat 0.55 0.50 0.50 0.51 0.52 0.56 
Oat 0.45      
Faba bean  0.42 0.42 0.41 0.40 0.32 
Turnip rape   0.86 0.87 0.90 1.01 

 
It was also investigated whether assessment could be conducted without information on residual N 
amount. The pre-crop and benefiting crop were observed as a black box, yet the N fertilization of 
the following crop was still lowered by the assumed 35 kg / ha. To achieve separate results for each 
crop in the system, the result per ha was allocated to co-products based on their mass, value, 
nitrogen yield and fertilization rate. The mass, economic and N yield allocation resulted in elevated 
CF for faba bean, whereas the fertilization rate-based approach yielded lowered CF for the legume 
and increased CF for the following crop. Nevertheless, the upper limits for the cereal or turnip rape 
CF were exceeded, so the approach was found to be unreasonable.  
Conclusions It is evident that the legumes in crop sequences benefit the following crops, which 
should be considered in LCA. Here, three different crop sequences were analyzed with typical and 
allocation methods (co-product and black box). Allocation based on economic and mass bases had 
little impact on the results, and that based on the N yield of the pre-crop and residue yielded clearer 
differences. With the black box approach, no satisfying method could be identified. Thus, in the 
further analyses, more detailed data collected from specific crop sequence experiments is to be 
utilized to rerun the comparison of approaches.  
Acknowledgments This study was conducted with financial support from Leg4Life project (2019-
2025) funded by the Strategic Research Council at the Academy of Finland (grant numbers 327700 
and 327698). 
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ZHLJKW�RI����NJ�DQG�WKHQ�ZHUH�JURZQ�WR�DQ�DYHUDJH�ZHLJKW�RI�����NJ��0XOWLSOH�FRPSRXQG�IHHGV�ZHUH�
XVHG�GHSHQGLQJ�RQ�WKH�JURZWK�SKDVH��SUH�VWDUWHU��VWDUWHU��JURZHU����JURZHU���DQG�ILQLVKHU��)RU�EURLOHU��
RQH�GD\�ROG�FKLFNV�ZHUH�SXUFKDVHG�DQG�JURZQ�IRU����GD\V�WR�DQ�DYHUDJH�WDUJHW�ZHLJKW�RI�����NJ��ZLWK�
D���SKDVH�IHHGLQJ�VFKHPH��VWDUWHU��JURZHU�DQG�ILQLVKHU��7KH�EDVHOLQH�GLHWV�ZHUH�IRUPXODWHG�EDVHG�RQ�
GLJHVWLEOH�$$�UDWLRV�WR�/\VLQH��/\V��IRU�DOO�LQGLVSHQVDEOH�$$��7KUHRQLQH��7KU���0HWKLRQLQH���&\VWHLQH�
�0�&���7U\SWRSKDQ��7US���9DOLQH��9DO���,VROHXFLQH��,OH���$UJLQLQH��$UJ���/HXFLQH��/HX��IRU�EURLOHUV�
DQG�7KU��0�&��7US��9DO��,OH��/HX�DQG�+LVWLGLQH��+LV��IRU�SLJV��DFFRUGLQJ�WR�WKH�UHTXLUHPHQW�YDOXHV�
XVHG�LQ�WKH�UHVSHFWLYH�DUHDV��7KH�EDVHOLQH�GLHWV��WRJHWKHU�ZLWK�QXWULWLRQDO�FRQVWUDLQWV��FRQVLGHU�VSHFLILF�
UDZ�LQJUHGLHQWV�SULFHV�DQG�DYDLODELOLW\�EDVHG�RQ�0D\�������)LQDO�IHHGV�ZHUH�IRUPXODWHG�ZLWK�OHDVW�
FRVW�IRUPXODWLRQ�ZLWK�$OOL[���,Q�WKLV�VWXG\��VR\EHDQ�ZDV�LQFRUSRUDWHG�LQWR�WKH�GLHW�WKURXJK�WZR�W\SHV�
RI�LQJUHGLHQWV��VR\EHDQ�PHDO�DQG�VR\EHDQ�RLO��,Q�$JUL�IRRWSULQW�GDWDEDVH��WKH�RULJLQ�RI�LQJUHGLHQWV�
ZDV�PRGHOOHG�WKURXJK�PDUNHW�PL[HV��7KH�PDUNHW�PL[�ZDV�EDVHG�RQ�SXEOLFO\�DYDLODEOH�GDWD�)$2VWDW�
�)$2���������������7KH�UHVXOWV�ZHUH�DVVXPHG�WR�EH�UHSUHVHQWDWLYH�RI�WKH�DFWXDO�RULJLQ�RI�DJULFXOWXUDO�
FRPPRGLWLHV� LQ� D� JLYHQ� FRXQWU\�� 2XW� RI� WKH� ��� LPSDFW� FDWHJRULHV� FDOFXODWHG� DFFRUGLQJ� WR�
(QYLURQPHQWDO� )RRWSULQW� ����PHWKRG�� VRPH�ZHUH� DQDO\]HG� LQ� GHWDLO�� FOLPDWH� FKDQJH� DQG� FOLPDWH�
FKDQJH�H[FOXGLQJ�ODQG�XVH�FKDQJH��/8&���DFLGLILFDWLRQ�WHUUHVWULDO�DQG�IUHVKZDWHU�DQG�HXWURSKLFDWLRQ�
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WHUUHVWULDO��0RQWH�&DUOR�DQDO\VHV�ZHUH�SHUIRUPHG�ZLWK�XQFHUWDLQW\�DQDO\VHV�RQ�FURSV�FXOWLYDWLRQ�\LHOG��
/8&�HPLVVLRQV�DW�VR\EHDQ�FXOWLYDWLRQ�DQG�IHHG�FRQYHUVLRQ�UDWLR�DW�DQLPDO�IDUPV��,W�ZDV�FDUULHG�RXW�
DV�LPSOHPHQWHG�LQ�6LPD3UR����������E\�SHUIRUPLQJ������UXQV��ZLWK�D�IL[HG�VHHG�RI��� 
 
7KH�PDLQ�FKDQJH�WR�WKH�V\VWHPV�ZKHQ�RSWLPL]LQJ�IHH�JUDGH�DPLQR�DFLGV�ZDV�D�UHGXFWLRQ�LQ�WKH�GLHWDU\�
&3�FRQWHQW� �/&3�VFHQDULR��RI���SW��'LHWDU\�&3�ZDV�UHGXFHG�IURP�WKH�EDVHOLQH� OHYHO�E\�VHWWLQJ�D�
PD[LPXP�RQ�WKH�GLHWDU\�&3�FRQVWUDLQW�EHIRUH�UXQQLQJ�D�OHDVW�FRVW�RSWLPL]DWLRQ��$V�DOO�LQGLVSHQVDEOH�
$$�ZHUH�FRQVWUDLQHG�LQ�UDWLR�WR�/\V��$$�/\V��DQG�WKH�IHHGVWXIIV�ZHUH�IUHHO\�RSWLPL]HG��WKH�VR\EHDQ�
PHDO�ZDV�SDUWLDOO\�UHSODFHG�E\�ZKHDW�DQG�IHHG�JUDGH�$$��,Q�WKH�ORZ�&3�GLHWV��QHZO\�DYDLODEOH�IHHG�
JUDGH�$$�ZHUH�QHHGHG�WR�PDLQWDLQ�DGHTXDWH�OHYHOV�RI�WKH�QH[W�OLPLWLQJ�GLHWDU\�$$��/�9DO��/�$UJ�DQG�
/�,OH�IRU�EURLOHU�IRUPXODWLRQ�DQG�/�,OH��/�/HX�DQG�/�+LV�SLJ�DQG�SLJOHW�IRUPXODWLRQV��%URLOHU�DQG�SLJ�
DYHUDJH�GLHWV�DUH�LOOXVWUDWHG�LQ�WDEOH���EHORZ� 
 

7DEOH����%URLOHU�DQG�SLJ�DYHUDJH�GLHWV�IRU�FRQWURO�DQG�ORZ�FUXGH�SURWHLQ�VFHQDULR� 

 
 
$V�SDUW�RI�D�VHQVLWLYLW\�DQDO\VLV��$$�RULJLQ�ZDV�VZLWFKHG�IURP�(XURSH��%DVHOLQH�(8��WR�&KLQD��&1���
/&,�GDWD�RQ�WKH�SURGXFWLRQ�RI�WKH�$$�ZHUH�SURYLGHG�E\�0(7(;�1��9,67$*2��DQG�SUHYLRXVO\�
YDOLGDWHG�LQ�DQ�,62�FRQIRUP�/&$�SHHU�UHYLHZHG�VWXG\�&1�$$�XVHG�LQ�WKH�VHQVLWLYLW\�DQDO\VLV�ZHUH�
PRGHOOHG� XVLQJ� WKH� LQYHQWRU\� WR� SURGXFH� IHHG� JUDGH� DPLQR� DFLG� E\� IHUPHQWDWLRQ�� FDUERK\GUDWHV��
DPPRQLD�� FKHPLFDOV�� HOHFWULFLW\�� DQG� VWHDP�DGDSWLQJ� WKH� EDFNJURXQG�GDWD� WR�&KLQD��7KHVH� UHVXOWV�
LQGLFDWHG� VWURQJ� GLIIHUHQFHV� EHWZHHQ�$$� LPSDFW� FDWHJRULHV� GHSHQGLQJ� RQ� DUHD� RI� SURGXFWLRQ� DV�
LOOXVWUDWHG� LQ� WDEOH� �� IRU� WKH� PRVW� LPSRUWDQW� DPLQR� DFLGV�� )RU� FOLPDWH� FKDQJH� LPSDFW�� WKH� PDLQ�
H[SODLQLQJ�IDFWRU�RI�WKH�GLIIHUHQFHV�EHWZHHQ�WKH�WZR�RULJLQV�LV�WKH�ORZ�FDUERQ�IRRWSULQW�RI�WKH�(8�
VRXUFH�RI�VXJDU��VXJDU�EHHW��DQG�RI�WKH�HQHUJ\�PL[� 
 

7DEOH����$PLQR�DFLG�LPSDFW�IDFWRUV�GHSHQGLQJ�RQ�ORFDWLRQ�RI�SURGXFWLRQ�IRU�FOLPDWH�FKDQJH��
HXWURSKLFDWLRQ�WHUUHVWULDO�DQG�DFLGLILFDWLRQ� 

 
)RU�WKH�EURLOHU�IHG�ZLWK�FRQWURO�GLHW�D������DQG������NJ�&2�HT�NJ�/:�IRU�FOLPDWH�FKDQJH�DQG�FOLPDWH�
FKDQJH� H[FOXGLQJ� /8&�� ������PRO� +��NJ� /:� IRU� DFLGLILFDWLRQ� DQG� ������PRO� 1HT�NJ� /:�ZDV�
FDOFXODWHG��5HGXFLQJ�&3�UHGXFHG�VWURQJO\�FOLPDWH�FKDQJH�E\�������6'����������KDG�QR�HIIHFW�RQ�
FOLPDWH�FKDQJH�H[FOXGLQJ�/8&��6'����������UHGXFHG�DFLGLILFDWLRQ�DQG�HXWURSKLFDWLRQ�E\�������6'�
��������DQG�������6'���������UHVSHFWLYHO\��,Q�FDVH�RI�&1�$$��EURLOHU�UHVXOWHG�LQ������DQG������NJ�

Broiler average diet (kg/ton) Control LCP Pig average diet (kg/ton) Control LCP
Wheat 568 611 Grains (wheat, barley, maize, rye, wheat bran, wheat distillers' grain) 832 871

Soybean meal 257 219 Soybean meal 77 54
Protein meal (rapeseed, fish) 79 79 Rapeseed meal 35 22

Soybean oil 44 35 Soybean oil 22 13
WƌĞŵŝǆ�ĂŶĚ�ŵŝŶĞƌĂůƐ�;�Ă,WKЉ͕��Ă�KЈ͕�EĂ,�KЈ͕�EĂ�ůͿ 47 46 WƌĞŵŝǆ�ĂŶĚ�ŵŝŶĞƌĂůƐ�;�Ă,WKЉ͕��Ă�KЈ͕�EĂ,�KЈ͕�EĂ�ůͿ 26 28

Free AA (Met, Lys, Thr, Val, Ile, Arg) 6 10 Free AA (Met, Lys, Thr, Val, Ile, Trp, Leu, His) 9 11

Crude Protein (%) 20.2 19.3 Crude Protein (%) 14.6 13.7
Digestible Lys (%) 1.11 1.11 Digestible Lys (%) 0.86 0.86
AMEn (kcal/kg) 3017 2987 Net Energy (kcal/kg) 2379 2379

Climate change Eutrophication, terrestrial Acidification

RAW MATERIAL ORIGIN kg CO2 eq mol N eq mol H+ eq
EUROPE 1 859 32 12
CHINA 9 147 182 79

L-THREONINE CHINA 10 949 210 99

EUROPE 4 228 81 37
CHINA 23 444 467 202

EUROPE 4 934 63 23
CHINA 25 062 381 203

EUROPE 4 709 68 31
CHINA 20 115 380 168

EUROPE 12 329 157 53
CHINA 63 316 945 513

L-TRYPTOPHAN

L-VALINE

L-ARGININE

L-ISOLEUCINE

Impact factor per ton of amino acid

L-LYSINE HCL
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&2�HT�NJ� /:� IRU� FOLPDWH� FKDQJH� DQG� FOLPDWH� FKDQJH� H[FOXGLQJ� /8&� DQG� PLQRU� FKDQJHV� IRU�
DFLGLILFDWLRQ�DQG�HXWURSKLFDWLRQ�LQ�FRPSDULVRQ�WR�WKH�EDVHOLQH�VFHQDULR��5HGXFLQJ�&3�LQ�EURLOHU�ZLWK�
&1�$$�UHGXFHG�FOLPDWH�FKDQJH�E\�������LQFUHDVHG�FOLPDWH�FKDQJH�H[FOXGLQJ�/8&�E\�������UHGXFHG�
DFLGLILFDWLRQ�DQG�HXWURSKLFDWLRQ�E\������DQG������UHVSHFWLYHO\�LQ�FRPSDULVRQ�WR�WKH�FRQWURO�ZLWK�$$�
&1�� 
 
7KH�SLJ�EDVHOLQH�UHVXOWHG������DQG������NJ�&2�HT�NJ�/:�IRU� FOLPDWH�FKDQJH�DQG�FOLPDWH�FKDQJH�
H[FOXGLQJ� /8&�� ������PRO�+��NJ� /:� IRU� DFLGLILFDWLRQ� DQG� �����PRO� 1HT�NJ� /:��5HGXFLQJ� &3�
VWURQJO\�UHGXFHG�FOLPDWH�FKDQJH�E\�������6'����������UHGXFHG�FOLPDWH�FKDQJH�H[FOXGLQJ�/8&�E\�
������6'�����������UHGXFHG�DFLGLILFDWLRQ�DQG�HXWURSKLFDWLRQ�E\�������6'�����������DQG�������6'���
��������UHVSHFWLYHO\��,Q�FDVH�RI�&1�$$��SLJ�UHVXOWHG�LQ������DQG������NJ�&2�HT�NJ�/:�IRU�FOLPDWH�
FKDQJH�DQG�FOLPDWH�FKDQJH�H[FOXGLQJ�/8&��VOLJKW� LQFUHDVH� IRU�DFLGLILFDWLRQ�DQG�HXWURSKLFDWLRQ� LQ�
FRPSDULVRQ�WR�WKH�EDVHOLQH�VFHQDULR��5HGXFLQJ�&3�LQ�SLJ�ZLWK�&1�$$�UHGXFHG�FOLPDWH�FKDQJH�E\�
������LQFUHDVLQJ�FOLPDWH�FKDQJH�H[FOXGLQJ�/8&�E\�������UHGXFHG�DFLGLILFDWLRQ�DQG�HXWURSKLFDWLRQ�
E\������DQG������UHVSHFWLYHO\�LQ�FRPSDULVRQ�WR�WKH�FRQWURO�ZLWK�$$�&1��'HWDLOHG�UHVXOWV�DUH�LQ�WKH�
WDEOH���DQG���EHORZ� 
 

7DEOH����/&$�UHVXOWV�IRU�WKH�EURLOHU�V\VWHP�ZLWK�GLIIHUHQW�$$�RULJLQ 

 
 

7DEOH����/&$�UHVXOWV�IRU�WKH�SLJ�V\VWHP�ZLWK�GLIIHUHQW�$$�RULJLQ 

 
 
,Q�ERWK�V\VWHPV�WKH�ODUJHVW�FRQWULEXWLRQ�WR�FOLPDWH�FKDQJH�LQFOXGLQJ�/8&�ZDV�IHHG�SURGXFWLRQ������
LQ�EURLOHU�DQG�����LQ�VZLQH��HPLVVLRQ�DW�WKH�IDUP�DQG�PDQXUH�H[SDQVLRQ�ZDV�PLQRU�IRU�EURLOHU�����
EXW� VLJQLILFDQW� LQ� VZLQH�ZLWK������ ,Q�EURLOHU�� DFLGLILFDWLRQ� WHUUHVWULDO� DQG� IUHVKZDWHU�ZHUH�PDLQO\�
GULYHQ�E\�DPPRQLD��1+���HPLVVLRQ�DW�IHUWLOL]DWLRQ�IRU�IHHG�UDZ�PDWHULDOV��ZKHDW�JUDLQ��VR\EHDQ��DQG�
UDSHVHHG� SURGXFWV�� +RZHYHU�� IRU� VZLQH� LW� ZDV� PRVWO\� JHQHUDWHG� E\� 1+�� HPLVVLRQV� E\� PDQXUH�
JHQHUDWHG�DW�SLJ�DQG�SLJOHW�IDUPV�� 
 
5HGXFLQJ�GLHWDU\�&3�E\���SW�SRVLWLYHO\�UHGXFHG�FOLPDWH�FKDQJH��HXWURSKLFDWLRQ�DQG�HXWURSKLFDWLRQ�
RI�SLJ�DQG�EURLOHU�LQ�WKHLU�UHVSHFWLYH�V\VWHP��)RU�FOLPDWH�FKDQJH��WKH�UHGXFWLRQ�ZDV�FRQQHFWHG�WR�WKH�
UHGXFWLRQ�LQ�/8&�DVVRFLDWHG�WR�WKH�YHJHWDO�SURWHLQV�DQG�WKH�RLOV�XVHG�LQ�DQLPDO�IHHGV��5HGXFWLRQ�RI�
VR\EHDQ�PHDO�DQG�RLO�XVH��DV�ODUJHO\�VRXUFHG�IURP�6RXWK�$PHULFD��ZHUH�FRQWULEXWLQJ�PRVWO\�WR�WKH�
UHGXFWLRQ�LQ�FOLPDWH�FKDQJH��:KHQ�H[FOXGLQJ�/8&��WKH�LPSDFW�UHODWHG�WR�FOLPDWH�FKDQJH�GLG�QRW�VKRZ�
VHQVLEOH�FKDQJHV� 
)RU� HXWURSKLFDWLRQ� DQG� HXWURSKLFDWLRQ�� GLIIHUHQFHV� ZHUH� PDLQO\� H[SODLQHG� E\� ORZHU� H[FUHWLRQ� RI�

Impact Unit Control LCP
ȴ�>�W�ǀƐ͘�
control

Control LCP
ȴ�>�W�ǀƐ͘�
control

AA CN vs. AA 
EU in Control

AA CN vs. AA 
EU in LCP

Climate change kg CO2 eq 2.920 2.650 -9.2% 2.950 2.750 -6.8% 1.0% 3.8%

Climate change - excluding 
LUC

kg CO2 eq 1.200 1.200 0.0% 1.230 1.310 6.5% 2.5% 9.2%

Acidification terrestrial and 
freshwater

mol  H+ eq 0.038 0.035 -7.7% 0.038 0.036 -5.8% 0.8% 2.9%

Eutrophication terrestrial mol  N eq 0.163 0.150 -8.0% 0.164 0.152 -7.3% 0.6% 1.3%

AA ChinaBaseline - AA EUBroiler - England (per kg live weight) ȴ

Impact Unit Control LCP
ȴ�>�W�ǀƐ͘�
control

Control LCP
ȴ�>�W�ǀƐ͘�
control

AA CN vs. AA 
EU in Control

AA CN vs. AA 
EU in LCP

Climate change kg CO2 eq 3.710 3.410 -8.1% 3.850 3.630 -5.7% 3.8% 6.5%

Climate change - excluding 
LUC

kg CO2 eq 2.640 2.630 -0.4% 2.780 2.850 2.5% 5.3% 8.4%

Acidification terrestrial and 
freshwater

mol  H+ eq 0.068 0.062 -9.0% 0.069 0.064 -7.6% 1.9% 3.4%

Eutrophication terrestrial mol  N eq 0.300 0.273 -9.0% 0.303 0.278 -8.3% 1.0% 1.8%

Pig - North germany (per kg live weight) Baseline - AA EU AA China ȴ
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QLWURJHQ�UHODWHG�FRPSRXQGV�OLNH�1+��DQG�QLWURXV�R[LGH��1�2��DQG�EHWWHU�1�HIILFLHQF\�LQ�WKH�DQLPDO�
V\VWHPV�ZKHQ�UHGXFLQJ�&3�DV�LOOXVWUDWHG�LQ� WDEOH����7KHVH�HIIHFWV�DUH�H[SODLQHG�E\�WKH�PDLQWDLQHG�
JURZWK�RI�DQLPDOV�IHG�ZLWK�ORZ�QLWURJHQ�FRQWHQW�IHHGV��7KHVH�UHVXOWV�DUH�LQ�OLQH�ZLWK�&DSSHODHUH�HW�
DO���������GDWD�DQG�YDOLG�DV�ORQJ�DV�WKH�QXWULWLRQDO�FRQVWUDLQWV�DUH�PDLQWDLQHG� 
 
7DEOH����1LWURJHQ��1���DPPRQLD��1+���DQG�QLWURXV�R[LGH��1�2��H[FUHWLRQ�E\�EURLOHU��SLJ�DQG�SLJOHW�

LQ�IXQFWLRQ�RI�VFHQDULR��FRQWURO�DQG�/&3�XVLQJ�(8�$$ 

 
 
,QWHUHVWLQJO\��XVLQJ�GLIIHUHQW�RULJLQ�RI�$$�KDYH�DQ�HIIHFW�RQ�WKH�ILQDO�/&$�UHVXOWV�RI�SLJ�DQG�EURLOHU��
HVSHFLDOO\�RQ�FOLPDWH�FKDQJH��VWURQJHU�UHGXFWLRQV�DUH�QRWLFHG�XVLQJ�(8�$$�LQ�FRPSDULVRQ�WR�&1�$$��
7KHVH�GLIIHUHQFHV�ZHUH�H[SODLQHG�E\�WKH�KLJKHU�FOLPDWH�FKDQJH��H[FOXGLQJ�/8&��FRQWULEXWLRQ�RI�&1�
$$��'LIIHUHQFHV�ZHUH� DV�ZHOO� KLJKHU� LQ� WKH� /&3� VFHQDULR�ZKHQ� FRPSDULQJ� (8�$$� DQG� (8�&1�
XWLOL]DWLRQV��7KHVH� GLIIHUHQFHV�ZHUH� H[SODLQHG� E\� WKH� KLJKHU� LQFOXVLRQ� RI�$$� LQ� WKH�/&3� GLHWV� LQ�
FRPSDULVRQ�WR�WKH�FRQWURO�GLHWV��5HVXOWV�RI�0RQWH�&DUOR�DQDO\VHV�GLG�QRW�RYHUWXUQHG�/&$�UHVXOWV�DV�
DOO�WKH�6'�FDOFXODWHG�ZHUH�ORZHU�WKDQ�WKH�PHDQV��7KH�UREXVWQHVV�RI�WKH�UHVXOWV�ZDV�WKXV�FRQILUPHG��
DQG�ZH�ZRXOG�VXJJHVW�WR�IXUWKHU�LQFUHDVH�VXFK�UREXVWQHVV�E\�H[SDQGLQJ�WKH�QXPEHU�RI�SDUDPHWHUV�
WHVWHG�LQ�WKH�0RQWH�&DUOR�DQDO\VLV� 
 
,Q�FRQFOXVLRQ��WKLV�VWXG\�KLJKOLJKWHG�WKDW�/&3�LV�DQ�LQWHUHVWLQJ�VWUDWHJ\�WR�PLWLJDWH�FOLPDWH�FKDQJH��
DFLGLILFDWLRQ�DQG�HXWURSKLFDWLRQ�LPSDFWV�RI�EURLOHU�DQG�VZLQH�LQ�WKHLU�UHVSHFWLYH�FRQWH[W�RI�SURGXFWLRQ��
7KH�UHGXFWLRQ�LQ�WKH�FOLPDWH�FKDQJH�LPSDFW�FDWHJRU\�FDOFXODWHG�LQ�WKLV�VWXG\�ZDV�PDLQO\�FRQQHFWHG�
WR�D�UHGXFWLRQ�LQ�VR\EHDQ�UHODWHG�IHHG�LQJUHGLHQWV�LQ�WKH�/&3�GLHW�DV�LW�ZDV�VXEVWLWXWHG�ZLWK�FHUHDOV�
DQG�$$��$PLQR�DFLG�RULJLQ�RI�SURGXFWLRQ�KDV�DQ� LPSDFW�RI�FOLPDWH�FKDQJH��HVSHFLDOO\� LQ� WKH�/&3�
VFHQDULR��6WLOO��UREXVWQHVV�RI�WKHVH�FRQFOXVLRQV�PLJKW�EH�LQFUHDVHG�IXUWKHU�WR�EHWWHU�DVVHVV�WKH�/8&�
HPLVVLRQV�PHWKRGRORJ\�XQFHUWDLQW\�DQG�WR�EHWWHU�WHVW�YDULDELOLW\�FRQQHFWHG�WR�LQJUHGLHQW�DYDLODELOLWLHV��
LQJUHGLHQW� VRXUFLQJ� DQG� /8&�IUHH� FHUWLILFDWLRQ��7KH� UHGXFWLRQ� LQ� DFLGLILFDWLRQ� DQG� HXWURSKLFDWLRQ�
REVHUYHG�LQ�WKH�/&3�VFHQDULR�ZHUH�PRVWO\�H[SODLQHG�E\�D�UHGXFWLRQ�LQ�1�HPLVVLRQV�DW�DQLPDO�IDUP��
)RU�DFLGLILFDWLRQ�DQG�HXWURSKLFDWLRQ��WKH�$$�RULJLQ�KDV�DV�ZHOO�DQ�LPSDFW�WKDW�FRXOG�EH�LQWHUHVWLQJ�WR�
FRQVLGHU�LQ�IXUWKHU�VWXGLHV��7KHVH�UHGXFWLRQV�KROG�IRU�WKH�VHQVLWLYLW\�DQG�DV�ZHOO�DV�WKH�XQFHUWDLQW\�
DQDO\VHV� SHUIRUPHG�� 7KH� PDLQ� OLPLWDWLRQV� DIIHFWLQJ� WKH� UREXVWQHVV� RI� WKH� DFLGLILFDWLRQ� DQG�
HXWURSKLFDWLRQ�UHVXOWV�ZHUH�LGHQWLILHG�LQ�WKH�YDULDELOLW\�FRQQHFWHG�WR�PDQXUH�PDQDJHPHQW�V\VWHP�DQG�
HYHQWXDO�DEDWHPHQW�WHFKQRORJ\�LQ�SODFH�DW�IDUP� 
 
 
&DSSHODHUH�� /pD�� /H� &RXU� *UDQGPDLVRQ�� -��� 0DUWLQ�� 1��� 	� /DPEHUW�� :�� �������� $PLQR� $FLG�
6XSSOHPHQWDWLRQ� WR� 5HGXFH� (QYLURQPHQWDO� ,PSDFWV� RI� %URLOHU� DQG� 3LJ� 3URGXFWLRQ�� $� 5HYLHZ��
)URQWLHUV�LQ�9HWHULQDU\�6FLHQFH����-XO\����±����KWWSV���GRL�RUJ���������IYHWV������������ 
)$2����������)$2VWDW��5HWULHYHG�IURP�KWWS���ZZZ�IDR�RUJ�IDRVWDW�HQ��GDWD 
)$2����������)$2VWDW�WUDGH�VWDWLVWLFV��5HWULHYHG�IURP�KWWS���IDRVWDW��IDR�RUJ�GRZQORDG�7�70�( 
 

Animal Scenario kg NH3/kg LW kg N2O/kg LW kg N excretion/kg LW

Control 7.12 0.14 16.64
LCP 6.13 0.13 14.63

% Change -14% -12% -12%
Control 11.36 0.4 20.88

LCP 9.54 0.35 18.09
% Change -16% -13% -13%

Control 8.11 0.33 17.69
LCP 6.82 0.29 15.58

% Change -16% -11% -12%

Broiler

Pig

Piglet

���
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 � 

3LJ�)DUPLQJ�8QGHU�D�/LIH�&\FOH�7KLQNLQJ�/HQV��7KH�)LUVW�&RPELQHG�
(QYLURQPHQWDO��(FRQRPLF�DQG�6RFLDO�/LIH�&\FOH�$QDO\VLV 

 
0LFKHOH�&RVWDQWLQL�
��0DUFHOOD�*XDULQR���-DFRSR�%DFHQHWWL� 

 
��'HSDUWPHQW�RI�(QYLURQPHQWDO�6FLHQFH�DQG�3ROLF\��8QLYHUVLW\�RI�0LODQ��0LODQ��,WDO\ 
 
.H\ZRUGV��SLJ�IDUPLQJ��OLIH�F\FOH�DVVHVVPHQW��FRVW�EHQHILW�DQDO\VLV��VRFLDO�/&$��,WDO\ 
 

&RUUHVSRQGLQJ�DXWKRU��PLFKHOH�FRVWDQWLQL#XQLPL�LW 
 

1. ,QWURGXFWLRQ 
 

7KH�SLJ�SURGXFWLRQ�VHFWRU�KDV�D�VLJQLILFDQW�VRFLR�HFRQRPLF�ZHLJKW�LQ�WKH�(XURSHDQ�8QLRQ��7KH�(8�
���KRVW�D�\HDUO\�DYHUDJH�SRSXODWLRQ�RI�����PLOOLRQ�SLJV��ZKLFK�DORQH�DFFRXQWV�IRU�QHDUO\�KDOI�RI�WRWDO�
(8�PHDW�SURGXFWLRQ��3RUN� LV� WKH�PRVW�FRQVXPHG�PHDW� LQ� WKH�(8� LQ�JHQHUDO�DQG� LQ�PDQ\�PHPEHU�
VWDWHV�LQGLYLGXDOO\��LQFOXGLQJ�,WDO\��ZKHUH�WKH�VXSSO\�FKDLQ�VSHFLDOL]HV�LQ�WKH�EUHHGLQJ�RI�WKH�VR�FDOOHG�
KHDY\�SLJ��LQWHQGHG�WR�SURGXFH�GU\�FXUHG�KDPV� 
,QFUHDVLQJ� DWWHQWLRQ� LV� EHLQJ� SDLG� WR� WKH� VXVWDLQDELOLW\� RI� IRRG� V\VWHPV� ERWK� E\� QDWLRQDO� DQG� (8�
SROLFLHV�DQG�E\�FRQVXPHUV�WKHPVHOYHV��$QLPDO�SURGXFWLRQ�FKDLQV�DUH�SDUWLFXODUO\�XQGHU�REVHUYDWLRQ�
GXH�WR�WKH�HQYLURQPHQWDO�SUREOHPV�DVVRFLDWHG�ZLWK�WKHP��0DQ\�HQYLURQPHQWDO�VWXGLHV�IRFXVHG�RQ�SLJ�
SURGXFWLRQ�FKDLQV��H[WHQVLYHO\�ZLWK�WKH�OLIH�F\FOH�DVVHVVPHQW�DSSURDFK��0F$XOLIIH�HW�DO����������LQ�
VRPH� FDVHV� DOVR� FRPELQHG�ZLWK� HFRQRPLF� FRQVLGHUDWLRQV� �3H[DV� HW� DO��� �������2Q� WKH�RWKHU� KDQG��
VWXGLHV�WKDW�KDYH�FRQVLGHUHG�VRFLDO�DVSHFWV�RI�WKH�VXSSO\�FKDLQ�KDYH�EHHQ�PRUH�OLPLWHG��H�J��=LUD�HW�
DO���������� 
7KH�DLP�RI�WKLV�VWXG\�ZDV�WR�DSSURDFK�WKH�VXVWDLQDELOLW\�RI�WKH�SLJ�IDUPLQJ�SURGXFWLRQ�V\VWHP�IURP�
DOO�WKUHH�SRLQWV�RI�YLHZ�IRU�WKH�ILUVW�WLPH��7KLV�KDV�WKH�GXDO�REMHFWLYH�RI�WHVWLQJ�WKH�PHWKRGRORJLFDO�
FRPELQDWLRQ�RI�WKH�WKUHH�VXVWDLQDELOLW\�DQDO\VHV�DQG�KLJKOLJKWLQJ�DQ\�VLPLODULWLHV��VKDUHG�KRWVSRWV�RU�
HYHQ�WUDGH�RIIV�RI�WKH�GLIIHUHQW�OD\HUV�DQG�KDYLQJ�D�PRUH�FRPSOHWH�YLHZ�RI�WKH�VXSSO\�FKDLQ�LPSDFW��
$�FDVH�VWXG\�ZDV�FRQGXFWHG�LQ�1RUWKHUQ�,WDO\��/RPEDUG\�UHJLRQ���ZKLFK�FRQFHQWUDWHV�D�KLJK�VKDUH�RI�
WKH�FRXQWU\
V�LQWHQVLYH�SLJ�IDUPLQJ��E\�PHDQV�RI�SULPDU\�GDWD�FROOHFWHG�IURP�FORVHG�F\FOH�SLJ�UHDULQJ�
IDUPV� 
6WDUWLQJ� IURP� WKH� UHVXOWV�� DQ� DOWHUQDWLYH� VFHQDULR� ZDV� H[SORUHG� LQ� ZKLFK� WKH� LQWURGXFWLRQ� RI� DQ�
HPHUJLQJ�PLWLJDWLRQ�WHFKQLTXH�ZDV�WHVWHG�LQ�RUGHU�WR�H[SORUH�LWV�SRVVLEOH�LQIOXHQFH�RQ�WKH�WKUHH�OD\HUV�
RI� VXVWDLQDELOLW\�� 7KLV� LV� UHSUHVHQWHG� E\� DQ� HQG�RI�SLSH� DLU� WUHDWLQJ� WHFKQRORJ\�� FXUUHQWO\� QRW�
ZLGHVSUHDG�LQ�WKH�VHFWRU�LQ�,WDO\��ZKLFK�FRQFHUQV�DLU�VFUXEELQJ�WR�UHGXFH�SDUWLFXODUO\�DPPRQLD��1+����
DQG�HYHQ�SDUWLFXODWH�HPLVVLRQV��IURP�WKH�KRXVLQJ�SKDVH��6DQWRQMD�HW�DO����������7KH�HQYLURQPHQWDO��
HFRQRPLF�DQG�VRFLDO�FRQVHTXHQFHV�DVVRFLDWHG�ZLWK�1+��HPLVVLRQV�DUH�� LQ�IDFW��FXUUHQWO\�RQH�RI�WKH�
PDLQ�LVVXHV�UHODWHG�WR�SLJ�IDUPLQJ��HVSHFLDOO\�LI�LQWHQVLYH�DQG�ORFDWHG�LQ�SRSXORXV�DUHDV�VXFK�DV�WKH�
3R�9DOOH\�� 
7he construction and maintenance of DLU�scrubbers involves the consumption of�acid, energy, and 
materials�VXFK�DV�VWDLQOHVV�VWHHO�� LQ�DGGLWLRQ�WR�DQ�LQFUHDVH�LQ�WKH�ZRUNORDG�IRU�LWV�PDQDJHPHQW�DQG�
WKDW�RI�D� OLTXLG� QLWURJHQ�ULFK�HIIOXHQW� WKDW� LV�FR�SURGXFHG�E\� LWV�RSHUDWLRQ��EXW�DW� WKH� VDPH� WLPH� LW�
DFKLHYHV�YHU\�KLJK�1+��HPLVVLRQ�UHGXFWLRQ�HIILFLHQFLHV��XS�WR������EXW�LQ�RSHUDWLQJ�FRQGLWLRQV�LW�LV�
UHDVRQDEOH�WR�FRQVLGHU�HIILFLHQFLHV�DURXQG�������DQG�LI�LW�LV�XVHG�ZLWK�DLU�WKDW�UHFLUFXODWHV�LQVLGH�WKH�
VWDEOHV� LW� DOVR� LPSURYHV� WKH� HQYLURQPHQW� DQG� WKHUHIRUH� LQ� WKHRU\� RI� WKH� ZHOIDUH� RI� DQLPDOV� DQG�
RSHUDWRUV��7KLV�VWXG\�WKHUHIRUH�DOVR�DLPV�WR�HYDOXDWH��WKDQNV�WR�WKH�DOWHUQDWLYH�VFHQDULR��DOO�WKH�SURV�
DQG�FRQV�RI�WKLV�PLWLJDWLRQ�VWUDWHJ\�ZLWK�D�YLHZ�RI�LWV�LPSDFW�DV�FRPSOHWH�DV�SRVVLEOH� 
 

2. 0HWKRGV 

���
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 � 

 
4XHVWLRQQDLUHV�ZHUH�VHW�XS�UHODWLQJ�WR�SURGXFWLRQ��WHFKQLFDO��HFRQRPLF�SHUIRUPDQFH�DQG�VRFLDO�DQG�
HQYLURQPHQWDO�FRQGLWLRQV�WKDW�FRXOG�EHVW�FKDUDFWHUL]H�WKH�IDUPV�LQYROYHG��DQG�FRPSLOHG�E\�PHDQV�RI�
ILHOG�VXUYH\V�DQG�PHHWLQJV�HVSHFLDOO\�ZLWK�IDUPHUV��DQG�ZLWK�RWKHU�DFWRUV�LQ�WKH�VXSSO\�FKDLQ��H�J���
DJULFXOWXUDO� WHFKQLFLDQV�� DJULFXOWXUDO� VHUYLFHV� SURYLGHU� FRPSDQLHV�� YHWHULQDULDQV��� $V� IRU� WKH�
DOWHUQDWLYH�VFHQDULR��WKH�SULPDU\�GDWD�FROOHFWHG�E\�WKH�IDUPHUV�ZHUH�LQWHJUDWHG�ZLWK�GDWD�GHULYLQJ�IURP�
YDULRXV�H[SHULPHQWDO�FDPSDLJQV�KHOG�GXULQJ�WKH�/LIH�0(*$�3URMHFW��VXSSRUWHG�E\� WKH�(8��DLPHG�
SUHFLVHO\�DW�PHDVXULQJ�HQYLURQPHQWDO��HFRQRPLF�DQG�VRFLDO�FRQVHTXHQFHV�IURP�LPSOHPHQWDWLRQ�RI�DLU�
VFUXEEHU�SURWRW\SHV�LQ�,WDOLDQ�SLJ�IDUPV� 
7KH� HQYLURQPHQWDO� LPSDFW� ZDV� DQDO\]HG� ZLWK� WKH� OLIH� F\FOH� DVVHVVPHQW� LQ� D� FUDGOH�WR�IDUP� JDWH�
DSSURDFK�ZLWK���NJ�RI�OLYH�ZHLJKW��/:��SURGXFHG��UHDG\�WR�EH�VROG�WR�WKH�VODXJKWHUKRXVH��DV�IXQFWLRQDO�
XQLW��7KLV� LV� LQ� OLQH�ZLWK�VLPLODU�VWXGLHV�FDUULHG�RXW� LQ�WKH� OLWHUDWXUH��DV�ZHOO�DV�FRQVLVWHQW�ZLWK�WKH�
DGRSWHG�V\VWHP�ERXQGDULHV��7KH�LQYHQWRU\�GDWD�FROOHFWHG�GLUHFWO\�LQ�WKH�IDUPV�ZHUH�LQWHJUDWHG�ZLWK�
VHFRQGDU\�GDWD� UHODWHG�WR�HVWLPDWHV�RI�HPLVVLRQV� IURP�DQLPDOV� �HQWHULF�DQG�PDQXUH�PDQDJHPHQW���
ZKLOH�EDFNJURXQG�GDWD�ZHUH�UHWULHYHG�IURP�WKH�HVWDEOLVKHG�(FRLQYHQW��GDWDEDVH��:HUQHW�HW�DO����������
7KH� ILQDO� LQYHQWRU\� ZDV� FKDUDFWHUL]HG� ZLWK� D� PLGSRLQW� SHUVSHFWLYH� LPSDFW� DVVHVVPHQW�� )RU� PRUH�
GHWDLOV��UHIHU�WR�&RQWL�HW�DO���������ZKHUH�WKH�/&$�VWXG\�RI�RQH�RI�WKH�IDUPV�LV�GHVFULEHG�LQ�GHWDLO� 
)RU� WKH� HFRQRPLF� VLGH�� D� FDVK� IORZ�DQDO\VLV�ZDV� XVHG� WDNLQJ� LQWR� FRQVLGHUDWLRQ� DOO� WKH� FRVWV� DQG�
UHYHQXHV�RI� WKH� IDUPV� LQYROYHG�GXULQJ�D�\HDU��7KHUHIRUH��ERWK� WKH�FRQVXPDEOHV�DQG� UDZ�PDWHULDOV�
XVHG��WKH�FRVW�RI�ODERU�DQG�VHUYLFHV��WKH�GHSUHFLDWLRQ�RI�FDSLWDO�JRRGV��DQG�FRPSDQ\�SURGXFWLRQ�DQG�
VDOHV�ZHUH�FRQVLGHUHG�� 
7KH� VRFLDO� DQDO\VLV� ZDV� SHUIRUPHG� XVLQJ� ZLWK� WKH� VRFLDO�/&$� PHWKRG�� 7R� WKLV� HQG�� WKH� 81(3�
JXLGHOLQHV��81(3���6(7$&��������ZHUH�IROORZHG�DQG�DGDSWHG�WR�WKH�SUHVHQW�FDVH�VWXG\��VHOHFWLQJ�D�
VHULHV�RI�LQGLFDWRUV�IRU�WKH�VHFWRU��UHODWHG�WR�IRXU�VWDNHKROGHUV¶�FDWHJRULHV��VRFLHW\��ORFDO�FRPPXQLWLHV��
ZRUNHUV�DQG�DQLPDOV���WKDQNV�WR�DQ�LQ�GHSWK�OLWHUDWXUH�UHYLHZ��7KH�UHIHUHQFH�VFDOH�DSSURDFK�ZDV�WKHQ�
XVHG�IRU�DQDO\]LQJ�WKH�VRFLDO�LQYHQWRU\��7KH�5HIHUHQFH�6FDOH�LPSDFW�DVVHVVPHQW�SURYLGHV�D�TXDOLWDWLYH�
DVVHVVPHQW�RI�WKH�VRFLDO�SHUIRUPDQFH�E\�DWWULEXWLQJ�VFRUHV�WR�HDFK�LQGLFDWRU�FRQVLGHULQJ�SHUIRUPDQFH�
UHIHUHQFH�SRLQWV��353���353�DUH�WKUHVKROGV�� WDUJHWV��RU�REMHFWLYHV�WKDW�VHW�GLIIHUHQW� OHYHOV�RI�VRFLDO�
SHUIRUPDQFH�RU�VRFLDO�ULVN��,Q�WKLV�VWXG\��FRQWH[W�VSHFLILF�353�DUH�GHILQHG�IRU�HDFK�LQGLFDWRU��WDNLQJ�
LQ� FRQVLGHUDWLRQ� WKH� JHRJUDSKLF� FRQWH[W� DQG� WKH� HFRQRPLF� VHFWRU�� &RPSDUHG� ZLWK� WKH� UHVSHFWLYH�
UHIHUHQFH�VFDOHV��WKH�LQGLFDWRUV�FDQ�EH�DVVLJQHG�WKH�VFRUH���&RPPLWWHG���³3URDFWLYH´��³&RPSOLDQW´��
³5LVN\´� 
 

3. 5HVXOWV 
 

7KH�DFKLHYHG�UHVXOWV�IRU�WKH�HQYLURQPHQWDO�VLGH�DUH� LQ� OLQH�ZLWK�RWKHU�/&$�VWXGLHV� IRFXVHG�RQ�SLJ�
UHDULQJ��ZLWK�D�*:3�YDU\LQJ�EHWZHHQ�����DQG�����NJ�&2��HT�NJ�/:��)HHG�FRQVXPSWLRQ�LV�WKH�PDLQ�
HQYLURQPHQWDO� KRWVSRW� IRU�PDQ\� LPSDFW� FDWHJRULHV�� UHDFKLQJ� FRQWULEXWLRQV� RI� �������RI� WKH� WRWDO�
LPSDFW�IRU�WHUUHVWULDO�DFLGLILFDWLRQ��HXWURSKLFDWLRQ�DQG�SDUWLFXODWH�PDWWHU�IRUPDWLRQ��DQG�HYHQ�JUHDWHU�
WKDQ� ���� IRU� FDWHJRULHV� UHODWHG� WR� KXPDQ� DQG� HFRV\VWHP� WR[LFLW\� �IUHVKZDWHU��� )RU� WKH�*:3� WKH�
FRQWULEXWLRQ�RI�WKH�IHHG�LV�ORZHU�EHFDXVH�DOVR�WKH�PHWKDQH�HPLWWHG�E\�PDQXUH�PDQDJHPHQW�SOD\V�DQ�
LPSRUWDQW�UROH����������� 
7KH�IHHG�LV�DOVR�E\�IDU�WKH�PDLQ�FRVW�LWHP��YDU\LQJ�EHWZHHQ����DQG�����RI�WKH�WRWDO��IROORZHG�E\�WKH�
FRVWV�IRU�ZRUN��GHSUHFLDWLRQ�FDSLWDO�JRRGV��HQHUJ\�DQG�RWKHU�IDFWRUV�RI�SURGXFWLRQ��*LYHQ�WKH�WRWDO�
SURGXFWLRQ�FRVWV�ZKLFK�DUH�DURXQG���������¼�NJ�/:��WKH�SURILW�PDUJLQ�LV�TXLWH�ORZ�FRPSDUHG�WR�PDUNHW�
VHOOLQJ�SULFHV��$�ILUVW�FRQVLGHUDWLRQ�WKDW�HPHUJHV�IURP�WKLV�UHVXOW�LV�WKDW�IDUPHUV�FDQQRW�HDVLO\�DIIRUG�
LQYHVWPHQWV�WR�LPSURYH�HQYLURQPHQWDO�DQG�VRFLDO�FRQGLWLRQV�� 
$V�IRU�WKH�VRFLDO�/&$��WKH�IDUPV�LQYROYHG�DSSHDUHG�ZHOO�DOLJQHG�ZLWK�WKH�DYHUDJH�VRFLDO�GDWD�RI�WKH�
VHFWRU��ZKLFK�PHDQV�WKDW�PRVW�RI�WKH�LQGLFDWRUV�DSSHDUHG�DV�µFRPSOLDQW¶��WKHUHIRUH�ZLWKRXW�D�SRVLWLYH�
RU�QHJDWLYH�LPSDFW��2QO\�LQ�D�IHZ�LQGLFDWRUV�WKH�DQDO\]HG�IDUPV�GHPRQVWUDWHG�VRPH�VRFLDO�ULVNV��H�J��

���
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 � 

KRXUV�RI�RQ�WKH�MRE�WUDLQLQJ���RU�VRFLDO�FRPPLWPHQW��HVSHFLDOO\�DV�UHJDUGV�WKH�LQGLFDWRUV�OLQNHG�WR�WKH�
/RFDO�FRPPXQLWLHV�VWDNHKROGHU��GHPRQVWUDWLQJ�D�JRRG�LQWHJUDWLRQ�RI�WKH�IDUPV�LQ�WKH�WHUULWRU\�� 
 

����$OWHUQDWLYH�VFHQDULR 
 

)URP� DQ� HQYLURQPHQWDO� SRLQW� RI� YLHZ�� RQ� WKH� RWKHU� KDQG�� WUDGH�RIIV� EHWZHHQ� GLIIHUHQW� LPSDFW�
FDWHJRULHV�HPHUJHG��)RU�H[DPSOH��DV�UHJDUGV�WKH�*:3��WKH�DOWHUQDWLYH�VFHQDULR�VOLJKWO\�LQFUHDVHV�LWV�
LPSDFW��DOWKRXJK�DOZD\V�������GXH�WR�WKH�FRQVXPSWLRQ�RI�UDZ�PDWHULDOV�IRU�VFUXEEHU�RSHUDWLRQ�DQG�
GHVSLWH� WKH� VOLJKW� UHGXFWLRQ� RI� LQGLUHFW� 1�2� HPLVVLRQV� �WKDQNV� WR� WKH� DYRLGDQFH� RI� SDUW� RI� WKH�
YRODWLOL]DWLRQ�DQG�VRLO�UH�GHSRVLWLRQ�DQG�GHQLWULILFDWLRQ�RI�1+����+RZHYHU��LPSDFW�FDWHJRULHV�OLQNHG�
WR�1+��HPLVVLRQV�VXFK�DV�DFLGLILFDWLRQ�DQG�30�IRUPDWLRQ�SRWHQWLDO�QRWLFHDEO\�UHGXFH�WKHLU�LPSDFW�LQ�
WKH�RUGHU�RI������7KH�ZD\�RI�PRGHOLQJ� WKH�FR�SURGXFWLRQ�RI�DPPRQLXP�VROXWLRQ�HIIOXHQW�KDV�DQ�
LQIOXHQFH�RQ�WKH�UHVXOWV��,I�ZH�FRQVLGHU�WKDW�WKLV�FRXOG�UHSODFH�V\QWKHWLF�QLWURJHQ�IHUWLOL]HU�RWKHUZLVH�
ERXJKW�H[WHUQDOO\�E\�WKH�IDUPV��WKLV�JHQHUDWHV�D�VLJQLILFDQW�HQYLURQPHQWDO�FUHGLW��)URP�WKH�HFRQRPLF�
VLGH��WKH�LQVWDOODWLRQ�RI�WKH�DLU�VFUXEEHU�ZDV�HVWLPDWHG�ZLWK�D�WRWDO�FRVW�YDU\LQJ�EHWZHHQ�����DQG������
¼�SLJ� SODFH�\HDU� GHSHQGLQJ� RQ� WKH� RSHUDWLRQ� DQG� UHPRYDO� HIILFLHQF\��7KH� UHVXOWV� IURP� WKH� VRFLDO�
DQDO\VLV�VFRUHG�EHWWHU�IRU�WKH�DOWHUQDWLYH�VFHQDULR��ZKLFK�LV�OLQNHG�WR�LPSURYHG�YDOXHV�HVSHFLDOO\�RQ�
WKH�DQLPDO�ZHOIDUH�LQGLFDWRUV� 
 

4. 'LVFXVVLRQ�DQG�FRQFOXVLRQV 
 

0HWKRGRORJLFDO�FRQVLGHUDWLRQV�WKDW�HPHUJHG�ZLWK�WKLV�VWXG\�FRQFHUQ�WKH�IDFW�WKDW�VRFLDO�DQDO\VLV� LV�
FHUWDLQO\�WKH�RQH�ZLWK�WKH�JUHDWHU�URRP�IRU�LPSURYHPHQW��EHLQJ�WKH�PRVW�UHFHQW�PHWKRGRORJ\��DQG�QRW�
SHUIHFWO\� VWDQGDUGL]HG��,W�VKRXOG�DOVR�EH�HPSKDVL]HG�WKDW�WKH� LQYHQWRU\� IRU�HQYLURQPHQWDO�DQDO\VLV�
DQG� WKDW� IRU� HFRQRPLF� DQDO\VLV� DUH� ODUJHO\� RYHUODSSHG�� UHGXFLQJ� WKH� HIIRUW� RI� GRLQJ� D� FRPELQHG�
DQDO\VLV��,QVWHDG��DV�IDU�DV�VRFLDO�DQDO\VLV�LQYHQWRU\�LV�FRQFHUQHG��WKLV�LV�FRPSOHWHO\�GLIIHUHQW��DQG�LW�
LV�YHU\�WLPH�FRQVXPLQJ�WR�VHW�XS�GXH�WR�WKH�QHHG�RI�FDWHJRULHV��VXE�FDWHJRULHV�DQG�LQGLFDWRUV�VHOHFWLRQ�
WKDW� DUH� VHFWRU� VSHFLILF�� DQG� VXEVHTXHQWO\� WR� WKH� QHHG� RI� GHILQLQJ� WKH� VRFLDO� ULVN� RU� FRPPLWPHQW�
WKUHVKROGV��0RUHRYHU��WKHUH�LV�VRPH�VHQVLWLYH�LQIRUPDWLRQ�WKDW�LV�QRW�DOZD\V�HDVLO\�VKDUHG�E\�IDUPHUV�
�H�J���UHJXODULW\� LQ�SD\PHQWV�� UHODWLRQV�ZLWK� ORFDO� FRPPXQLWLHV��HWF����ZKLFK�PDNHV�GDWD�FROOHFWLRQ�
VORZ�DQG�GLIILFXOW��)LQDOO\�� IXUWKHU�GHYHORSPHQW�RI� WKH�PHWKRGRORJ\� LV� QHHGHG� EHFDXVH� WKH� UHVXOWV�
IURP�WKH�6�/&$�DUH�FRPSOH[�WR�FRPSDUH�ZLWK�WKRVH�RI�RWKHU�VWXGLHV��ZKLFK�VRPHZKDW�KLQGHUV�WKHLU�
LQWHUSUHWDWLRQ� 
7KLV�VWXG\�KDV�VKRZQ�KRZ�WKH�SLJ�VHFWRU��DV�ZHOO�DV��PRUH�EURDGO\��PDQ\�RWKHUV�ZLWKLQ�DJULFXOWXUH��
KDV� LQQXPHUDEOH� IDFHWV�WKDW�GHWHUPLQH�GLIIHUHQW�WUDGH�RIIV� LQ�WHUPV�RI�VXVWDLQDEOH�SURGXFWLRQ��6XFK�
H[WHQVLYH�UHVXOWV��H[SUHVVHG�LQ�VXFK�D�GLIIHUHQW�ZD\�DQG�QRW�HDVLO\�DQG�GLUHFWO\�FRPSDUDEOH��FHUWDLQO\�
HQULFK�WKH�XQGHUVWDQGLQJ�RI�WKH�FRPSOH[LW\�RI�D�VXSSO\�FKDLQ�DQG�KLJKOLJKW�LWV�VWUHQJWKV�DQG�FULWLFDO�
SRLQWV�DW�GLIIHUHQW�OD\HUV��2I�FRXUVH��RQ�WKH�RWKHU�KDQG��WKLV�GRHV�QRW�KDYH�WR�PHDQ�WKDW�DOO�WKH�UHVXOWV�
PXVW�EH�SXW�DW�WKH�VDPH�OHYHO�RI� LPSRUWDQFH��,W�LV�DOZD\V�QHFHVVDU\�WR�NHHS�LQ�PLQG�WKH�SURGXFWLYH�
DQG�VRFLR�HFRQRPLF�SROLWLFDO�FRQWH[W�ZLWKLQ�ZKLFK�D�VXSSO\�FKDLQ�RSHUDWHV�� VLQFH�HYHQ�WKLV� IDFWRUV�
LQIOXHQFH�WKH�FKRLFH�WKH�ULJKW�LPSDFW�PLWLJDWLRQ�DFWLRQV�WR�EH�XQGHUWDNHQ� 
$V�IRU�WKH�FRQFOXVLRQV�ZLWK�UHVSHFW�WR�WKH�DOWHUQDWLYH�VFHQDULR��IURP�DQ�HFRQRPLF�SRLQW�RI�YLHZ�WKH�
DOWHUQDWLYH�PLWLJDWLRQ�VFHQDULR�GRHV�QRW�DSSHDU�DGYDQWDJHRXV�GXH�WR�WKH�FRVWV�RI�WKH�WHVWHG�WHFKQRORJ\��
SDUWLFXODUO\�RSHUDWLRQ�FRVWV��ZKLOH�QRW�UHWXUQLQJ�GLUHFW�HDUQLQJV�WR�WKH�IDUP��2Q�WKH�RWKHU�KDQG��WKLV�
WULSOH�OD\HU�DQDO\VLV�KLJKOLJKWV�WKDW�LI�WKH�UHGXFHG�HQYLURQPHQWDO�DQG�VRFLDO�H[WHUQDOLWLHV�ZHUH�WDNHQ�
LQWR�DFFRXQW��HYHQ�WKH�³VRFLHW\´�HFRQRPLF�EDODQFH�ZRXOG�LPSURYH��)XWXUH�FKDOOHQJHV�ZLOO�FRQFHUQ�
WKH�DQDO\VLV�RI�KRZ�IDUPHUV�FDQ�EHVW�H[SORLW�WKHVH�ILQGLQJV�HFRQRPLFDOO\��ZLWK�DQ�LQWHJUDWHG�YLVLRQ�RI�
WKH�WKUHH�VXVWDLQDELOLW\�OD\HUV��IDYRULQJ�HFRQRPLF�VXSSRUW�RI�SXEOLF�LQVWLWXWLRQV�DQG���RU�FRQVXPHUV�LQ�
YLHZ�RI�WKHLU�FRPPLWPHQW�WR�WKH�HQYLURQPHQW� 
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5. 5HIHUHQFHV 
 
Conti�&�, Costantini�0�, Fusi�$�, Manzardo�$�, Guarino�0�, Bacenetti� -���Environmental impact of 
pig production affected by wet acid scrubber as mitigation technology� Sustain. Prod. 
Consum., 28 (2021), pp. 580-590� 
0F$XOLIIH� '�9� &KDSPDQ� &�/� 6DJH�� ������ $� WKHPDWLF� UHYLHZ� RI� OLIH� F\FOH� DVVHVVPHQW� �/&$��
DSSOLHG�WR�SLJ�SURGXFWLRQ��(QYLURQPHQWDO�,PSDFW�$VVHVVPHQW�5HYLHZ� ����SS� ������ 
3H[DV��*���0DFNHQ]LH��6�*���:DOODFH��0���.\ULD]DNLV��,��������&RVW�HIIHFWLYHQHVV�RI�HQYLURQPHQWDO�
LPSDFW�DEDWHPHQW�PHDVXUHV�LQ�D�(XURSHDQ�SLJ�SURGXFWLRQ�V\VWHP��$JULFXOWXUDO�6\VWHPV������������� 
Santonja�*��*�,�Georgitzikis�.�, Scalet�B.M., Montobbio�3�, Roudier�6�, Sancho�L.D.��2017��Best 
Available Techniques (BAT) Reference Document for the Intensive Rearing of Poultry or 
Pigs, 10.2760/020485��EUR 28674 EN 
81(3�6(7$&��*XLGHOLQHV�IRU�VRFLDO�OLIH�F\FOH�DVVHVVPHQW�RI�SURGXFWV�DQG�RUJDQL]DWLRQV�������7KH�
81(3�6(7$&�OLIH�F\FOH�LQLWLDWLYH� )UDQFH� 3DULV �������� 
Wernet G., Bauer C., Steubing B., Reinhard J., Moreno-Ruiz E., Weidema B. 2016. The Ecoinvent 
database version 3 (part I): Overview and methodology. International Journal of Life Cycle 
Assessment, 21 (9), pp. 1218-1230. 
=LUD�� 6��� 5||V��(��� ,YDUVVRQ�� (�� HW� DO�� ������ 6RFLDO� OLIH� F\FOH� DVVHVVPHQW� RI� 6ZHGLVK� RUJDQLF� DQG�
FRQYHQWLRQDO�SRUN�SURGXFWLRQ��,QW�-�/LIH�&\FOH�$VVHVV���������±����� 
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 � 

 
'LIIHUHQFHV�LQ�/&$�LPSDFW�EHWZHHQ�PHDW�W\SHV�DUH�UHGXFHG�ZKHQ�HFRV\VWHP�

VHUYLFHV�UHODWHG�WR�WKHLU�SURGXFWLRQ�DUH�DFFRXQWHG�IRU 
 

)UpGpULF�-RO\�
��3KLOLS�5RFKH���-R�'HZXOI���/LHVHORW�%RRQH� 
 

�8QLYHUVLWp�&OHUPRQW�$XYHUJQH��,15$(��9HW$JUR�6XS��805�+HUELYRUHV��������6W�*HQHV�&KDPSDQHOOH��)UDQFH 
��,15$(��805�5(&29(5��������$L[�HQ�3URYHQFH�FHGH[����)UDQFH  
��'HSDUWPHQW�RI�*UHHQ�&KHPLVWU\�DQG�7HFKQRORJ\��*KHQW�8QLYHUVLW\��*KHQW��%HOJLXP 
 
.H\ZRUGV��&KLFNHQ��3RUN��%HHI��$OORFDWLRQ�)DFWRUV��*UDVVODQGV��&URSODQGV� 
 

&RUUHVSRQGLQJ�DXWKRU��7HO�������������������� 
�(�PDLO�DGGUHVV��IUHGHULF�MRO\#LQUDH�IU 
 
 
5DWLRQDOH�DQG�REMHFWLYH�RI�WKH�ZRUN 
7KH�QHJDWLYH�HQYLURQPHQWDO�LPSDFWV�RI�PHDW�SURGXFWLRQ�DVVHVVHG�IURP�/&$��IXUWKHU�/&$�LPSDFWV���
LV� KLJKO\� GHSHQGHQW� RQ� WKH� FRQFHUQHG� OLYHVWRFN� VSHFLHV�� 7R� SURGXFH� RQH� NLOR� RI� PHDW�� /&$�
DVVHVVPHQWV�LQGLFDWH�WKDW�HQHUJ\�FRQVXPSWLRQ�DQG�JUHHQKRXVH�JDV�HPLVVLRQV��*+*��LQFUHDVH�IURP�
FKLFNHQ�WR�SRUN��DQG�IURP�SRUN�WR�EHHI��GH�9ULHV�DQG�GH�%RHU��������)ODFKRZVN\�HW�DO��������� 
 
+RZHYHU��/&$�KDV�EHHQ�FULWLFL]HG�IRU�LWV�LQDELOLW\�WR�DFFRXQW�IRU�WKH�SRVLWLYH�DVSHFWV�RI�FHUWDLQ�IRUPV�
RI�H[WHQVLYH�IDUPLQJ��VXFK�DV�RUJDQLF�DQG�DJUR�HFRORJLFDO�IDUPLQJ��YDQ�GHU�:HUI�HW�DO����������7KLV�LV�
D�OLPLW�DV�WKLV�W\SH�RI�IDUPLQJ��VXFK�DV�JUDVV�EDVHG�EHHI�SURGXFWLRQ��FDQ�GHOLYHU�PXOWLSOH�EHQHILWV�DQG�
HFRV\VWHP�VHUYLFHV� �(6���'XPRQW�HW�DO���������5\VFKDZ\�HW�DO����������7KH�SHUPDQHQW�JUDVVODQGV�
LQYROYHG�LQ�VXFK�V\VWHP�FDQ�LQGHHG�SURYLGH��IRU�H[DPSOH��(6�RI�SROOLQDWLRQ��FDUERQ�VWRUDJH��HURVLRQ�
SUHYHQWLRQ�RU�UHFUHDWLRQ��6FKLOV�HW�DO����������7KH�/&$�LPSDFWV�RI�PHDW�RI�FKLFNHQ��SRUN�DQG�FDWWOH�
PD\�WKHUHIRUH�GLIIHU��RU�EH�QXDQFHG��LI�SRVLWLYH�LPSDFWV�ZHUH�DFFRXQWHG� 
 
7R�VROYH�WKLV�LVVXH��D�QHZ�PHWKRG�KDV�EHHQ�SURSRVHG�WR�DOORFDWH�/&$�LPSDFWV�WR�WKH�VWULFWO\�SURGXFWLYH�
VHUYLFHV�DQG�WR�RWKHU�W\SHV�RI�VHUYLFHV��%RRQH�HW�DO����������)RU�D�JLYHQ�SURGXFWLRQ�V\VWHP��SURGXFWLYH�
DVSHFWV�DUH�DVVHVVHG�DFFRUGLQJ�WR� WKHLU�UHODWLYH�OHYHO�RI�SURYLVLRQLQJ�(6��3(6���H�J��(6�SURGXFLQJ�
SK\VLFDO� JRRGV� OLNH� JUDLQ��ZRRG� RU�PHDW�� DQG� RWKHU� VHUYLFHV� DUH� DVVHVVHG� EDVHG� RQ� WKHLU� OHYHO� RI�
UHJXODWLQJ�(6��5(6���H�J��(6�FRQWULEXWLQJ�WR�VWDELOL]H�ELRSK\VLFDO�SURFHVVHV�OLNH�FOLPDWH��7KLV�PHWKRG�
SURSRVHV�DOORFDWLRQ�IDFWRUV�EDVHG�RQ�WKH�FDSDFLW\�RI�V\VWHPV�WR�VXSSO\�WKH�WZR�W\SHV�RI�(6�DQG�LW�KDV�
EHHQ�DSSOLHG�WR�FRPSDUH�/&$�LPSDFWV�RI�RUJDQLF�DQG�FRQYHQWLRQDO�FURS�SURGXFWLRQV��+HUH�ZH�DSSO\�
WKH�PHWKRG�WR�WKH�SURGXFWLRQ�RI�FKLFNHQ��SRUN�DQG�EHHI� 
 
$SSURDFK�DQG�0HWKRGRORJ\ 
7KH�DOORFDWLRQ�IDFWRUV� ௣݂௥௢௩ǡ௦�DQG� ௥݂௘௚ǡ௦�RI�WKH�SURGXFWLRQ�V\VWHP�RI�OLYHVWRFN�VSHFLHVݏ���DUH�FDOFXODWHG�
EDVHG� RQ� WKH� FDSDFLW\� RI� WKLV� V\VWHP� WR� GHOLYHU� 3(6� DQG� 5(6��7KLV� FDSDFLW\� LV� LWVHOI� TXDQWLILHG�
DFFRUGLQJ�WR�VFRUHV�ZH�FDOFXODWHG��DQG�GHQRWHG�ܲܵܧ௦௬௦ǡ௦௦௖௢௥௘�DQG�ܴܵܧ௦௬௦ǡ௦௦௖௢௥௘�� UHVSHFWLYHO\��(T�� ����������
7KHVH�VFRUHV�DUH�QRUPDOL]HG�DQG�WDNH�YDOXHV�UDQJLQJ�IURP���WR����UHIHUULQJ�WR�QR�FDSDFLW\�WR�YHU\�KLJK�
FDSDFLW\�RI� WKH�V\VWHP� WR� VXSSO\�D�SDUWLFXODU�(6��7KLV� VFRULQJ�DSSURDFK� LV�EDVHG�RQ� WKH�(6� VFRUH�
PDWUL[�IUDPHZRUN�SURSRVHG�E\�%XUNKDUG�HW�DO��������� 
 
௣݂௥௢௩ǡ௦ ൌ ௦௬௦ǡ௦௦௖௢௥௘ܵܧ௦௬௦ǡ௦௦௖௢௥௘Ȁሺܲܵܧܲ� ൅  ���௦௬௦ǡ௦௦௖௢௥௘ሻ (Tܵܧܴ

௥݂௘௚ǡ௦ ൌ ௦௬௦ǡ௦௦௖௢௥௘ܵܧ௦௬௦ǡ௦௦௖௢௥௘Ȁሺܲܵܧܴ� ൅  ���௦௬௦ǡ௦௦௖௢௥௘ሻ (Tܵܧܴ
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7KH�IDFWRUV�LQLWLDOO\�FRQFHUQ�DUDEOH�ODQG�RQO\��%RRQH�HW�DO���������EXW�OLYHVWRFN�SURGXFWLRQ�V\VWHPV�
LQYROYHV� IHHGLQJ� V\VWHPV� ZLWK� VSHFLILF� ODQG� XVH� SURILOHV��:H� WKHUHIRUH� H[SUHVVHG�ܲܵܧ௦௬௦௦௖௢௥௘��DQG�
�JUDVVODQGV�DQG�FURSODQGV���7KH�VFRUH�RI�WKH�ZKROH��௦௬௦௦௖௢௥௘�EDVHG�RQ�WKH�VFRUHV�RI�HDFK�ODQG�XVHܵܧܴ
IHHGLQJ�V\VWHP�LV�WKHQ�DVVHVVHG�WKURXJK�D�ZHLJKWHG�DYHUDJH��FDOFXODWHG�E\�ZHLJKLQJ�JUDVVODQG�DQG�
FURSODQG�VFRUHV�E\�WKH�DUHDV�XVHG�WR�SURGXFH�RQH�NLOR�RI�PHDW��(T����������� 
 
௦௬௦ǡ௦௦௖௢௥௘ܵܧܲ ൌ ሺܽ௖௥௢௣ǡ௦ ൉ ௖௥௢௣ǡ௦௦௖௢௥௘ܵܧܲ ൅ ܽ௚௥௔௦௦ǡ௦ ൉ ܧܲ ௚ܵ௥௔௦௦ǡ௦

௦௖௢௥௘ ሻȀሺܽ௖௥௢௣ǡ௦ ൅ ܽ௚௥௔௦௦ǡ௦ሻ� (T��� 

௦௬௦ǡ௦௦௖௢௥௘ܵܧܴ ൌ ሺܽ௖௥௢௣ǡ௦ ൉ ௖௥௢௣ǡ௦௦௖௢௥௘ܵܧܴ ൅ ܽ௚௥௔௦௦ǡ௦ ൉ ܧܴ ௚ܵ௥௔௦௦ǡ௦
௦௖௢௥௘ ሻȀሺܽ௖௥௢௣ǡ௦ ൅ ܽ௚௥௔௦௦ǡ௦ሻ (T��� 

 
:KHUH�� IRU� OLYHVWRFN� VSHFLHV� ���ݏ ܽ௖௥௢௣ǡ௦��DQG� ܽ௚௥௔௦௦ǡ௦��DUH� WKH� DUHD� RI� FURSODQGV� DQG� JUDVVODQGV��
UHVSHFWLYHO\��ܲܵܧ௖௥௢௣ǡ௦௦௖௢௥௘ �DQG�ܲܧ ௚ܵ௥௔௦௦ǡ௦

௦௖௢௥௘ �DUH�3(6�VFRUH�RI�FURSODQGV�DQG�JUDVVODQGV��UHVSHFWLYHO\��DQG�
௖௥௢௣ǡ௦௦௖௢௥௘ܵܧܴ �DQG�ܴܧ ௚ܵ௥௔௦௦ǡ௦

௦௖௢௥௘ �DUH�5(6�VFRUH�RI�FURSODQGV�DQG�JUDVVODQGV��UHVSHFWLYHO\� 
 
7R�DVVHVV�3(6�VFRUHV�ZH�XVHG�WKH�DUHDV�RI�JUDVVODQGV�DQG�FURSODQGV�XVHG�WR�SURGXFH�RQH�NJ�RI�FKLFNHQ��
SRUN�DQG�EHHI� �EDVHG�RQ�)LVFKHU� HW� DO�� ���������:H�XVHG� LQ� WKLV� DLP�DQ� LQWHUPHGLDWH� YDULDEOH�ܱܲ��
TXDQWLI\LQJ� WKH� RYHUDOO� SURGXFWLYH� SHUIRUPDQFHV�� :H� TXDQWLILHG� LW� FRQVLGHULQJ� WKDW� WKH� V\VWHP�
UHTXLULQJ�WKH�OHVV�VXUIDFHV�ZRXOG�EH�WKH�PRVW�HIILFLHQW��IURP�D�SURGXFWLYH�YLHZSRLQW��:H�GHULYHG�IURP�
FURSODQG�DQG�JUDVVODQG�DUHDV�DQ�RYHUDOO�SURGXFWLYH�VFRUH�WR�WKH�IHHGLQJ�V\VWHP�ܱܲ��E\�DWWULEXWLQJ�DQ�
RYHUDOO�VFRUH�RI����PD[LPXP��WR�FKLFNHQ�V\VWHPV��DV�D�UHIHUHQFH��DV�WKH\�DUH�WKH�PRVW�HIILFLHQW��OHVV�
DUHD�XVHG���:H�QRUPDOL]HG�WKLV�ZD\�RXU�VFRUH�RQ�D�VFDOH�RI���WR����7KH�VFRUHV�RI�RXU�WKUHH�VWXGLHG�
VSHFLHV�DUH�H[SUHVVHG�E\�(T����������� 
 
ܱ ௖ܲ௛௜௖௞௘௡ ൌ ͷ (T��� 

ܱ ௣ܲ௢௥௞ ൌ ͷ ൉ ሺܽ௖௥௢௣ǡ௖௛௜௖௞௘௡ ൅ ܽ௚௥௔௦௦ǡ௖௛௜௖௞௘௡ሻȀሺܽ௖௥௢௣ǡ௣௢௥௞ ൅ ܽ௚௥௔௦௦ǡ௣௢௥௞ሻ (T��� 

ܱ ௖ܲ௔௧௧௟௘ ൌ ͷ ൉ ሺܽ௖௥௢௣ǡ௖௛௜௖௞௘௡ ൅ ܽ௚௥௔௦௦ǡ௖௛௜௖௞௘௡ሻȀሺܽ௖௥௢௣ǡ௖௔௧௧௟௘ ൅ ܽ௚௥௔௦௦ǡ௖௔௧௧௟௘ሻ (T��� 

 
:H�ILQDOO\�FDOFXODWHG�ܲܵܧ௖௥௢௣ǡ௦௦௖௢௥௘ �DQG�ܲܧ ௚ܵ௥௔௦௦ǡ௦

௦௖௢௥௘ �E\�EUHDNLQJ�GRZQ�ܱ ௦ܲ�DFFRUGLQJ�WR�WKH�DUHD�RI�FURSV�
DQG�JUDVVODQG�LQ�WKH�IHHGLQJ�V\VWHP�RI�WKH�FRQFHUQHG�VSHFLHVݏ���(T����������� 
 
௖௥௢௣ǡ௦௦௖௢௥௘ܵܧܲ ൌ ܱ ௦ܲ ൉ ܽ௖௥௢௣ǡ௦Ȁሺܽ௖௥௢௣ǡ௦ ൅ ܽ௚௥௔௦௦ǡ௦ሻ� (T��� 

ܧܲ ௚ܵ௥௔௦௦ǡ௦
௦௖௢௥௘ ൌ ܱ ௦ܲ ൉ ܽ௚௥௔௦௦ǡ௦Ȁሺܽ௖௥௢௣ǡ௦ ൅ ܽ௚௥௔௦௦ǡ௦ሻ� (T��� 

 

7KH�YDOXHV�RI�ܽ௖௥௢௣ǡ௦�DQG�ܽ௚௥௔௦௦ǡ௦�ZHUH�GHULYHG�IURP�)ODFKRZVN\�HW�DO����������ZKR�JLYH�UHIHUHQFH�
YDOXHV�IRU�V\VWHPV�RI�GLIIHUHQW�OHYHOV�RI�SURGXFWLYLW\��:H�FKRVH�V\VWHPV�RI�LQWHUPHGLDWH�SURGXFWLYLW\�
IRU�WKH�WKUHH�VSHFLHV��DV�RXU�SXUSRVH�ZDV�WR�DFFRXQW�IRU�WKH�GLIIHUHQFHV�RI�VSHFLHV�RQO\��ZLWKRXW�ELDVHV�
WKDW�FRXOG�EH�LQGXFHG�E\�PDQDJHPHQW�LQWHQVLW\��:H�WKHQ�REWDLQHG�ܴܵܧ௖௥௢௣ǡ௦௦௖௢௥௘ �DQG�ܴܧ ௚ܵ௥௔௦௦ǡ௦

௦௖௢௥௘ �IURP�WKH�
PDWUL[�RI�VFRUH�RI�6WROO�HW�DO����������DQG�FRQVLGHUHG�WKH�VFRUHV�LQGHSHQGHQW�RI�WKH�OLYHVWRFN�VSHFLHV��
DV�ZH�IRFXVHG�RQ�V\VWHPV�RI�VLPLODU�PDQDJHPHQW� LQWHQVLW\��:H�ILQDOO\�FROOHFWHG�WKH�/&$�LPSDFWV�
IURP� GH�9ULHV� DQG� GH�%RHU� �������� DQG� EURNH� WKHP� GRZQ� DFFRUGLQJ� WR� WKH� DOORFDWLRQ� IDFWRUV�ZH�
FDOFXODWHG� 
  

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

0DLQ�UHVXOWV�DQG�GLVFXVVLRQ 
2XU�FDOFXODWLRQV�RI�3(6�VFRUHV�LQ�FURSODQGV�UHWXUQHG�LPSRUWDQW�GLIIHUHQFHV�DFFRUGLQJ�WR�VSHFLHV��ZLWK�
3(6� VFRUH� EHLQJ� ORZHU� IRU� EHHI�� IROORZHG� E\� SRUN� DQG� WKHQ� FKLFNHQ� �7DE�� ���� 7KLV� JUDGLHQW� LV�
FRQVLVWHQW�ZLWK�WKH�IHHG�HIILFLHQF\�RI�WKHVH�DQLPDOV��3(6�VFRUH�IRU�JUDVVODQG�LV�KLJKHU�IRU�EHHI�WKDQ�
SRUN�DQG�FKLFNHQ��ZKLFK�LV�FRQVLVWHQW�DV�ZHOO��DV�SRUN�DQG�FKLFNHQ�DUH�QRW�DEOH�WR�GLJHVW�WKH�IRUDJH�
FHOOXORVH��DFFHVV�WR�JUDVVODQG�LV�RIWHQ�PRUH�MXVWLILHG�E\�DQLPDO�ZHOIDUH�WKDQ�SURGXFWLYH�SXUSRVHV�IRU�
WKHVH�WZR�VSHFLHV���7KH�5(6�VFRUHV�DUH�LGHQWLFDO�DFFRUGLQJ�WR�VSHFLHV��DV�ZH�FKRVH��DQG�DUH�ORJLFDOO\�
KLJKHU�IRU�JUDVVODQG�WKDQ�FURSV��DV�WKH\�DUH�OHVV�WUDQVIRUPHG�KDELWDWV� 
 
7KH�RYHUDOO�VFRUHV�ܲܵܧ௔௩ǡ௦௦௖௢௥௘DQG�ܴܵܧ௔௩ǡ௦௦௖௢௥௘�RI�WKH�IHHGLQJ�V\VWHPV��FDOFXODWHG�IURP�ZHLJKHG�DYHUDJHV�
DFFRXQWLQJ�IRU�WKH�UHODWLYH�DUHDV�RI�FURSODQG�DQG�JUDVVODQG��(T����DQG������IROORZ�RSSRVLWH�JUDGLHQWV��
3(6�LQFUHDVHV�IURP�FKLFNHQ�WR�SRUN��DQG�SRUN�WR�FDWWOH��ZKHUHDV�5(6�LQFUHDVHV�LQYHUVHO\��$V�D�UHVXOW�
DOORFDWLRQ�IDFWRUV�IROORZ�JUDGLHQWV�ZKHUH� ௣݂௥௢௩ǡ௦�LQFUHDVHV�IURP�FKLFNHQ�WR�SRUN��DQG�SRUN�WR�FDWWOH� 
 
௣݂௥௢௩ǡ௖௛௜௖௞௘௡�LV�������LQGLFDWLQJ�WKDW�WKH�EXQGOH�RI�(6�WKDW�FDQ�EH�SURYLGHG�E\�WKH�FKLFNHQ�OLYHVWRFN�
V\VWHP� FRQVLGHUHG� LV� PRVWO\� RI� 3(6� W\SH�� ,Q� RWKHU� WHUPV�� ௣݂௥௢௩ǡ௖௛௜௖௞௘௡��LQGLFDWHV� WKDW� WKLV� V\VWHP�
PRVWO\�FRQWULEXWHV�WR�WKH�KXPDQ�ZHOO�EHLQJ�WKURXJK�PHDW�SURGXFWLRQ��2SSRVLWHO\� ௣݂௥௢௩ǡ௖௔௧௧௟௘�LV�������
L�H��EHORZ������LQGLFDWLQJ�WKDW�WKH�EXQGOH�RI�(6�WKDW�FDQ�EH�SURYLGHG�E\�WKH�FDWWOH�OLYHVWRFN�V\VWHP�
FRQVLGHUHG� LV� PRVWO\� RI� 5(6� W\SH�� ,Q� RWKHU� WHUPV�� ௣݂௥௢௩ǡ௖௔௧௧௟௘��LQGLFDWHV� WKDW� WKLV� V\VWHP� PRVWO\�
FRQWULEXWHV� WR� WKH� KXPDQ� ZHOO�EHLQJ� WKURXJK� LWV� UHJXODWLQJ� HFRV\VWHP� VHUYLFHV�� ௣݂௥௢௩ǡ௣௢௥௞��LV� DOVR�
DERYH������������LQGLFDWLQJ�WKDW�LWV�FRQWULEXWLRQ�WR�KXPDQ�ZHOO�EHLQJ�LV�PRVWO\�PDGH�WKURXJK�WKH�3(6�
SURYLVLRQ��,W�LV�KRZHYHU�OHVV�VNHZHG�WRZDUGV�3(6�WKDW�WKH�FKLFNHQ�V\VWHP� 
 
7DEOH����$UHDV�XVHG�WR�SURGXFH���NJ�RI�PHDW�DQG�VFRUHV�RI�SURYLVLRQLQJ�HFRV\VWHP�VHUYLFHV��3(6��
DQG� UHJXODWLQJ� HFRV\VWHP� VHUYLFHV� �5(6�� UHODWHG� WR� SURGXFWLRQ� V\VWHP�RI� GLIIHUHQW� OLYHVWRFN�
VSHFLHV 

 
Areas used for 1 kg of 

meat (m2) 
 Overall 

produc- 
 

PES score 
 

RES score 
 

Overall score 

 
grass-
land 

crop-
land Total  

 tive 
score 

 grass-
land 

crop-
land 

 grass-
land 

crop-
land 

 
PES RES 

Beef 25.81 2.98 28.78  0.99  0.89 0.10  2.27 0.73  0.81 2.11 
Pork 1.48 11.99 13.47  2.12  0.23 1.89  2.27 0.73  1.71 0.90 
Chicken 0.42 5.30 5.72  5.00  0.37 4.63  2.27 0.73  4.31 0.84 

 
7KH�GLIIHUHQFHV�RI�/&$�LPSDFW�DORQJ�WKH�FKLFNHQ�EHHI�JUDGLHQW�LV�WZR�DQG�D�KDOI�KLJKHU�IRU�FKLFNHQ�
WKDQ� EHHI� IRU� HQHUJ\�� DQG� VL[� WLPHV� KLJKHU� IRU� &2��HT��:KHQ� WKHVH� GLIIHUHQFHV� DUH� UHDOORFDWHG�
DFFRUGLQJ�WR�WKH� ௣݂௥௢௩�IDFWRU��WKH�/&$�HQHUJ\�LPSDFW�JUDGLHQW�LV�PRGLILHG�ZLWK�EHHI�KDYLQJ�WKH�ORZHU�
LPSDFW��DQG�SRUN�WKH�KLJKHVW��7KH�/&$�&2��HT�JUDGLHQW�LV�QRW�PRGLILHG�EXW�WKH�GLIIHUHQFHV�RI�LPSDFW�
WKDW�ZDV�VL[�IROG�EHWZHHQ�FKLFNHQ�DQG�EHHI��LV�QRZ�UHGXFHG�WR�WZRIROG� 
 
7DEOH����$OORFDWLRQ�IDFWRUV�DQG�/&$�LPSDFWV�DOORFDWHG�DQG�QRW�DOORFDWHG 
Livestock 
system 

 Allocation 
factors 

 LCA impacts per kg - 
not allocated 

 LCA impacts per kg - 
allocated according to fprov 

  
fprov f reg 

 
MJ CO2-eq 

 
MJ CO2-eq  

Beef  ���� ����  50.00 30.00  ����� ���� 
Pork  ���� ����  30.00 10.00  ����� ���� 
Chicken  ���� ����  20.00 5.00  ����� ���� 
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7KHVH�FDOFXODWLRQV�LQGLFDWH�WKDW�GHSHQGLQJ�RQ�WKH�VSHFLHV�EUHG�� WKH�SURGXFWLRQ�RI�RQH�NLOR�RI�PHDW�
LQGXFHV�GLIIHUHQW�EXQGOHV�RI�HFRV\VWHP�VHUYLFHV��7KH\�VKRZ�LQ�SDUWLFXODU�WKDW�DQ�LPSRUWDQW�VKDUH�RI�
WKH�/&$�LPSDFWV�RI�EHHI�EHQHILWV�WR�WKH�GHOLYHU\�RI�5(6���7KDW�GRHV�QRW�PHDQ�WKDW�WKH�LPSDFW�HQHUJ\�
RU�&2��HT�RI�NLOR�RI�EHHI�VKRXOG�EH�FRQVLGHUHG�ORZHU�WKDQ�FXUUHQWO\�DVVHVVHG��EXW�WKDW�WKLV�SURGXFWLRQ�
V\VWHP�DOVR�FRQWULEXWHV�WR�WKH�GHOLYHU\�RI�RWKHU�(6�WKDQ�MXVW�3(6��VXFK�DV�PHDW�SURGXFWLRQ�VHUYLFHV� 
 
,QWHJUDWLQJ�/&$�DQG�(6�IUDPHZRUNV�KDV�UHFHLYHG�VLJQLILFDQW�LQWHUHVW�IRU�DOPRVW�D�GHFDGH��%UDQGmR�
DQG�L�&DQDOV��������GH�%DDQ�HW�DO����������DQG�LW�LV�VWLOO�FRQVLGHUHG�LQFRPSOHWH��'H�/XFD�3HxD�HW�DO���
������9DQGHU:LOGH�DQG�1HZHOO���������7R�FRPSOHWH�/&$�DVVHVVPHQWV��VRPH�DXWKRUV�SURSRVHG�DQ�
DGGLWLRQDO� W\SH� RI� DVVHVVPHQW� WR� WKH� XVXDO� OLVW� RI� /&$� YDULDEOHV� �HPLVVLRQV� RI� &2��HT�� HQHUJ\�
FRQVXPSWLRQ�� HXWURSKLFDWLRQ�� HWF«���7KLV� SURSRVHG� DGGLWLRQDO� DVVHVVPHQW� DLPV� DW� H[SUHVVLQJ� WKH�
GDPDJH�WR�HFRV\VWHP�TXDOLW\�RYHU�VSHFLILF�GXUDWLRQV�DQG�DUHDV��WKURXJK�GHGLFDWHG�HTXDWLRQV��.RHOOQHU�
HW�DO����������:H�XVHG�DQRWKHU�DSSURDFK�DLPLQJ�DW�DOORFDWLQJ�H[LVWLQJ�XVXDO�/&$�LPSDFWV�DFFRUGLQJ�
WR� WKH�FRQWULEXWLRQ�RI� OLYHVWRFN� V\VWHPV� WR�GLVWLQFW�(6��7R�GR� WKLV�ZH�XVHG�DOORFDWLQJ� IDFWRUV� WKDW�
GHVFULEHV�KRZ�EDODQFHG�DUH�WKH�EXQGOHV�RI�(6��EHWZHHQ�3(6�DQG�5(6� 
 
2XU�DSSURDFK�FRQWULEXWHV� WR� WKH�GHEDWH�DERXW� WKH� LPSDFWV�RI� OLYHVWRFN� IDUPLQJ� LQ� WKH�JOREDO� IRRG�
V\VWHP�� ZKLFK� LV� FULWLFL]HG� IRU� LWV� LPSDFW� RQ� HFRV\VWHPV�� FOLPDWH� DQG� ELRGLYHUVLW\�� 0RQRJDVWULF�
DQLPDOV��FKLFNHQ�DQG�SRUN��KDYH�ORZ�&2��HT�HPLVVLRQV�FRPSDUHG�WR�FDWWOH��ZKLFK�LV�KLJKO\�SHQDOL]HG�
E\�LWV�PHWKDQH�HPLVVLRQV��GXH�JUDVV�GLJHVWLRQ�SURFHVVHV��UXPLQDWLRQ���2SSRVLWHO\��FDWWOH�DQG�RWKHU�
UXPLQDQWV� FDQ� XVH� D� VLJQLILFDQW� VKDUH� RI� JUDVVODQGV� WKDW� DUH� VHPL�QDWXUDO� KDELWDWV� WKDW� SURYLGH�
LQWHUHVWLQJ�OHYHOV�RI�5(6��7KHVH�KDELWDWV�FDQ�DOVR�EH�XVHG�DV�UHIXJHV�RI�ELRGLYHUVLW\��'HSHQGLQJ�RQ�
ZKHUH�VRFLHW\�LV�JRLQJ�WR�SXW�WKH�SULRULW\�LQ�DGGUHVVLQJ�FOLPDWH�FKDQJH�RU�ELRGLYHUVLW\�FULVLV��WKH�VRXUFH�
RI�SURWHLQ�DQG�RWKHU�DQLPDO�SURGXFWV�PD\�GLIIHU��$V�ERWK�LVVXHV�PXVW�EH�DGGUHVVHG�VLPXOWDQHRXVO\��D�
WUDGH�RII�DSSURDFK�LV�UHTXLUHG��DQG�ZH�WKLQN�WKDW�PHWKRGV�VXFK�DV�WKH�RQH�ZH�SUHVHQW�KHUH�FDQ�KHOS�
TXDQWLI\LQJ�WKHVH�WUDGH�RIIV� 
 
&RQFOXVLRQ 
%\�DSSO\LQJ�DQ�DOORFDWLRQ�PHWKRG��ZH�DOORFDWHG�WKH�XVXDO�/&$�LPSDFWV�EHWZHHQ�WKRVH�FRQWULEXWLQJ�
WR�SURGXFWLYH�DFWLYLWLHV�RI�PHDW��DQG�WKRVH�FRQWULEXWLQJ�WR�WKH�GHOLYHU\�RI�RWKHU�(6�RI�LQWHUHVW��2XU�
DSSURDFK� WKXV� VKRZV�KRZ�VRPH�SRVLWLYH� LPSDFWV�RI�PHDW�SURGXFWLRQ� FRXOG�EH� LQWHJUDWHG� LQ�/&$�
PHWKRGV��7KLV� DSSURDFK� FDQ� GHVFULEH� KRZ�EDODQFHG� DUH� WKH� EXQGOHV� RI�(6� SURYLGHG� E\� OLYHVWRFN�
IDUPLQJ�DQG�DVVHVV�WKHLU�QHJDWLYH�RU�SRVLWLYH�LPSDFWV�RQ�FOLPDWH�FKDQJH�DQG�(6��:H�WKLQN�WKDW�VXFK�
PHWKRG�DEOH�WR�JLYH�QXDQFHG�DVVHVVPHQWV�DQG�D�WUDGH�RII�YLVLRQ�LV�LPSRUWDQW�WR�DGGUHVV�WKH�LPPHQVH�
VXVWDLQDELOLW\�FKDOOHQJHV�WKDW�VRFLHW\�DQG�GHFLVLRQ�PDNHUV�DUH�IDFLQJ� 
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RI� FRQYHQWLRQDO� DQG� RUJDQLF� IDUPLQJ�� $FFRXQWLQJ� IRU� HFRV\VWHP� VHUYLFHV� LQ� OLIH� F\FOH�
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%UDQGmR��0���L�&DQDOV��/�0���������*OREDO�FKDUDFWHULVDWLRQ�IDFWRUV�WR�DVVHVV�ODQG�XVH�LPSDFWV�RQ�ELRWLF�
SURGXFWLRQ��,QW�-�/LIH�&\FOH�$VVHVV���������±������KWWSV���GRL�RUJ���������V���������������
� 

%XUNKDUG��%���.UROO��)���1HGNRY��6���0�OOHU��)���������0DSSLQJ�HFRV\VWHP�VHUYLFH�VXSSO\��GHPDQG�DQG�
EXGJHWV��(FRORJLFDO�,QGLFDWRUV�������±����KWWSV���GRL�RUJ���������M�HFROLQG������������ 

GH� %DDQ�� /���0XWHO�� &�/��� &XUUDQ��0��� +HOOZHJ�� 6��� .RHOOQHU�� 7��� ������ /DQG� 8VH� LQ� /LIH� &\FOH�
$VVHVVPHQW��*OREDO�&KDUDFWHUL]DWLRQ�)DFWRUV�%DVHG�RQ�5HJLRQDO�DQG�*OREDO�3RWHQWLDO�6SHFLHV�
([WLQFWLRQ��(QYLURQ��6FL��7HFKQRO����� 

'H�/XFD�3HxD��/�9���7DHOPDQ��6�(���3UpDW��1���%RRQH��/���9DQ�GHU�%LHVW��.���&XVWyGLR��0���+HUQDQGH]�
/XFDV�� 6��� (YHUDHUW�� *��� 'HZXOI�� -��� ������ 7RZDUGV� D� FRPSUHKHQVLYH� VXVWDLQDELOLW\�
PHWKRGRORJ\�WR�DVVHVV�DQWKURSRJHQLF�LPSDFWV�RQ�HFRV\VWHPV��5HYLHZ�RI�WKH�LQWHJUDWLRQ�RI�
/LIH�&\FOH�$VVHVVPHQW��(QYLURQPHQWDO�5LVN�$VVHVVPHQW�DQG�(FRV\VWHP�6HUYLFHV�$VVHVVPHQW��
6FLHQFH� RI� 7KH� 7RWDO� (QYLURQPHQW� ����� ��������
KWWSV���GRL�RUJ���������M�VFLWRWHQY������������ 
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UHYLHZ� RI� OLIH� F\FOH� DVVHVVPHQWV�� /LYHVWRFN� 6FLHQFH� ����� �±����
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Abstract 
 
Purpose. In many cases, environmental impact assessment of new ingredients (NI) only considers 
the ingredient level with assumptions to replace conventional ingredient with closest nutrient 
composition. For example, replacing soybean meal (SBM) with NI is widely studied. However, the 
reality is if one feed ingredient is replaced with another ingredient, the whole feed composition will 
adjust according to the optimization factors that consider nutrient requirement of the animal. This 
study compares impact assessment results from two approaches of using NI in animal compound 
feed: 1) using the Scandinavian feed unit (SFU) method which only considers the feed unit factor 
and 2) the market-based (MB) feed formulation method which considers several factors influencing 
animal compound feed composition which are the type of animal, its nutrient requirements and the 
price and nutrient composition of the feed ingredient.  
Methodology. This study used market based (MB) method feed formulation to account for the 
changes in the composition of animal feed when NI is introduced. Three NI were considered in this 
study: 1) Black soldier fly larvae meal (BSFLM) from food waste, 2) Single-cell protein from 
methane-oxidizing bacteria (SCP-MOB) fed methane from biogas from anaerobic digestion of 
manure and 3) Green protein concentrate (GPC) from vegetable leaf and top fractions. In this study, 
the case of grower-finisher pig (P-GF) pig feed is used as an example. Changes in the P-GF feed 
upon incorporation of NI were translated to environmental impacts. Feed unit values from SFU 
method is also translated into environmental impacts based on the corresponding avoided 
conventional feed ingredients.  
Results and discussions. Incorporation rate of NI in the P-GF feed was only until 5% for BSFLM, 
4% for GPC and 3% for SCP-MOB. The MB method shows that inclusion of NI reduced wheat and 
induced additional requirement for other cereals maize and barley. Additional oilseed meals are also 
induced whenever SBM is reduced. In the entire P-GF feed level, 3% inclusion of SCP-MOB 
resulted to 16% GWP100 reduction in grower feed and 9% reduction in finishing feed.  However, 
both BSFLM and GPC at incorporation rates of 5% and 4% respectively increase GWP100 to 13% 
and 34% in grower feed and 11% and 45% in finisher pig feed.  On the contrary when impact 
assessment is done only up to the NI level using feed unit value from SFU method reduced GWP100 

of BSFLM, SCP-MOB and GPC by 51, 82 and 20% respectively. This provides optimistic 
assumptions that NI has potential to reduce impacts of animal compound feed production.  
Conclusion. The MB method showed that BSLFM and GPC increased the impacts of the P-GF 
feed. SFU and MB methods provide contrasting results when NI is used for animal feed wherein 
impact assessment results have different presentations. The approach of SFU method is on the feed 
ingredient level while the MB method is on the whole compound feed level.  
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Introduction 
 
Novel processing technologies converting residual biomass to novel feed ingredients for animal 
feed provide promising solutions for the increasing demand for alternative feed resources 
(Santamaría-Fernández and Lübeck, 2020; Javourez et al., 2021). This support circular and 
bioeconomy ambitions to prioritize residual biomass streams from food waste, agricultural and 
forestry residues as feedstock for conversion to value added products or energy recovery 
(Teigiserova et al., 2020; Albizzati et al., 2021). In environmental impact assessment of emerging 
new ingredients (NI) for animal feed through Life Cycle Assessment (ISO 14044 and 14040, 2006),  
only few account for digestible energy values of feed ingredients derived from the nutrient 
functions of digestible values of protein, lipids and carbohydrates as considered by Tonini et al., 
2016 using the Scandinavian feed unit (SFU) system developed by Moeller (1980). However, SFU 
only considers one factor which is the feed unit equivalent therefore, the environmental impact 
assessment is limited until the ingredient level. To capture actual displacements when integrating NI 
in animal feed, the evaluation should be applied up to the compound feed level to consider that if an 
ingredient is removed or added, the whole feed composition will change to meet the nutritional 
requirements of the animal.  A more precise market-based (MB) approach for conducting LCA on 
animal compound feed production is using feed formulation to account for the changes in the feed 
composition (Garcia-Launay et al., 2018; Saxe et al., 2018; van Zanten et al., 2018). Feed 
formulation in this context optimizes feed composition based on ingredient nutrient composition 
and prices according to the nutritional requirement of the animal and its efficiency to utilize 
nutrients in the feed.  
 
Although the end goal should be to capture cradle-to-grave environmental consequences associated 
with the integration of new ingredients, this study only focuses on the cradle-to-gate effect of the 
compound feed gate by using the case of growing-finishing pig (P-GF) feed as a starting point.  
Along with the comparison and quantification of environmental performance of P-GF feed with and 
without NI, another objective is to also show how impact assessment results could vary depending 
on the approach to account for displacements when using NI for animal feed and which 
conventional ingredients it could displace, hence this study also presents result comparison of the 
SFU method and the proposed MB approach.    
 
Methodology 
 
A feed optimization tool developed by Garcia-Launay et al., 2018 with Python 3.7 (Python Core 
Team, 2015) using the same linear programming principle applied by feed companies was used to 
compare difference in feed composition upon introduction of new ingredients. The tool provides 
optimized least-cost feed formulation under constraints of minimum net energy, maximum crude 
protein and minimum standardized ileal digestible (SID) amino acids with respect to the ideal 
protein profile. As a primary assessment, the study chose three new feed ingredients: 1) larvae meal 
(BSFLM) from black soldier fly larvae fed on food waste, 2) single-cell protein from methane 
oxidizing bacteria (SCP-MOB) utilizing methane in biogas from anaerobic digestion of manure and 
3) green protein concentrate from grass or top leafy fractions of vegetables tops or grass. These 
ingredients represent ³ZDVWH-to-QXWULWLRQ´� IDPLOLHV� SUHVHQWHG�E\�-DYRXUH]�HW�DO��� ��������The main 
selection criteria for NI were based on the following conditions: 1) NI must come from the 
conversion of residual biomass and 2) NI can be incorporated in animal compound feed. The feed 
formulation used 2021 prices (euro/ton) of conventional feed ingredients obtained from IFIP- 
Institut du porc in France. In the case for new NI, the prices of soybean meal (SBM) were used as 
proxy and a perturbation analysis was carried out to capture the sensitivity of the inclusion of NI to 
a range of prices. Nutrient and mineral composition, including SID amino acid and net energy 
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values of feed ingredients for growing pigs were based on the French nutritional table INRAE-
CIRAD-AFZ but were only limited to conventional feed ingredients. To provide nutrient values for 
new ingredients the study obtained information from published literatures. Differences observed in 
the whole pig feed composition upon incorporation of new ingredients were translated to 
environmental impacts through life cycle inventories (LCI) from Ecoinvent v3.6, Agribalyse v3.0, 
and own inventories for NI using the Environmental Footprint (EF3.0, 2019) Life Cycle Impact 
Assessment method.  
 
Results and discussion 
 
Integration of new ingredients in pig feed. The reference 1 tonne P-GF feed is composed of up to 
of 80% cereals mainly wheat, maize, and barley, at least 7% soybean meal, 10% oilseed meals rape 
and sunflower and the rest are the oil, premixes, amino acids and additives. Incorporation rate of NI 
was only until 5% for BSFLM, 4% for GPC and 3% for SCP-MOB. The incorporation of NI 
reached maximum when given prices as low as 30% of the SBM price (Figure 1). Low 
incorporation of NI resulted to more to reduction of wheat than SBM. Upon the reduction of wheat 
in the P-GF feed, other cereals maize and barley reacted to the change in wheat inclusion while 
oilseed meals reacts to the change in SBM inclusion. On the contrary, using the SFU method, using 
NI for animal feed allow for reductions of marginal feed ingredients assumed to be maize, SBM and 
palm oil. 1 kg of BSFLM avoids usage of 0.6 kg of SBM and 0.2 kg maize and palm oil while 1kg 
of SCP-MOB avoids usage of 0.9 kg SBM, 0.2 kg maize and 0.1 kg palm oil and 1 kg of GPC 
avoids usage of 0.6 kg of SBM, 0.3 kg of maize and 0.1 kg of palm oil. Figure 2 shows that in MB 
method, inclusion of NI changes the entire compound feed composition whereas the feed unit 
values of NI obtained from the SFU method focus only on feed unit equivalent that can estimate 
which conventional feed ingredient can be avoided.  
 
Impact assessment of integrating new ingredients in pig feed. Table 1 shows selected impact 
category values for 1 tonne P-GF feed with and without NI for the MB method and impact values of 
NI for the SFU method. Incorporation rate of 3% SCP-MOB in a tonne of P-GF feed resulted to 
reduction on environmental impacts compared to the reference P-GF feed. SCP-MOB inclusion 
resulted to 16% GWP100 reduction in grower feed and 9% reduction in finishing feed.  However, 
both BSFLM and GPC at incorporation rates of 5% and 4% respectively induced 13% and 34% 
increase in GWP100 in grower feed and 11% and 45% in finisher pig feed. BSFLM and GPC already 
had higher environmental impacts compared to other conventional ingredients which is mainly 
contributed to the electricity used along the production (Smetana et al., 2019; Skunca et al., 2021). 
Contrary to capturing impacts of 1 tonne P-GF feed, the SFU method has a different approach in 
assessing environmental performance of NI. The feed unit values of NI obtained from the SFU 
method focus only on the feed unit equivalent to emphasize its use for animal feed. It estimates 
which conventional feed ingredient can be avoided. Within the impact assessment, avoided 
production of marginal feed ingredients maize, SBM and palm oil where considered (Tonini et al., 
2016) which resulted to GWP100 reduction of BSFLM, SCP-MOB and GPC by 51, 82 and 20% 
respectively providing optimistic assumptions that NI has potential to reduce impacts for animal 
feed production. 
 
Conclusion 
 
With increasing interest to find alternative for conventional feed ingredients, it is important that 
impact assessments for NI be done at the compound feed level to capture changes in the whole feed 
composition when incorporating NI to animal feeds. Considering feed unit only, the SFU method 
provides a more optimistic results for NI to reduce impacts on animal feed production. This is in 
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contrary to the MB method wherein BSLFM and GPC increase impacts of the P-GF feed. The study 
only presented impact assessment until the compound feel level but on-going work is done to 
capture other consequences caused by the use of NI in animal feed. These include counterfactual 
use of the biomass before being converted into NI and the possibility of use of NI for other 
livestock species aside from the pig feed. Further parametric analysis should also be done to support 
robustness of findings.  
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Figure 1. Inclusion of NI with decreasing price (euro/ton) to assess maximum incorporation rate 
in P-GF feed. Basis of price was the price of SBM in year 2021 that was gradually reduced. 
 

 

Figure 2. Comparison of MB method vs SFU method. MB captures changes caused by incorporation NI in the compound feed level. SFU method 
assigned feed unit factors for each NI which allows to estimate conventional feed ingredients that can be avoided wherein 1 kg of NI assumes 
avoidance of maize, SBM and palm oil. 
 
 
Table 1. LCA impacts of (a) 1 tonne of grower-finisher pig feed with NI using MB method and impacts of  (b) 1 kg NI ingredients only  and NI, SFU 
considering feed unit equivalent and the corresponding avoided conventional feed ingredient. To provide reference for the comparison of  impacts of 
1kg of NI, impacts of (c) 1 kg conventional ingredient is also presented. 
 GWP100, kg CO2 eq Eutrophication, kg N eq Acidification,mol H+ eq Resource use, MJ 

a. Impacts per tonne of grower-finisher pig feed with and without NI 
Grower, ref 1093 6.81 7.95 6079 
Grower with BSFLM 1241 7.62 10.48 7901 
Grower with SCP-MOB 920 6.80 8.08 5510 
Grower with GPC 1469 8.95 16.97 10508 
Finisher, ref 1013 6.82 7.98 5923 
Finisher with BSFLM 1126 7.70 10.55 7656 
Finisher with SCP-MOB 919 6.79 8.09 5504 
Finisher with GPC 1469 8.95 16.97 10508 

b. Impact of 1 kg NI vs impacts of NI given feed unit value based on SFU method 
BSFLM 4.43 0.02 0.06 41 
BSFLM, SFU 2.18 0.02 0.06 36 
SCP-MOB -0.04 -0.02 0.32 -9 
SCP- MOB, SFU -3.30 -0.03 0.32 -17 
GPC 11.67 0.07 0.26 124 
GPC, SFU 9.35 0.06 0.25 119 

c. Impacts of 1kg of conventional ingredients 
Soybean meal 3.28 0.006 0.004 6 
Maize 0.58 0.004 0.007 5 
Palm oil  0.90 0.005 0.003 -2 
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6RXUFH��7KH�DXWKRUV������� 
 

7KH�FURSV�VHOHFWHG�IRU�HYDOXDWLRQ�ZHUH�VR\EHDQ��PDL]H��DQG�HXFDO\SWXV��DV�ZHOO�DV�OLYHVWRFN�
�FRQVLGHULQJ�RQO\�FDWWOH���ZKLFK�WRJHWKHU�FRUUHVSRQG�WR�������RI�WKH�WRWDO�DJULFXOWXUDO�DUHD�XVHG�LQ�
*RLiV�� 2WKHU� FURSV� DQG� OLYHVWRFN� ZHUH� QRW� FRQVLGHUHG� IRU� WKLV� VWXG\� GXH� WR� WKH� ODFN� RI� ,&/)�
LQIRUPDWLRQ�RQ�/&$�LQYHQWRU\�GDWDEDVHV��&RVWD�HW�DO��������� 

7ZR�SURGXFWLRQ�VFHQDULRV�ZHUH�FRQVLGHUHG�IRU�IXUWKHU�FRPSDULVRQ��7KH�ILUVW�VFHQDULR��KHUH�
QDPHG� ³EDVHOLQH� VFHQDULR´�� ZDV� WKH� FXUUHQW� DJULFXOWXUDO� FRQILJXUDWLRQ� IRU� WKH� VWDWH� RI� *RLiV��
FRQVLGHULQJ�WKH�SURGXFWLRQ�RI�VR\EHDQ��PDL]H��HXFDO\SWXV��DQG�OLYHVWRFN��ZLWK�D�WRWDO�DUHD�RI�������
PLOOLRQ�KD�RI�FRQYHQWLRQDO�V\VWHPV��DQG������PLOOLRQ�KD�RI�LQWHJUDWHG�IDUPLQJ�V\VWHPV��UHVXOWLQJ�LQ�
������PLOOLRQ�KD��7DEOH���VKRZV�WKH�LQIRUPDWLRQ�RQ�WKH�DUHDV�RFFXSLHG�E\�HDFK�SURGXFWLRQ�W\SH��DV�
ZHOO�DV�WKH�DYHUDJH�SURGXFWLYLW\�IRU�HDFK�FURS�LQ�FRQYHQWLRQDO�V\VWHPV� 
 
7DEOH����3URGXFWLYLW\�YDOXHV�IRU�HDFK�FURS�LQ�FRQYHQWLRQDO�V\VWHPV�±�EDVHOLQH�VFHQDULR� 

Production type Area (million ha) Percentage area in relation to the 
total agricultural area of Goiás 

Average productivity 
(t/ha.year) 

Soybean 3.70 10.88 % 3.70 
Maize 1.80 5.29% 6.60 

Eucalyptus 0.15 0.46% 17.15 
Livestock 14.40 42.35% 0.50 

ICLF 1.43 4.22% 4.91 
Other production types (not 

evaluated) 12.52 36.8 - 

Total agricultural area for 
the state of Goiás¹ 34.00 100% - 

6RXUFH��'DWD�UHWULHYHG�IURP�&21$%���������)HUUHLUD��0L]LDUD�	�&RXWR���������6(%5$(���������&RVWD�HW�DO����������
5HGH�,/3)��������� 
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VFHQDULR��IRU�HDFK�RI�WKH�HYDOXDWHG�SURGXFWLRQ�W\SHV� 
 
7DEOH����3URGXFWLYLW\�YDOXHV�IRU�HDFK�FURS�LQ�DQ�,&/)�V\VWHP�±�IXOO�,&/)�VFHQDULR�� 

Production type Area (million ha) Average productivity (t/ha.year) 
Soybean  

21.48 

0.27 
Maize 0.79 

Eucalyptus 3.49 
Livestock 0.37 

6RXUFH��$GDSWHG�IURP�&RVWD�HW�DO��������� 
 

7KH�/&$�PHWKRG�ZDV�XVHG�WR�PRGHO�WKH�JOREDO�ZDUPLQJ�SRWHQWLDO�RI�WKH�HQWLUH�DJULFXOWXUDO�
DUHD�RI�VR\EHDQ��PDL]H��HXFDO\SWXV��DQG�OLYHVWRFN�LQ�WKH�VWDWH�RI�*RLiV��EDVHOLQH�VFHQDULR���7KH�OLIH�
F\FOH�LQYHQWRU\�ZDV�EDVHG�RQ�VHFRQGDU\�GDWD�IURP�WKH�HFRLQYHQW��GDWDEDVH��YHUVLRQ���������7KH�OLIH�
F\FOH� LPSDFW� DVVHVVPHQW� �/&,$�� ZDV� SHUIRUPHG� ZLWK� WKH� VRIWZDUH� RSHQ/&$�� �YHUVLRQ� ���������
XVLQJ� WKH� ,3&&� ����� PHWKRG� �FOLPDWH� FKDQJH� ±� *:3� ���D��� 'XH� WR� WKH� ODFN� RI� GDWD� RQ� WKH�
LQWHJUDWHG�IDUPLQJ�V\VWHPV�LQ�WKH�GDWDEDVHV��UHVXOWV�E\�&RVWD�HW�DO���������ZHUH�XVHG�WR�H[WUDSRODWH�
WKH�JOREDO�ZDUPLQJ�SRWHQWLDO�RI�DQ�H[LVWLQJ� ,&/)�V\VWHP� LQ�*RLiV� �FRPSRVHG�RI� VR\EHDQ��PDL]H��
HXFDO\SWXV��DQG�OLYHVWRFN��WR�WKH�WRWDO�DQDO\]HG�DUHD� 
 
5HVXOWV�DQG�GLVFXVVLRQ�� 

7DEOH���SUHVHQWV�D�FRPSDULVRQ�EHWZHHQ� WKH� WRWDO� DQQXDO�SURGXFWLRQ�YDOXHV� IRU� WKH�EDVHOLQH�
VFHQDULR�DQG�WKH�IXOO�,&/)�VFHQDULR��$QDO\]LQJ�WKH�YDOXHV�LQ�7DEOH����LW�LV�SRVVLEOH�WR�REVHUYH�WKDW�
WKHUH�LV�DQ�LQFUHDVH�LQ�WRWDO�SURGXFWLRQ�IRU�DOO�FURSV��H[FHSW�IRU�VR\EHDQ��LQ�WKH�IXOO�,&/)�VFHQDULR��
7KH� PRVW� VLJQLILFDQW� LQFUHDVH� ZDV� LQ� WRWDO� HXFDO\SWXV� SURGXFWLRQ�� ZKLFK� WRWDOHG� ������ PRUH�
SURGXFWLRQ�WKDQ�LQ�WKH�EDVHOLQH�VFHQDULR��&KDQJHV�LQ�SURGXFWLYLW\�DUH�GLUHFWO\�LQIOXHQFHG�E\�VSHFLILF�
IDFWRUV�LQ�WKH�GLVWULEXWLRQ�DQG�PDQDJHPHQW�RI�FURSV�DQG�OLYHVWRFN�RYHU�WKH�LQWHJUDWHG�DUHD�DQG�WLPH��
VXFK�DV�FURS�URWDWLRQ�DQG�VXFFHVVLRQ��LQWHUDFWLRQV�DPRQJ�WKH�FURSV��WKH�LQIOXHQFH�RI�VKDGLQJ�FDXVHG�
E\�HXFDO\SWXV�WUHHV�RQ�RWKHU�FURSV��VSDFLQJ��FOLPDWLF�DQG�PDQDJHPHQW�IDFWRUV��DYDLODELOLW\�RI�ZDWHU�
DQG�QXWULHQWV�� DPRQJ�RWKHUV� �0DJDOKmHV� HW� DO��� �������7KH� WRWDO� SURGXFWLYLW\�RI� WKH�������PLOOLRQ�
KHFWDUHV�� ZKHQ� FXOWLYDWHG� LQ� WKH� LQWHJUDWHG� DUUDQJHPHQW�� ZDV� KLJKHU� WKDQ�ZKHQ� FXOWLYDWHG� LQ� WKH�
FRQYHQWLRQDO�ZD\��ZKLFK�VKRZV�WKDW�,&/)�V\VWHPV�FDQ�SRWHQWLDOO\�EH�PRUH�SURGXFWLYH�LI�DSSURSULDWH�
DJURIRUHVWU\�PDQDJHPHQW�WHFKQLTXHV�DUH�DSSOLHG� 

 
7DEOH����&RPSDULVRQ�EHWZHHQ�WRWDO�SURGXFWLRQ�YDOXHV�IRU�WKH�WZR�VFHQDULRV� 

Production 
type 

Total production - 
baseline scenario 

(Mt/year)¹ 

Total production ± 
full ICLF scenario 

(Mt/year)¹ 

Absolute 
increase/reduction 

(Mt/year) 

Relative 
increase/reduction 

(%) 
6R\EHDQ ���� ��� -7.9 -58% 
0DL]H ���� ���� 5.0 42% 

(XFDO\SWXV ��� ���� 72.2 2701% 
/LYHVWRFN ��� ��� 0.7 10% 

7RWDO�SURGXFWLRQ 35.5 105.5 70.0 198% 
6RXUFH��7KH�DXWKRUV��������ï7RWDO�SURGXFWLRQ�YDOXHV�ZHUH�FDOFXODWHG�EDVHG�RQ�WKH�GDWD�IRU�WKH�DYHUDJH�SURGXFWLYLW\�SHU�
\HDU��DQG�IRU�WKH�WRWDO�DUHD�RFFXSLHG�E\�HDFK�SURGXFWLRQ�W\SH��SUHVHQWHG�LQ�7DEOHV���DQG��� 

 
7DEOH��� VKRZV� WKH�YDOXHV�RI�&2�HT�HPLWWHG� IRU� WKH�EDVHOLQH�VFHQDULR�FRPSDUHG� WR� WKH� IXOO�

,&/)�VFHQDULR��IRU�HDFK�DQDO\]HG�SURGXFWLRQ��DV�ZHOO�DV�WKH�DEVROXWH�DQG�UHODWLYH�YDOXHV�RI�LQFUHDVH�
RU�UHGXFWLRQ�RI�HPLVVLRQV�EHWZHHQ�WKH�VFHQDULRV� 

���
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7DEOH����*OREDO�ZDUPLQJ�SRWHQWLDO�FRQWULEXWLRQV�IRU�WKH�EDVHOLQH�DQG�IXOO�,&/)�VFHQDULRV�� 

Indicator Unit Eucalyptus Livestock Maize Soybean 
ICLF 

(Costa et 
al., 2018) 

Total 
emissions 

Baseline scenario Mt CO2 eq./yr. 0.31 157.00 4.02 29.40 6.04 ������ 
¹Full ICLF scenario Mt CO2 eq./yr. 4.88 83.60 11.00 5.49 - ������ 

Absolute 
reduction/increase Mt CO2 eq./yr. 4.57 -73.4 6.98 -23.91 - -���� 

Relative reduction / 
increase - 1466% -47% 173% -81% - -47% 

6RXUFH��7KH�DXWKRUV���������ï&RVWD�HW�DO��������� 
 

7DEOH���VKRZV�WKDW�WKHUH�VKRXOG�EH�D�ODUJH�LQFUHDVH�LQ�&2��HPLVVLRQV�IRU�WKH�FXOWLYDWLRQ�RI�
HXFDO\SWXV�LQ�WKH�IXOO�,&/)�V\VWHP��DW������0W�&2�HT��\U���ZKLFK�PD\�EH�UHODWHG�WR�WKH�LQFUHDVH�LQ�
LWV�DQQXDO�SURGXFWLYLW\�E\�������ZKHQ�FRPSDUHG�WR�WKH�FXUUHQW�FRQYHQWLRQDO�SURGXFWLRQ�VFHQDULR��
7KH�LQFUHDVH�LQ�HPLVVLRQV�DOVR�RFFXUUHG�LQ�PDL]H�FXOWLYDWLRQ��DW������0W�&2�HT��\U��7KLV�FURS�DOVR�
KDG�LWV�SURGXFWLYLW\�LQFUHDVHG�ZKHQ�FXOWLYDWHG�LQ�DQ�,&/)�V\VWHP�� 

7KH�UHGXFWLRQ�RI�&2��HPLVVLRQV�UHODWHG�WR�OLYHVWRFN�ZDV�VLJQLILFDQW��DW������0W�&2�HT��\U���
FRQVLGHULQJ�WKDW�WKH�DQQXDO�OLYHVWRFN�LV�HVWLPDWHG�WR�LQFUHDVH�E\�����ZKHQ�FDUULHG�RXW�LQ�DQ�,&/)�
V\VWHP�� DQG� WKDW� OLYHVWRFN� LV� FXUUHQWO\� FRQVLGHUHG� RQH� RI� WKH� PDLQ� UHVSRQVLEOH� IRU� WKH� *+*�
HPLVVLRQV�� 6R\EHDQ� HPLVVLRQV� ZHUH� UHGXFHG� E\� ������ 0W� &2�HT��\U��� ZKLFK� FRUUHVSRQGV� WR� D�
UHGXFWLRQ� RI� ����� UHSUHVHQWLQJ� WKH� ELJJHVW� UHODWLYH� UHGXFWLRQ� DPRQJ� DOO� WKH� SURGXFWLRQ� W\SHV�� ,W�
VKRXOG�EH�QRWHG�WKDW��IRU�WKH�,&/)�V\VWHP��DQQXDO�VR\EHDQ�SURGXFWLRQ�LV�HVWLPDWHG�WR�EH�UHGXFHG�E\�
����� ZKLFK� PD\� KDYH� KDG� VRPH� VRUW� RI� LQIOXHQFH� RQ� WKH� UHVXOWV�� 7KHVH� UHVXOWV� VKRZ� WKDW� WKH�
UHODWLRQVKLS� EHWZHHQ� FURS�OLYHVWRFN� SURGXFWLYLW\� DQG�*+*� HPLVVLRQV� LV� QRW� GLUHFWO\� SURSRUWLRQDO��
VLQFH�ZKLOH�VRPH�SURGXFWLRQ�W\SHV�WKDW�KDG�WKHLU�SURGXFWLYLW\�LQFUHDVHG�LQ�DQ�,&/)�V\VWHP�VKRZHG�
D�UHGXFWLRQ�LQ�HPLVVLRQV��H�J��OLYHVWRFN���IRU�WKH�RWKHUV��WKH�RSSRVLWH�RFFXUUHG�� 

,Q�WKH�EDVHOLQH�VFHQDULR��ZKHQ�MRLQWO\�SURGXFLQJ�������KD�RI�VR\EHDQ��PDL]H��HXFDO\SWXV��DQG�
OLYHVWRFN� ��������RI� WKLV�DUHD� LQ�D� FRQYHQWLRQDO� V\VWHP�DQG������� LQ�DQ� ,&/)�V\VWHP��� WKH� WRWDO�
&2�HT��HPLVVLRQV�WR�WKH�DWPRVSKHUH�UHVXOWHG�LQ��������0W�&2�HT��\U��,Q�WKH�K\SRWKHWLFDO�VFHQDULR�
LQ�ZKLFK�WKH�HQWLUH�DUHD�ZRXOG�EH�FRQYHUWHG�WR�,&/)��HPLVVLRQV�WRWDOHG��������0W�&2�HT��\U���ZKLFK�
UHSUHVHQWV�D�UHGXFWLRQ�RI������0W�&2�HT��\U��LQ�WRWDO�HPLVVLRQV��7KHVH�UHVXOWV�DUH�DOLJQHG�ZLWK�RQH�
RI�WKH�JRDOV�RI�WKH�$%&��3ODQ��ZKLFK�DLPV��E\�HQFRXUDJLQJ�WKH�LPSOHPHQWDWLRQ�RI�,&/)�V\VWHPV��WR�
PLWLJDWH�JUHHQKRXVH�JDV�HPLVVLRQV�IURP�QDWLRQDO�DJULFXOWXUH� 
 
&RQFOXVLRQ� 

7KH� SURMHFWLRQ� RI� WKH� LPSOHPHQWDWLRQ� RI� WKH� ,&/)� V\VWHP� FRPSRVHG� RI� VR\EHDQ�� PDL]H��
HXFDO\SWXV��DQG�OLYHVWRFN�LQ�WKH�DJULFXOWXUDO�DUHD�RI�WKH�VWDWH�RI�*RLiV��FXUUHQWO\�RFFXSLHG�PRVWO\�E\�
FRQYHQWLRQDO�V\VWHPV��SURYHG�WR�EH�HQYLURQPHQWDOO\�PRUH�IDYRUDEOH�FRQFHUQLQJ�WKH�LPSDFW�FDWHJRU\�
³FOLPDWH�FKDQJH´��EHFDXVH�LWV�JOREDO�ZDUPLQJ�SRWHQWLDO�ZDV�����ORZHU�WKDQ�WKH�FXUUHQW�DJULFXOWXUDO�
FRQILJXUDWLRQ��7KH�EHVW� UHVXOWV�ZHUH�IRXQG�IRU� OLYHVWRFN��VLQFH� LWV�SURGXFWLYLW\� LQ�DQ�,&/)�V\VWHP�
ZDV�LQFUHDVHG�DQG�LWV�*:3�UHGXFHG�ZKHQ�FRPSDUHG�WR�WKH�FRQYHQWLRQDO�V\VWHP�� 

,W� LV� LPSRUWDQW� WKDW� HFRQRPLF� IHDVLELOLW\� VWXGLHV� DUH� GHYHORSHG� VR� WKDW� WKH� V\VWHPV� DUH�
DVVHPEOHG�DQG�PDQDJHG�LQ�D�ZD\�WKDW�GRHV�QRW�VLJQLILFDQWO\�UHGXFH�WKH�SURGXFWLRQ�FDSDFLW\�RI�HDFK�
LQWHJUDWHG�FXOWXUH��LQ�RUGHU�WR�PDNH�WKH�LPSOHPHQWDWLRQ�RI�LQWHJUDWHG�IDUPLQJ�V\VWHPV�LQFUHDVLQJO\�
YLDEOH�� $� JUDGXDO� WUDQVLWLRQ� IURP� D� FRQYHQWLRQDO� V\VWHP� WR� DQ� LQWHJUDWHG� V\VWHP�� UHVSHFWLQJ� WKH�
FOLPDWLF� DQG� JHRJUDSKLF� FKDUDFWHULVWLFV� LQWULQVLF� WR� WKH� SURGXFWLRQ� HQYLURQPHQW�� DQG� VHHNLQJ�
WHFKQLFDO� DQG� VFLHQWLILF� DVVLVWDQFH�� LV� KLJKO\� UHFRPPHQGHG� VR� WKDW� QDWLRQDO� DJULFXOWXUH� EHFRPHV�
LQFUHDVLQJO\�VXVWDLQDEOH�DQG�HFRQRPLFDOO\�EHQHILFLDO�WR�IDUPHUV� 
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Rationale: Pulses are an increasingly popular source of plant-based protein among food 
manufacturers, food service providers, and retailers (Statistics Canada, 2015). They have high 
nutritional quality (i.e., high in protein and fibre, and low in fat) (Health Canada, 2021). Canada is 
one of the leading producers and exporters of pulses globally (Pulse Canada, 2022). Previous 
research has suggested that Canadian pulse production has relatively low environmental impacts 
(MacWilliam et al., 2014; Alberta Agriculture and Forestry, 2018; Bamber et al., 2020). A large 
proportion of Canadian pulses are exported to places such as Europe (Statistics Canada, 2015). It is 
therefore of interest to investigate the extent to which differences in the heterogeneous production 
conditions (e.g., soil types, climate, management practices, energy inputs and yields) in Europe 
compared to Canada determine differences in the sustainability profiles of Canadian and European 
pulses, as well as the role of transportation of pulses to Europe in this context.  

Objectives: This study uses LCA to compare the impacts of peas and lentils produced in Canada 
and exported to Europe to those produced locally in Europe. We also investigate the differences 
between production regions within Canada (e.g., the provinces of Alberta, Saskatchewan, and 
Manitoba), and within Europe (e.g., France, Black Sea region).  

Methods: LCIs for Canadian pea and lentil production, based on data collected from over 600 
farms, were sourced from Bamber et al. (2020). These data are also now available in ecoinvent 
v.3.8 and on the Open Science Framework platform (osf.io/3y8r4/). These data include models for 
pea and lentil production at three different levels of spatial aggregation. There are models at the 
national level, the provincial level, and the ecozone level (regions defined based on soil and climate 
parameters, rather than provincial borders). For European pea and lentil production, LCI data from 
ecoinvent were given priority since they are methodologically consistent with the Canadian data. 
For additional LCI data, databases such as Agri-footprint and Agribalyse were consulted, as well as 
LCA studies from the literature (e.g., Koocheki et al., 2011; Elhami et al., 2017; Lienhardt et al., 
2019; Bernas et al., 2021; Detzel et al., 2021; Tidåker et al., 2021). 

All data not sourced from ecoinvent were re-modelled using methodologically consistent modelling 
practices (i.e., consistent with ecoinvent methodology) for maximum comparability. Emissions of 
heavy metals, carbon dioxide, phosphorus, nitrous oxide, nitrate, ammonia, and nitrogen oxides, as 
well as estimates of soil carbon sequestration, were also remodelled, if necessary, to align with the 
methods employed in the Canadian pea and lentil datasets in ecoinvent. Data for the transportation 
of Canadian peas and lentils to relevant regions in Europe were combined with the production data 
to create models for the import of Canadian peas and lentils into the European regions, to compare 
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with peas and lentils produced locally in Europe. The Canadian average models were also compared 
with the provincial and ecozone models to assess the influence of regional differences in production 
on the LCA results. 

Results and discussion: These LCA models were used to make comparisons of the relative 
sustainability of each scenario for pulse products available in the European market, as well as the 
relative contributions of transportation to the overall impacts. There are significant differences in 
the cradle-to-farm gate impacts of pulse production in Canada compared to Europe. One of the main 
contributors to these differences are the higher estimates of nitrous oxide emissions in Europe. 
Preliminary results show that the transportation of pulses from Canada to Europe contributes a large 
proportion of the cradle-to-market life cycle greenhouse gas emissions due to the long 
transportation distances and relatively low impacts of Canadian pulse growing. Despite these 
relatively significant transportation impacts, importing Canadian pulses to Europe may still have 
lower impacts than local European pulse production, depending on the types and distances of 
transportation. 

Within Canada, there is also non-trivial variability in environmental impacts between the different 
pulse-growing regions. These differences were most pronounced between the different terrestrial 
ecozones of Canada, which are defined based on soil and climate factors, compared to the different 
provinces which have different crop growing guidelines and electricity grids. However, these 
differences in production are small compared to the overall impacts of production and 
transportation.  

Conclusions: This study shows significant variability in the environmental impacts of pea and lentil 
production in different regions of Canada and Europe. Therefore, depending on the regions of 
production, the distances travelled, and the forms of transportation used, importing Canadian pulses 
into Europe may have lower impacts than would sourcing European pulses. The results of this 
research can be used to make suggestions to consumers and stakeholders around the sustainability 
of the different Canadian and European options for pea and lentil products, as well as potential hot-
spots, or areas for improvement along the supply chain. 
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Abstract 

Rationale: Edible and medicinal mushrooms (e.g., Hericium erinaceus) are believed to be a 
sustainable source of unique bioactive metabolites, valued as promising for human health 
management. Mushrooms especially those rich in ȕ-glucans and polysaccharides have health 
benefits and industrial applications. The anti-inflammatory and immunological properties 
make them a good candidate as feedstocks to make ingredients for food products with 
nutraceutical value (Boraston et al. 2007).  

Objective: The purpose of this study was to explore the environmental impact of developing a 
QRYHO� VXEPHUJHG� IHUPHQWDWLRQ� WHFKQRORJ\� WR� SURGXFH� PXVKURRPV� ZLWK� KLJK� ȕ-glucan 
concentration of pharmaceutical value. 

Methodology:  Hericium erinaceus was used as a substrate along with enzymes and sugars to 
grow fungal biomass in a laboratory scale aerobic, submerged fermentation system, and ȕ-
glucan was subsequently extracted. The life cycle assessment plan for this study was to use 
attributional LCA at the initial stage of development (TRL 1-3) followed by a consequential 
LCA during the later stages (TRL 4-6) (Brander et al. 2009). The attributional LCA was 
conducted to identify environmental impact hotspots so that informed decisions could be made 
for the design of scaling from TRL3 (laboratory proof of concept) to TRL6 (demonstration in 
industrially relevant environment). The system boundary included upstream production of 
LQSXWV� DQG� ODERUDWRU\� SURFHVVHV� WR� WKH� SUHSDUDWLRQ� RI� SKDUPDFHXWLFDO� JUDGH� ȕ-glucan. The 
functional unit was 100 g of ȕ-glucans produced. The impacts considered were climate change 
and freshwater consumption (the policy driving commercial interest in the innovation), 
terrestrial acidification and freshwater eutrophication (two important impacts for the local 
mushroom industry, both regulated by European legislation).  

Results: ȕ-glucan production via solid substrate fermentation takes several months to produce 
fruiting bodies (Cui et al. 2010) when compared with submerged fermentation producing 
fruiting bodies in 10 days. The impact of producing 100 g of ȕ-glucans was 167 kg CO2 eq 
(climate change), 0.52 m3 (freshwater consumption), 0.109 kg SO2 eq (acidification) and 
9.71×10-5 kg P eq (eutrophication). The results can be presented as foreground and background 
processes results. The results for foreground processes are divided into four sub processes i.e., 
media preparation (mixing and autoclaving), cultivation of biomass (homogenization and 
fermentation), IUHH]LQJ�DQG�GU\LQJ��UHIULJHUDWLRQ�DQG�IUHH]H�GU\LQJ��DQG�H[WUDFWLRQ�RI�ȕ-glucans 
(rotatory evaporation). The driver of the climate impact was the energy consumption during 
cultivation of biomass. Within the bioreactor, 51% of the energy was consumed by a chiller to 
maintain a temperature of 25°C.  It consumed 37.9 kWh per day to produce 67.5g of ȕ-glucans, 
creating a hotspot of 86 kg CO2/100g ȕ-glucans. This was followed by energy consumption 
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during media preparation (30%) where a shaker was used, which was responsible for 
continuous mixing of media for 17days i.e., 52 kg CO2����J�ȕ-glucans. Freeze drying was also 
an important contributor. Freshwater consumption was also driven by cultivation of biomass, 
where 4L of water was used during fermentation. Once the fungal biomass was grown it was 
washed several times, making it a hotspot. Transportation of raw materials from Germany to 
Dublin was also a hotspot contributing 3.5 kg of CO2 eq�����J�RI�ȕ-glucan. Although transport 
was not a major contributor at laboratory scale, but it might potentially increase when 
advancing towards TRL 4-6 stage. 

Discussions: The design used in the production of fungal biomass by submerged fermentation 
can achieve high production of the biomass compared to cultivating medicinal mushrooms 
using solid substrate such as composts or lignocellulosic wastes. Conventional production is  
complex  and time consuming process, and usually takes several months to obtain fruiting 
bodies (Cui et al. 2010). The submerged production system is productively efficient, but in its 
current form it is highly energy intensive, relying on both a chiller and a shaker. Upscaling will 
require attention to the bioreactor design. The chiller that was used at laboratory scale was 
responsible for 51% of the energy used, but as the fungal biomass does not grow rapidly, it 
should be possible to operate at larger scale without such rigorous ambient temperature 
regulation. Understanding temperature regulation will be critical during upscaling design. 
Sourcing the raw material from Ireland should reduce the cost of international transportation 
and fuel combustion. During growth of the biomass, water was added continuously to the 
system for 240 hours and wastewater containing of Nitrogen, Phosphorous and other 
metabolites was discarded. Design for upscaling will have to ensure such large quantities of 
water will not be discarded, as these could become a significant the environmental burden of 
the production system. 

Conclusions: The recommendation arising from this LCA study at laboratory scale was to 
continue research towards commercial development, with a specific focus on: (1) energy 
efficiency and minimization for the bioreactor; (2) further research on finding more efficient 
media preparation; (3) sourcing raw materials locally for commercial and environmental 
benefits; and (4) when upscaling, attention is required to introduce reutilization of wastewater 
to make the system circular in nature. A consequential LCA will be used to assess the different 
technology options during the design process from TRL3 and 6 to ensure the suggested 
interventions not only reduce the hotspots at an early stage but also to ensure there is a system-
wide benefit from the technology innovation. 
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Rationale and objective of the work 
Food supply chains exist in a vast diversity all across the globe, in various degrees of efficiency and 
sustainability. In Europe, most supply chains have become tightly structured and organized with 
economic optimizations made at every step of the value chain. This has led to many long food 
supply chains, decoupling the region of production with the region of consumption [1]. However, a 
growing number of consumers wishes to buy regional goods [2]. This desire meets the urge of 
producers to sell their goods directly to consumers in order to be in a better market position of 
power and obtaining a large share of the margin [3]. In the food sector, farms have become more 
and more specialized on a few raw products. Consumers therefore need to buy from multiple 
farmers to fill their entire food basket, leading to inefficient transport ways. From an environmental 
perspective, the challenge becomes obvious: How can short food supply chains (SFSC) be 
organized in order to keep up with the efficiencies of long food supply chains?  
 
Approach and methodology 
The Smartchain project (2018-21) applied a multi-stakeholder approach to analyze SFSCs from a 
sustainability perspective and derive recommendations for policy and practice. Scientists with 
methodological expertise in sustainability assessment collaborated with practitioners and several 
stakeholders alongside the food supply chains in Europe. Important outcomes of the project are the 
environmental assessment of several case studies that represent different SFSC types and business 
models. These different types of SFSCs were categorized according to the guidelines of the 
European Commission: face-to-face (like e.g. farmers market), spatial proximity (e.g. local 
specialist retailers or hospitality industry) and spatially extended (e.g. AOP product sold in a foreign 
country). Of the first two categories, several representative case studies across Europe have been 
assessed by means of LCA. Recommendations that are adapted to the type of product, the rural or 
urban geography and the type of actor along the food chain were developed.  
 
Main results and discussion 
The study considered a variety of environmental impacts. Exemplary results are shown hereafter for 
GWP.  
 
Figure 1 displays the carbon footprint of different sizes of food baskets distributed via a SFSCs of 
the type cooperative shop in comparison to two conventional supply chains in an urban and rural 
area respectively. The influence of both vehicle type and size of food basket are included. The 
transport distance of the consumer (from home to supermarket) is fixed at 14.6km (7.3 km one way) 
[4].  
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In all investigated case studies (different types of short chains, products and countries), the 
environmental assessment has shown two key hotspots: the primary production (assessed by 
secondary data) and the consumer transport (assessed by primary data).This is consistent with the 
findings of Malak-Rawlikowska et al. [2] who investigated food supply chains based on 208 food 
producers categorized in ten distribution channel types. In terms of GWP, impacts from primary 
crop production are mainly influenced by production and utilization of organic and mineral 
fertilizers, plant protection products and fuels [6].  
 
In the study, the type of primary production is assumed to be independent of the type of distribution 
and is therefore not further discussed in the context of this article. However, the consumer transport 
depends on the way of distribution. More specifically, the individual car travel of the consumer (km 
driven per kg product) has been identified as a hotspot, making both the travel distance (and the 
type of transport/vehicle) and the basket weight key parameters that can be used as levers to lower 
the environmental impact. This finding is supported by a study of Majewski et al [3] which 
identified individual consumer transport by car to be the main driver of the environmental impact if 
small amounts of products are transported over long distances.   
After the identification of the hotspot, the study aimed at defining the conditions under which the 
short food supply chains can perform better than long ones in rural and urban areas. The 
differentiation of the geographical context is relevant because of the different average distances 
driven in rural and urban areas.  
 

 
Figure 1: Global Warming Potential in kg CO2-eq. per kg of purchased product for a fixed consumer transport of 14.6km (7.3km one-way 
respectively) as a function of the food basket size (in kg) for 5 different transport scenarios [5]. LFSC key parameter average km/kg: urban (0.4 
km/kg), rural (0.8 km/kg) 
 
These findings suggest a broader diversification of the goods offered per sales point, either by 
diversifying a single farm or by cooperation among farms. This has implications for the primary 
production and, additionally, a potential transformation stage is added to the raw products to cover a 
wider range of food items that can be offered. 
 
Conclusion 
While WKH�SULPDU\�SURGXFWLRQ�UHPDLQV�WKH�PDLQ�FRQWULEXWRU�WR�WKH�RYHUDOO�SURGXFWV¶�HQYLURQPHQWDO�
impact, a reduction of the environmental impacts of the short food supply chain can be obtained by 
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focusing efforts on the consumer transport, which is a current weakness of SFSC. Nevertheless, 
conditions under which SFSC can performs better than long chains from an environmental point of 
view exist. Indeed, consumer travHO� DQG� EDVNHW� VL]H� DUH� NH\� SDUDPHWHUV� WR� ORZHU� D� 6)6&¶V�
environmental footprint. Raising consumer awareness will lead to increase the size of the food 
basket or decrease the transport distance. Public authorities can foster the development of 
cooperative shops or farmers market, and other platforms with a large variety of goods available for 
consumers.  
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Introduction:  
Recently, the link between environmental impact of diets and its relationship with health and 
nutrition has gained special interest. With the Agenda 2030 and the UN sustainable development 
goals (United Nations General Assembly, 2015), new food policies encompassed with changes on 
food production and consumption have raised worldwide to achieve environmental and nutritional 
goals. However, there are still some challenges developing a standardized method that include 
nutrition, health and environment calculations when assessing food products and diets. Dietary 
indicators are used to classify foods and diets depending on their nutrient content (Fulgoni et al., 
2009), diversity (Green et al., 2020) or its compliance with dietary guidelines (Krebs-Smith et al., 
2018). The assessment is more complex, if digestibility, absorption and bioavailability of some 
nutrients are considered (Sonesson et al., 2017) or when the health impacts of food products and 
diets are assessed (Stylianou et al., 2021). However, a holistic approach of the nutritional, health 
and environmental (NHE) dimensions is needed to ensure food products and dietary patterns are not 
only environmental friendly but also more nutritious and healthy for the present and future 
generations. In a literature review, five types of health/nutritional indicators were identified, and 
classified as follows: 1) Group A, includes metrics that consider a ratio between the nutrient food 
content and reference amount for qualifying and disqualifying nutrients and/or food groups; 2) 
Group B: includes indices based on the adherence to specific guidelines on healthy eating; 3) Group 
C: is based on nutrients and food group diversity; 4) Group D: considers metrics that evaluate 
nutrient quality characteristics specific to one or more nutrients (bioavailability, digestibility, etc.); 
and 5) Group E: accounts for metrics that consider health impact of foods and diets based on dietary 
risk factors. The aim of this research is to compare different nutritional and health metrics on food 
products and evaluate their differences.   
 
Methodology: 
This study evaluated the nutritional-health-environmental (NHE) dimensions of 445 foods from the 
Swiss EuroFIR database. The EuroFIR is a comprehensive nutritional food database that includes a 
wide range of raw and processed food items (Becker et al., 2008). For this analysis, only single, 
food products were considered (e.g. apple, chicken meat or milk), and complex or processed foods 
were not evaluated (e.g. pizza, cake, etc.). Consequently, the metrics selected to assess the 
nutritional and health dimensions were indicators of group A and E. The analysis consisted of three 
phases. First, the nutritional content of food products was calculated according to three different 
nutritional indicators: i) NutriScore (NS); ii) Nutrient Balance Concept (NBC); iii) Nutrient Rich 
Food 9.3 (NRF9.3). Each of the selected nutritional indicators considers a different set of nutrients 
and food groups, which allows for a comparative analysis. Second, the health impacts were 
evaluated through the newly developed HENI score (Stylianou et al., 2021) based on fifteen dietary 
risk factors from the Global Burden of Disease study (Murray et al., 2020). Third, the 
environmental impacts (EnvI) of the different foods were considered by LCA (Poore & Nemecek, 
2018). Finally, a ranking of the different foods was performed as well as correlations between the 
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different indicators.  
 
Results:  
When analyzing the 445 single food products considered, results show that NRF9.3 and NBC are 
the two indices with the highest correlation (r = 0.78; p 0.001 ޒ). Both indices consider only 
qualifying and disqualifying nutrients, while NutriScore and HENI consider also food groups (e.g. 
read meat). In addition, results show that correlations between the different indices change 
depending on how food group aggregations are considered (e.g. analyzing all meats vs specific meat 
types). Table 2 shows, that when analyzed by food groups (Table 1), the number of correlations 
between the different indices differ (Table 2). In addition, when assessing foods products 
individually, results show that the choice of indicators changes how foods are ranked. Table 3 shows 
the results for five commonly consumed foods by different environmental, nutritional and health 
metrics. For example, walnuts rank first for HENI and greenhouse gas emissions (GhGe) but rank 
in last position when considering water scarcity or the NBC. Therefore, metric usage should always 
be very well defined and its interpretation has to be done adequately.   
 

Table 1: Food group aggregation for the correlation analysis (n=445) 
 

Food group aggregation 
Vegetables 

Fruits 
Meat 

Grains 
Pulses 
Dairy 

Oils and fats 
Fish and seafood 
Nuts and seeds 

Sugars and sugar products 
Eggs 

Miscellaneous 
 

 
Table 2: Number (n) of significant correlations between the different indices when analyzed by 

food groups 

 NRF9.3 HENI NBC NS 
NRF9.3  5 6 7 
HENI   1 8 
NBC    4 
NS     

Note: The metrics represented in the table are: HENI: Health Nutritional Index; NBC: Nutrient Balance Concept; 
NRF9.3: Nutrient Rich Food Index 9.3; NS: NutriScore.  
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Table 3: Food ranking depending on the nutritional, health or environmental indicator used 

 HENI NBC NRF9.3 NS Water scarcity GhGe Land use 
Tomato 4 1 1 1 1 2 2 
Salmon 2 2 3 4 5 4 4 
Apple 3 4 4 2 2 1 1 

Walnuts 1 6 2 5 6 1 5 
Milk 5 3 6 3 3 3 3 
Beef 6 5 5 6 4 5 6 

Note: The ranking values decreases from 1 (green) as the one having the highest nutritional value or lowest EnvI to 6 
(red), as the one having the poorest nutritional content or highest EnvI. The metrics represented in the table are: HENI: 
Health Nutritional Index; NBC: Nutrient Balance Concept; NRF9.3: Nutrient Rich Food Index 9.3; NS: NutriScore. 
Water Scarcity: the data considered are Stress-Weighted Water Use (L/FU); GhGe: kg CO2eq/FU; Land use (m2/FU). 
 
Discussion  
These results highlight the importance of choosing the adequate indicator when evaluating different 
food products. Effects on the results can be driven by: 1) qualifying/disqualifying nutrients 
considered in each indicator; 2) aspects of nutrient/health considered (quantity, quality, diversity, 
etc.); 3) dietary reference intake considered by different population groups (pregnant women, etc.); 
and 4) capping at the recommending intake and weighting nutrients to a set energy value.  In 
addition, the results show the importance of including all NHE dimensions when evaluating food 
products and dietary patterns as opposite to only considering one metric. This research shows how 
the selection of a specific indicator will change the ranking of food products or diets, which needs 
to be taken into consideration when communicating the results to consumers. In addition, these 
indicators can be used as a functional unit (FU) or impact category to be included in the Life Cycle 
Assessment (LCA) of food products, meals or diets. However, in this case, the selection of the 
indicator should be dependent on the goal of the LCA study and the interpretation of the results 
should be done with caution as results using different FU might have different outputs. Also, this 
study focused on the evaluation of indicators for single food products, but other indicators might be 
needed when evaluating whole dietary patterns. In such cases, a nutrient content approach might not 
be sufficient when considering whole diets, where food matrix interactions are more relevant, and 
group D nutritional indices might be more adequate. In addition, when analyzing diets, aspects of 
diet adequacy against recommendations or food/nutrient diversity should also be discussed, thus, 
metrics pertaining to group B and C ought to be considered.  
 
Conclusion: 
Nutritional and health indices appear to be a useful tool when evaluating NHE dimensions of foods 
and diets. However, the results of this study showed that it is necessary to choose metrics carefully 
depending on the goal of the study, as well as when interpreting the results and its integration into 
LCA. While the food industry and policy stakeholders are aiming at developing a nutritional and 
health score which is easy to communicate to the consumer, it is important to ask for caution and 
not to oversimplify (especially when ranking health aspects of food products or dietary patterns) 
due to the complexity of the metrics.  
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Introduction 
In order to reduce the negative environmental impacts of agriculture, policymakers are increasingly 
creating incentives for the ³greening´ of agriculture. In Switzerland, the Federal Office for the 
Environment (FOEN) has established Agri-Environmental Objectives (AEOs) in order to fulfil its 
constitutional mandate to promote sustainable and resource-efficient agricultural production. Direct 
payments constitute one means of achieving these objectives. Although the disbursement of direct 
payments is contingent on cross-compliance standards, and some direct payment contributions are 
already directly related to the environment (e.g. requirement of minimal biodiversity areas), the 
environmental objectives of agricultural policy have for the most part not been achieved. 
Therefore, it is critical to devise eco-schemes that provide stronger incentives for environment-
friendly agricultural practices. A conceptual study was launched in 2019 to investigate whether 
indicator-based direct payments (IBDP) could represent an alternative to the existing environment-
related direct payments. The developed indicator-based direct payments system (IDPS) aims to 
approximate the environmental impacts at the farm level for several environmental aspects 
considered individually.  The basic idea behind the new framework is²by linking the direct 
payments to the indicator values²to reduce the negative environmental impacts of the Swiss 
agricultural sector in a simpler and more effective way.  
This paper shows how Life Cycle Assessment (LCA) modelling can be used in a pragmatic 
approach to developing feasible environmental indicators designed for application within the given 
policy context. 
 
Approach and Methodology 
The examination of different indicator systems, such as SALCA (Gaillard & Nemecek, 2009) or 
SMART (Schader et al., 2019), reveals that the majority of these are unsuitable for use in a direct 
payments system. This is mainly due to their complexity and the non-verifiability of the required 
input data; this in turn is linked to their focus on other purposes (research, monitoring or advising) 
than direct payments. Furthermore, indicators primarily based on expert judgment and/or qualitative 
data should not be used in the context of subsidy provision, as it is of critical importance to use 
verifiable input data. The use of Life Cycle Impact Assessment (LCIA) indicators at the midpoint or 
endpoint level, although theoretically desirable, was discarded as an approach, as both the data 
collection and calculation of indicators are too time-consuming and poorly controllable to be used 
in a direct payments context. 
 
Therefore, we developed prototypes of agri-environmental indicators at the farm level that are 
tailored to use in a direct payments system and take into account the major driving forces. The 
indicators differ depending on the environmental issue: whereas some indicators are result-based, or 
at least contain result-based components (e.g. measurement of humus content), the majority focus 
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on agricultural structures and measures (e.g. size of animal stock, avoidance of high-risk plant 
protection products). The disbursement of the direct payments is determined by the indicator values, 
the payment rates being generally based on existing damage cost estimates. In addition, threshold 
values have been defined, below which farm holders receive no payment.  
 
To make the system as flexible as possible, we elaborated three different levels of complexity 
(simple, medium, detailed). These three variants differ in terms of the number and complexity of 
their indicators. In the detailed variant, we developed new quantitative indicators for the following 
eight environmental areas: (i) biodiversity, (ii) greenhouse gas (GHG) emissions, (iii) ammonia 
emissions, (iv) nitrate leaching, (v) phosphorus leaching, (vi) pesticide application, (vii) soil erosion 
and (viii) humus accumulation.  The indicators for the detailed variant take into account the major 
driving factors and underlying processes, thus allowing farm managers sufficient flexibility in the 
choice of measures²in LCA language, due to the abovementioned constraints, we had to focus on 
Life Cycle Inventory (LCI) indicators instead of directly using LCIA models. In contrast, the simple 
system assesses the environmental impacts in a very generic manner, even allowing the use of one 
single indicator to describe several environmental impacts that are driven by similar physical 
processes: GHG emissions, ammonia emissions and nutrient leaching are merged into one single 
LQGLFDWRU�� FDOOHG� ³FOLPDWH� DQG� QXWULHQWV´; moreover, soil erosion and humus accumulation are 
summarized XQGHU�WKH�WRSLF�³VRLO�SURWHFWLRQ´��$�YHU\�OLPLWHG�VHW�RI�LQSXW�SDUDPHWHUV�LV�VXIILFLHQW�DV�
an input for this simplistic approach. This minimizes the administrative effort for data acquisition 
and the time needed to check the correctness of the data. The medium variant lies between these 
two extremes. 
 
The simple variant of IDPS was incorporated into the agent-based, structural Swissland agricultural 
model (Möhring et al., 2016) in order to analyse the associated costs and expected future structural 
changes of the Swiss agricultural sector. These evaluations are detailed in Gilgen et al. (2022). 
 
To give the reader an idea of how we used LCA thinking in our approach, we present the procedure 
for the global warming potential (GWP) indicator. The procedure outlines a pragmatic way to 
approximate GWP by using verifiable LCI data that are easily accessible at the farm level. In the 
initial step (classification), we identified the most important GHG sources from the agricultural 
sector. In the second step, based on the Swiss national GHG inventory and LCA studies (e.g., Alig 
et al., 2015), we selected five emission sources/sinks (elementary flows) that contribute most to 
Swiss GHG emissions and for which there is great individual reduction potential at the farm level. 
These were: (i) methane (CH4) emissions from ruminants by enteric fermentation, (ii) nitrous oxide 
(N2O) emissions from agricultural soils, (iii) emissions from drained organic soils, (iv) carbon 
stored in trees and (v) CH4 & N2O emissions from stored slurry. In the third step, we developed 
simple parameterisations for these five emissions types by identifying relevant driving variables and 
by applying typical average values given in scientific publications (LCI modelling). For the example 
of methane emissions from ruminants (process (i)), this resulted in the following formula: 

 
 
where LU is livestock unit, c is mean CO2-equivalent emissions per LU (= 3 t CO2eq/year) and lac is 
number of lactations. The factor 1.286 normalises the value within brackets for the observed mean 
number of lactations in Switzerland (lac = 3.5). Farms with lactation numbers smaller/greater than 
3.5 thus achieve more/less than 3 t CO2-eq/year per dairy cow. In order to express the total GWP 
(sum of all emissions considered) in the unit kg CO2-eq/year, the following characterisation factors 
(CFs) were assumed: CFN20 = 265 and CFCH4 = 28 (characterisation). 
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All five abovementioned emission sources/sinks are accounted for at the detailed level of 
complexity, while the medium level ignores emissions from stored slurry and simplifies some other 
emissions sources/sinks. The simple level of complexity accounts only for the combined impact of 
GHG emissions, ammonia emissions and nutrient leaching, by a linear function of LU per hectare 
and total applied nitrogen. 
 
Results & Discussion 
The conceptual study demonstrates that it is not feasible to apply existing indicator-based systems 
for promoting environmentally friendly agriculture within a direct payments system. The evaluation 
process shows that strict application of LCIA midpoints and endpoints according to ISO norms are 
not suitable for IDPS due to excessive data acquisition related to overly complex models and the 
inclusion of upstream processes (again requiring the use of complex computer software). 
 
Instead, it is necessary to develop, for relevant environmental impacts, revised indicators that 
address and include the main driving forces while taking into account various restrictions relating to 
agricultural policy. This study proposes agro-environmental indicators that, at least at the detailed 
level of complexity, go beyond using simple driving force indicators (e.g. total fuel consumption, 
amount of manure applied, number of livestock) by using LCA thinking in their development. The 
evaluation shows that, based on expert judgment and literature reviews, it is possible to construct 
indicators for relevant environmental impacts in a way that provides sufficient completeness and 
accuracy, and that meets policy-imposed conditions.  
 
6WDNHKROGHUV¶� IHHGEDFN� JDWKHUHG� during a one-day workshop and preceding discussion rounds in 
oral and written form revealed that the main challenge is to find the optimal compromise between 
the targeted improvements and the administrative burden for both the farm managers and the 
agricultural agencies involved. In addition, a high level of transparency and communicability of the 
indicators is crucial in order to secure acceptance of an IDPS.  
 
Conclusions 
This study shows that it is possible to develop an IDPS of low complexity based on LCA thinking 
that (i) accounts for relevant driving forces with regard to environmental impacts, (ii) is feasible 
with regard to time and financial constraints and (iii) is mainly based on a verifiable input dataset 
that can be compiled for all farms receiving direct payments. The IDPS is a promising approach for 
replacing the current direct payments system in a flexible and transparent manner while 
contributing to achieving 6ZLW]HUODQG¶V�ambitious AEOs. However, it is crucial to refine and test the 
proposed system on a sufficiently large sample of farms, to gain more insights into the efficiency 
and practicability of the entire system at all levels of complexity. In addition, a future 
implementation requires a thorough verification of possible conflicts with other parts of the current 
direct payments system and agricultural policy. 
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Abstract 

We benchmark through an attributional Life Cycle Assessment (LCA) an agroecological, 

supply chain of a leafy greens “salad mix” in the Azores (Portugal) against ten supply chain 

structures of hydroponic controlled-environment agriculture (CEA) and conventional systems 

described in an existing study from (Casey et al. 2022) that use six distinct electricity types, varying 

transport modes, and regional to global distances. As the current agroecological supply chain 

delivers its products “hyper-locally” to consumers on the island, we model an additional, 

hypothetical scenario where the “salad mix” is transported to the United Kingdom for equal 

comparison with the other systems. While the hydroponic CEA system consumed around 15 kWh 

of electricity per kg of lettuce supplied, we expect the agroecological system to only require a 

fraction of this energy, with every action performed manually, as well as to have smaller burdens 

across other categories, such as eutrophication and climate change, due to smaller external inputs. 

Furthermore, the agroecological system is likely to provide ecosystem services that neither of the 

other two systems can provide. Therefore, in addition to the environmental footprint calculated 

through the LCA, the European RADIANT project aims to evaluate the eco-efficiency of the 

systems by performing further analyses looking at additional ecosystem services and income 

generation to the farmers.  

 

Introduction  
Leafy greens and in particular lettuce (Lactuca sativa) are important crops globally, with  a 

production of lettuce and chicory (Cichorium intybus) exceeding 27 million tonnes in 2020 (FAO 

2022). To meet the demand for all year-round supply of leafy greens, their trade occurs at multiple 

levels, from regional by refrigerated truck to global by air freight (Casey et al. 2022). An export of 

more than two million tonnes of the two crops were reported in 2020, with the top exporting 

country being Spain, followed by the United States and Mexico (FAO 2022). The production and 

transport of fresh leafy greens do not come without environmental costs, and different supply chains 

were linked with highly varying ecological footprints, as shown for example by (Hospido et al. 

2009, Foteinis and Chatzisymeon 2016).  

Hydroponics Controlled Environment Agriculture (CEA) is a production method that 

consists of growing crops with desired parameters in a soilless culture (Srivani and Manjula 2019). 

It has gained attention in recent years, as its highly controlled environment may help address some 

of the food system challenges, which include excessive greenhouse gas emissions and nutrient 

pollution due to large external inputs, and highly degraded soils and biodiversity loss through the 

standardisation of monoculture and intensive agricultural practices (Willett et al. 2019). 

Instead, agroecological farming is an approach integrating ecology, health, society, ethics, 

and economy into food production systems, positively reinforcing food security and nutrition 

(Wezel et al. 2009, Kerr et al. 2021). An agroecological system often includes numerous crops 

through intercropping, rotation, agroforestry, simultaneous production of crop and livestock, soil 

health management. It was recognised as a sustainable food production practice (Willett et al. 2019). 
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This study aims to benchmark agroecological production against a diametrically opposed 

“cutting edge technology” system for the example of leafy greens supply, to highlight relative 

environmental advantages and disadvantages. We present to our knowledge the first LCA of a leafy 

greens agroecological value chain as a case study and benchmark it against a study with 10 

hydroponics and conventional value chains of lettuce with varying electricity types, transport modes, 

and transport distances from (Casey et al. 2022). We hypothesise that the agroecological system can 

provide leafy greens to the city of London (United Kingdom) at a lower overall environmental cost 

than other systems studied.   

 
Materials and methods  

 Primary data for the agroecological system were collected from a farm in the Azores 

(Portugal), Biofontinhas (Projecto 2022), whereas data on the hydroponic CEA and field-based 

systems were extracted from (Casey et al. 2022). System boundaries for the various case studies 

used were recorded in Figure 1, with Agroecological being the current value chain where the 

agroecological farm delivers its salad mix locally, and Agroecological* being the hypothetical value 

chain where the agroecological farm delivers its salad mix to London. The OpenLCA software 

v.1.10.3 (GreenDelta 2022) was used to model the systems, with the use of Ecoinvent v3.8 database 

(Wernet 2016). The impact categories were those recommended by the Product Environmental 

Footprint (PEF) guidelines (European Commission 2018). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. System boundaries of conventional (Conventional), hydroponics-controlled environment 

agriculture (Hydroponics CEA), agroecological (Agroecological), and agroecological with theoretic

al export (Agroecological*) systems benchmarked in this study. Adapted from (Casey et al. 2022). 
 

The leafy greens produced through the agroecological system and present in the “salad mix” 

are part of a rotation consisting of lettuce, swisschard (Beta vulgaris subsp. vulgaris), golden 

purslane (Portulaca oleracea), garden orache (Atriplex hortensis), buck's-horn plantain (Plantago 
coroponus), and ten mustard plants from the Brassica genus, such as tatsoi (Brassica rapa). The 

crops are grown on a surface of 700 meters all year-round, representing 7 cycles yearly. This is 

possible thanks to the temperate, subtropical climate of the island. The leafy greens are grown on a 

volcanic soil, where no ploughing nor tilling occurs, with no engines at soil level. One operator 

works with a fork for five minutes per square meter to prepare the soil. Only 25% of the seeds sown 

are purchased, with the remaining having been collected on farm from previous cycles. No fertilizer 
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is applied, apart from farm-owned compost and foliar fertilizer made on site with weeds. In addition, 

35 g of calcium carbonate is applied per square meter every five years. Two pesticides, Pirecris and 

Turex, are applied 25 times a year. A total of 480 m3 of municipal water is used yearly for the leafy 

greens, representing water applied through drip irrigation and manual spray, as well as water for 

washing harvested products. The leafy greens are harvested manually, washed four times, and 

packaged into 200 g and 500 g nano-perforated plastic bags for individual consumers and 

restaurants, respectively. The products are then refrigerated until the clients come to pick them up. 

Around seven restaurants come individually to the farm, once or twice a week, with a refrigerated 

truck. The distances travelled vary between 1 and 20 km, and other products from the farm are 

picked up at the same time. An additional hypothetical model representing an all-year round 

agroecological production of leafy greens system in the Azores that exports to London (United 

Kingdom) via refrigerated truck and ship for three days and fifteen hours (SeaRates 2022) was 

modelled to allow for better benchmarking with the hydroponics CEA and conventional systems. 

 

Results 
 The eight impact categories with the highest normalised environmental burdens per 

kilogram of leafy green delivered for across all hydroponic CEA and conventional systems studied, 

as well as the hypothesis of how the agroecological system performs comparatively, were recorded 

in Table 1. The highest environmental burdens across the eight most relevant categories could 

consistently be found in the Hydroponics CEA systems, while the lowest burdens were found in the 

conventional systems across all eight categories excepted for terrestrial acidification and 

eutrophication, and respiratory inorganics. We expect the agroecological system to have lower 

environmental burdens across these same categories, due to the low inputs and high yields, despite 

the longer transport distances when compared to the hydroponics CEA systems. 

 
Table 1. Lowest and highest characterized environmental burdens of the hydroponics controlled 

environment agriculture and conventional systems for the production of one kilogram of leafy 

greens from the case study in (Casey et al. 2022) across the 8 impact categories with the highest 

burdens, as well as hypotheses of how the agroecological system compares in these categories. The 

values in red and green represent the highest and lowest values across all systems, respectively. The 

results for the agroecological systems are characterized by an interrogation mark to represent the 

work in progress. 
    Hydroponics CEA Conventional Agroeco

logical* 
Agroeco
logical 

Impact category  Unit  Lowest Highest Lowest Highest         
Acidification terrestrial   mol H+ equivalents  0.0018 0.045 0.0032 0.0099 ?   ?   
Climate change kg CO2 equivalents  5.9E-05 0.0022 1.9E-05 0.0012 ?   ?   
Eutrophication freshwater  kg P e equivalents 0.0019 0.081 0.00016 0.0018 ?   ?   
Eutrophication marine  kg N equivalents 0.00026 0.017 0.00017 0.0087 ?   ?   
Eutrophication terrestrial  mol N equivalents 2.1E-05 0.048 0.00014 0.0011 ?   ?   
Resource use, energy carriers  MJ  6.3E-05 0.0037 2.2E-05 0.0022 ?   ?   
Respiratory inorganics  Disease incidence 0.00042 0.0054 0.00067 0.0033 ?   ?   
Water scarcity  m3 deprivation  0.0015 0.0097 0.00019 0.0011 ?   ?   

 
Discussion 

The different systems compared show significant differences in terms of structure and 

environmental costs. They are, however, most likely to suit distinct environments, with the case of a 

well-managed hydroponic CEA being more suitable than any other system in an arid environment 

where water is scarce. The case of the agroecological farm in the Azores is an example of a well-
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established supply chain suitable to its geographical location, with favourable weather, land and 

water availability, and higher demand than availability. With a high demonstrated yield of leafy 

greens in the agroecological system despite the limited external inputs as well as a very short supply 

chain, the agroecological system is likely to yield more positive results than the other systems, as 

well as possess a higher resilience (Altieri et al. 2015). The Agroecological* value chain would 

however incur additional challenges, such as higher loss and waste from additional transport. 

However, agriculture has multiple functions that exceed simple food (nutrients) provisioning, 

including (a) income generation for farmers, (b) landscape preservation through the appropriate use 

of land, and (c) provision of other ecosystem services (Hayashi et al. 2006), which may not be 

fulfilled in hydroponics CEA or conventional systems, but would in an agroecological one. 

 
Conclusion 

The systems studied showed radical differences in terms of inputs, capacity, and 

environmental costs. Moreover, their value chains differ in terms of scale and geographical 

coverage. Whether the agroecological system delivers the leafy greens at a lower environmental 

cost could suggest that such a system producing the crops elsewhere and shipping them to London 

should be further investigated. However, LCA has numerous limitations in terms of fully assessing 

the eco-efficiency of the salad supply chains, which may be misleading. Therefore, in addition to 

the environmental footprint calculated through this LCA, the European RADIANT project 

(RADIANT 2022) aims to evaluate the eco-efficiency of the systems by performing further analyses 

looking at additional ecosystem services and income generation to the farmers.  
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Introdução 
O Brasil é o maior produtor e exportador de café, além de ser o segundo maior consumidor mundial 
de café. Na safra de 2018/19, a produção brasileira alcançou 2,96 milhões de toneladas, com uma 
produtividade de 1.632 kg por hectare e uma área produtiva de 1,81 milhões de hectares. A 
produção de café Arábica foi de 2,06 milhões de toneladas, o que representa 69,5% da safra, 
enquanto a produção de café Conilon foi de aproximadamente 0,90 milhões de toneladas, 
correspondendo a 30,5% da safra (CONAB, 2019).  
Há uma tendência mundial para a rotulagem e certificação de produtos em relação aos impactos 
ambientais, o que se tornou um dos requisitos para importação e comercialização de produtos 
(Rocha e Caldeira-Pires, 2019). 
Desse modo, o objetivo deste estudo foi estimar os indicadores ambientais da produção de café no 
Brasil. A pegada de carbono do café torrado e moído, que é o impacto ambiental mais 
frequentemente usado em rotulagem de produtos, foi estimada e comparada com estudos 
disponíveis na literatura. Este é o primeiro estudo sobre café torrado e moído desenvolvido no 
Brasil e deverá contribuir para identificar pontos de melhoria na cadeia produtiva por meio do 
fornecimento de dados científicos para a melhoria ambiental do setor e desenvolvimento desta área 
de pesquisa, bem como subsídios técnicos para a rotulagem ambiental deste produto. 
 
Métodos 
O escopo do estudo foi avaliar o café arábica torrado e moído desde a extração dos recursos naturais, 
produção de energia (eletricidade e combustíveis), produção de fertilizantes, cultivo do café até o 
portão da indústria de moagem e torrefação. A Figura 1 apresenta o fluxograma com a fronteira do 
sistema estudado. 
 

Figura 1. Fluxograma com as etapas avaliadas no estudo. UF = 1 kg de café torrado e moído. 
 

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On ³The role of emerging economies in global food security´ 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 2 

O cultivo de café foi estimado a partir de dados fornecidos por produtores ou associações de 
produtores de fazendas localizadas em Minas Gerais, principal região produtora de café no Brasil e 
no Estado de São Paulo. Os dados foram obtidos de onze produtores de café para as safras 2017/18 
e 2018/19 e duas indústrias de torrefação e moagem de café para os anos base de 2018 e 2019. 
Todas as etapas de transporte foram incluídas na fronteira do sistema. Não foram considerados os 
bens de capital, ou seja, recursos e energia usados para construir e manter as indústrias, estradas, 
caminhões etc. 
A unidade funcional adotada foi 1,0 kg de café torrado e moído. 
Os dados de cultivo, torrefação e moagem foram compilados utilizando o software GaBi6, não 
incluindo as etapas de produção das embalagens, distribuição e consumo. A pegada de carbono ou 
potencial de aquecimento global (GWP100) foi estimada com base no método CML 2001 ± April de 
2013 ± Global Warming Potential (GWP 100 anos). 
 
Resultados e Discussão 
As emissões de gases de efeito estufa ± GEE do café torrado e moído foram estimadas e são 
apresentadas na Figura 2. Uma redução do consumo de fertilizantes e corretivos foi observada 
quando os resultados do cultivo de café convencional para as safras de 2016/17 e 2017/18 (Coltro et 
al, 2020) foram comparados com os valores obtidos no estudo realizado anteriormente para as 
safras de 2001/02 e 2002/03 (Coltro et al, 2006). Portanto, foi observada uma redução nas emissões 
de GEE (pegada de carbono) para o café grão verde produzido, o que indica a adoção de melhores 
práticas de produção. 
 

 
Figura 2. Emissões de GEE (GWP100) do café torrado e moído para a unidade funcional de 1,0 kg.  
 
As emissões de GEE do café convencional torrado e moído foram estimadas em 1,59 kg CO2-eq. kg-

1, onde a etapa de cultivo do café contribuiu com 90% e a etapa de torrefação e moagem contribuiu 
com 10% das emissões de GEE. Em relação ao café orgânico torrado e moído, as emissões de GEE 
foram estimadas em 0,99 kg CO2-eq. kg-1, onde a fase de cultivo do café contribuiu com 84% e a 
fase de moagem e torrefação com 16% das emissões de GEE. 
O impacto da produção orgânica é muito menor do que o impacto da produção convencional, pois a 
produção de fertilizantes sintéticos (NPK) requer muitos recursos naturais e energia, os quais 
contribuem para as emissões de GEE. O impacto da etapa industrial de torrefação e moagem é bem 
menor do que a etapa agrícola, o que já era esperado uma vez que o consumo de energia 
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(eletricidade e combustíveis) é bem menor nesta etapa do que na etapa de cultivo, a qual inclui os 
tratos culturais e colheita do café com o emprego de maquinário movido à diesel. 
Como a etapa agrícola é a etapa de maior contribuição para a emissão de GEE as melhorias devem 
se concentrar nesta etapa, ou seja, aumento da produtividade, menor consumo de insumos, 
otimização das etapas de transporte são alguns exemplos que podem contribuir para a redução da 
emissão de GEE do produto. 
O valor obtido no presente estudo para o café convencional é aproximadamente 15% menor que o 
resultado obtido por Giraldi-Diaz et al. (2018), que foi 1,89 kg de CO2-eq. kg-1 de café torrado e 
moído produzido no México, com a fase de cultivo representando 67% das emissões de GEE. A 
maior contribuição da etapa de torrefação e moagem (33%) provavelmente deve-se à diferença na 
matriz energética dos dois países. A matriz energética brasileira é predominantemente hidroelétrica, 
o que contribui para menor emissão de GEE e melhor desempenho ambiental dos produtos 
brasileiros. 
 
Agradecimentos: as autoras agradecem ao Conselho Nacional de Desenvolvimento Tecnológico e 
Científico - CNPq, Processo número 440172/2019-5 pelo apoio financeiro e a bolsa concedida. 
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Introduction:  
Current food systems are responsible for multiple negative impacts on the environment. The intensive use of 
resources, emissions of pollutants and greenhouse gases, contribute to negative externalities like resource 
shortages, climate change, and biodiversity decline. Hence, there is a need to design production systems that 
are more sustainable. As stated in the European Green Deal, Circular Economy (CE) is a key strategy to 
address the aforementioned issues as well as to achieve the Sustainable Development Goals. This concept 
aims to narrow, and slow down input loops, thereby increasing environmental efficiency and representing a 
sustainable pathway for the local economy. However, quantitative tools are needed to assess the 
environmental performance of these alternative systems. Among them, Life Cycle Assessment (LCA) and 
Integrated Assessment and Modelling (IAM) are recognized approaches to assess the environmental impacts 
of agricultural production. Recent proposals have been made to broaden the scope of LCA toward territorial 
systems (T-LCA) addressing methodological issues related to system boundaries and multifunctionality 
(Loiseau et al. 2018) while IAM has been recently applied to assess performances of territorial crop-
livestock systems (Catarino et al. 2021). The study aims at applying a new approach coupling IAM and T-
LCA for evaluating environmental sustainability performance of crop and livestock farming systems 
embedded into a linear global production market or a territorial circular one based on exchanges between 
both types of system (Moraine et al., 2016).  
 
Material and method:  
Investigated farming systems are located in the District of Pays de Pouzauges in the Vendée, centre-west of 
France, a rural area characterized by grassland used for livestock grazing and crop cultivations. A total of 7 
farms (70 hectares), 5 arable farms (AF), and 2 livestock farms (LFV, 100 cows on average), are taken into 
account for the analysis. The baseline global market scenario is compared to a synergetic circular one in 
which livestock feed ingredients (grain legumes) and organic fertilizers (manure) are shared by AF and LFV. 
Catarino et al. (2021) developed and assessed these two scenarios using MAELIA, a spatial agent-based 
integrated assessment and modelling (IAM) platform.  

 

Figure 1: Summary of methodological steps. (Author elaboration) 
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The general methodology of the studies relies on the use of MAELIA simulation outputs from 2005 to 2017 
to feed the T-LCA framework. The latter is then used to assess annual average of environmental 
performances of both scenarios (see Figure 1). Specifically, the first step of T-LCA defined as goal and scope 
(Figure 1), deal with system boundaries (SB) definition according to the total territorial perspective (Loiseau 
et al. 2014), and land management functions identification. SB definition means taking into account all direct 
and indirect impacts that occur inside the upstream and foreground system until the territorial gate as shown 
in Figure 2. The foreground system includes all agricultural practices from soil tillage to harvest for crops, 
and production of fodder, breeding, and tenure management for the livestock. The background system 
considers all the imports of products and services used by crop and livestock systems (i.e., feed, fertilizers, 
seeds, equipment,«). Concerning the design of scenarios, the main difference between SB is related to feed 
and manure. Those, in the baseline scenario, are included in the background system. Contrary to the synergic 
scenario where they fall into the foreground system.  

 
Figure 2 - System boundaries representation for the case study. (Author elaboration) 

 
Land management functions are defined accordingly to the basket of services provided by the territorial 
integrated crop-livestock systems (Moraine et al. 2016). The following three main functions are defined and 
evaluated: i) energy production (MJ), ii) protein supply (kg), and iii) JURVV�PDUJLQ��¼). The latter assesses the 
overall economic returns calculated as total revenue minus variable production costs and was used as a proxy 
of the economic function. The energy and protein contained in crop yields provide a proxy of the overall 
production capacity of the system. The protein content is also an important characteristic of crop yields for 
animal feeding. 
The second step of T-LCA deals with life cycle inventory (Figure 1). Data collection follows a bottom-up 
approach and is based on two types of data: i) simulated outputs from MAELIA including yields, inputs 
(pesticides, fertilizers, water used) and gross margins averaged over the simulation period (2005-2017) and 
ii) LCA databases: Ecoinvent and Agribalyse. Some MAELIA outputs required processing to be used in the 
LCA inventories. This is particularly the case for the quantities of fertiliser used in crop systems. Hence, the 
AGEC-LCI calculator was used to estimate field emissions (Santeros et al., 2020). While emissions related to 
livestock were quantified accordingly to the Agribalyse report V1.2. Concerning the third step of T-LCA 
(Figure 1), the Life Cycle Impact Assessment method Recipe 2016 was used to estimate environmental 
impacts at both midpoint and endpoint levels. Then, as proposed by the territorial LCA framework, eco-
efficiency metrics, i.e. a ratio between services provided and environmental impacts, were computed to 
compare the environmental performance of both scenarios concerning the main services provided. 
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Results and discussion:  
Figure 3 shows a decrease of environmental damages in the synergic scenario for all endpoint categories. In 
the latter scenario, the introduction of grain legumes into rotation, the updated formula for feeding animals 
and the sharing process between farmers of crops for animal feed and manure as organic fertilizer, prove a 
reduction of impacts for damages categories for the whole synergic scenario. Specifically, results of endpoint 
analysis show a reduction of damage of 17% for the resource (RS), 11% for the human health (HH), and 
10% for the ecosystem quality (EQ) categories. 
 

 
Figure 3 ± Comparison of environmental damages between baseline & synergic scenario. 

Endpoint impact results on the territorial system. 
 
The contribution analysis (Figure 4) provides a deeper insight into the endpoint results. Damages on HH are 
mainly due to the use of fertilizers and their emissions on the environment. The improvement in the synergic 
scenario (Figure 3) derived from a reduction in the use of inorganic fertilizers and emissions associated in the 
environment due to the introduction of the legume crops. 
 

  
Figure 4 ± Contribution analysis at the endpoint level for the baseline and synergic scenario. 

 
For EQ, the main contributions to the damage come from land occupation use. In this case, for the synergic 
scenarios, the feeds for cow herd are derived from the farms¶ lands. Furthermore, the exclusion of soja bean 
as a feed ingredient per cows brings a relevant reduction of impact in the feeding process. Finally, for RS, 
heat, electricity, and fuel (transport) are the most impacting factors. The introduction of legume crops for 
animal feed in the foreground system reduces the impact on the feeding process by 7,16% of total damage, 
mainly reducing transport by see and lorry. Figure 5 shows the eco-efficiency results according to three 
indicators of functions, and the three end-point damage categories.  
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Figure 5 - Eco-efficiency results for the three investigated functions for the Baseline and Synergic scenarios.  

The higher the eco-efficiency, the more performant the scenario. 
 
The eco-efficiency ratios indicate that the performances of the synergic scenario are higher than the baseline 
scenario regardless of the function or damage considered. Major results are achieved with protein production 
and gross margin. The introduction of legume crops IRU�DQLPDOV¶�IHHGV�(fava bean and pea) with a low level 
of costs for LV increase the production capacity in protein content of the overall system reducing the 
environmental impacts. In addition, the synergic scenario has positive economic consequences on the profit 
margin for both LV and AF. 
 
Conclusion:  
The work carried out showed the feasibility and interest of coupling an IAM model such as MAELIA with T-
LCA. MAELIA provides a large amount of relevant data for T-LCA. In return, T-LCA allows to account for 
environmental impacts of upstream and foreground activities and to assess eco-efficiency of scenarios. The 
analysis shown positive impacts for the environmental and economic consequences on the case study 
between territorial self-sufficiency and environmental performances when implementing a circular economy 
strategy. 
Two main perspectives raised during this study. As shown by MAELIA outputs, food systems are highly 
variable due to climate and market conditions. Performing T-LCA for each year could be interesting to assess 
these variations and the effects on the performance values. Other interesting investigation would be to 
explore other perspective scenarios with MAELIA, in particular, the effects of climate change on the 
environmental performance of agricultural production.  
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Rationale and objective of the work  
Plastic mulching materials are used in agriculture as they help to regulate soil moisture content, 
temperature, and limit the growth of weeds, thus helping to sustain or increase crop (often fruit and 
vegetables) yield (Steinmetz et al., 2016; Briassoulis and Giannoulis, 2018). Out of the approx. 80 
0000 tons of agricultural mulching film that is used on the EU market, 95% are fossil based and up 
to 30% ends up as microplastics in the soil (resoilfoundation.org, 2021) which causes the current 
white pollution problem (Dauvergne, 2018). Recycling of fossil-based (Fb) mulch film is often 
difficult as the film is contaminated with soil and plant residues, which makes it time consuming 
and expensive for the farmers to collect (Briassoulis and Giannoulis, 2018). As a result, large 
amounts of plastic go to landfill which leads to negative environmental impact (Le Moine, 2014).  
Bio-based and biodegradable polymers, usually made from renewable raw materials such as lignin, 
cellulose, starch and bioethanol, provide crop production benefits comparable to fossil-based mulch 
film but in addition biodegradable (BioD) films can be tilled into the soil after use thereby offering 
a sustainable alternative to Fb materials, and lessening problems with agricultural plastic pollution 
(Razza and Cerutti, 2017). The EU encourages the use of BioD plastics (EC 2019), however, there 
is a lack of studies evaluating the environmental benefits of the use of BioD mulching films. This 
study aims to evaluate the environmental performance of Fb and BioD film in the Norwegian 
context. 
 
Methodology 
In this study an attributional LCA methodology was applied with a cradle-to-JUDYH´� DSSURDFK. 
System boundaries are shown in Figure 1. System expansion was applied where the replacement of 
virgin polyethylene (PE) from recycling was included in the study.  
Vegetable and berry production are the main systems using plastic mulching film in Norway and 
strawberry production was used to assess plastic mulch film characteristics and amounts used. The 
functional unit (FU) ZDV� VHW� WR� ³�� KD� RI�PXOFKHG� DJULFXOWXUDO� ODQG´� DV� it was assumed to be no 
differences in functionality of Fb and BioD plastic mulch film (Razza and Cerrutti, 2017). It is 
assumed that the material type does not affect yield levels, but the FU of ³kg film used per kg of 
crop could also be used. Two types of BioD plastic films were included in the study. A film made of 
a polybutylene adipate terephthalate (PBAT) and starch blend and a film made of modified starch. 
The PBAT in the BioD mulch film based on PBAT/starch was modelled from literature data 
(Brookes, 2007) and the ratio PBAT/starch was 70/20 (Borchani et al., 2015). The modified starch 
and PE mulch film from was based on Ecoinvent 2 and Ecoinvent 3 data respectively. All processes 
such as energy use, transport etc was modelled with Ecoinvent 3 data.  
The BioD plastic was assumed to be produced in south of Europe and the Fb film in central Europe, 
then transported to Norway by truck. All mulch film were black, and the BioD mulch film was 
produced of PBAT and corn starch and had a thickness of 35 um, and weight of 40 g/m2. The Fb 
plastic film made of Polyethylene (PE) had a thickness of 32 um, and weight of 50 g/m2.  
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For 1 FU approximately 5850 m2 plastic was needed, resulting in 234 kg of BioD and 292,5 kg of 
Fb film.  

 
Figure 1. system boundaries of the plastic mulch film studied. FB film= conventional fossil-based film, BioD film= 
biodegradable film. 
 
At the farm, the mulch film is applied to the soil by tractor. The BioD film is assumed to degrade in 
soil, but to what extent is currently investigated (Coutris, 2022). Potential emissions from the 
degradation of the BioD plastic was not accounted for due to lack of data. The Fb film is removed 
by tractor and transported to the closest waste management facility for either recycling or landfill.  
Green dot Norway (Grønt Punkt) is responsible for the collection and recycling of agricultural 
mulching film in Norway. Approximately 2/3 is recycled at Folldal Gjenvinning, the remaining is 
exported to recycling plants in Europe, here assumed Germany. The collection rate is estimated at 
86% (Mepex, 2018). There is a lack of knowledge regarding what happens to the remaining 
amounts (14%). It is not likely that a large portion of the film goes to incineration, as the size of the 
film would require pre-treatment (Mepex, 2018). Pre-treatment is challenging due to contamination 
of soil and gravel. It can therefore be assumed that the remaining 14% ends up in landfill.  
The replacement rate of virgin PE to recycled PE was assumed to be 30%. 
SimaPro 9.0 and ecoinvent 3.8 were used to perform the LCA with the Environmental Footprint 3 
method (EF 3.0) the impact assessment method adopted in Environmental Footprint transition phase 
of the European Commission (Fazio et al., 2018; European Platform on Life Cycle Assessment, 
2019). 
 
Results and Discussion 
Preliminary results show PE to have a lower carbon footprint than BioD mulch film made of 
PBAT/starch blend, mainly due to the emissions at the production step, see Figure 1. Due to the 
type of raw materials used and fossil energy use in production of biodegradable PBAT/starch blend, 
the emissions from recycling and landfill of PE does not outweigh these impacts. However, the 
modified starch blend has a lower carbon footprint than PE film, due to lower emissions at 
production compared to PE. For the modified starch blend, several environmental impact categories 
were lower compared to PE except for non-cancer human toxicity, marine eutrophication, terrestrial 
eutrophication, freshwater ecotoxicity, land use and water use (Table 1). The PBAT/starch blend 
performed worst in all impact categories. 
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Figure 2. Climate change impact per life cycle step of three plastic mulch films, BioD modified starch, BiD PBAT/starch 
blend, and Fb PE.  
 
Table 1.  Environmental impact of BiOD modified starch and PBAT/starch blend compared to FB muching film, in % 
Red boxes indicate where the BioD film is performing worse than Fb film. CC=climate change, OD=ozone depletion, 
PCOF=Photochemical ozone formation, PM=particulate matter, AP= Acidification potential, EPfresh= Freshwater 
Eutrophication Potential, EPmarine=Marine Eutrophication potential, EPterrest= Terrestrial eutrophication potential, 
Ecotoxfresh=Freshwater ecotoxicity, LU=Land use, WU=water use, RUfossils= resource use fossil, RUminerals and metals, 
Resoource use minerals and metals. 

 
 
There is a lack of studies evaluating biodegradable plastic films (Razza and Cerutti, 2017) but a 
previous LCA study found biodegradable mulch film to outperform Fb film in all impact categories 
studied, including different waste management options for Fb film (Razza et al., 2010). Biobased 
plastics share common characteristics with BioD plastics and data shows that it is unclear whether 
biobased plastics perform better than Fb plastics from an environmental perspective (Walker and 
Rothman, 2020) mainly due to methodological differences between studies. However, bioplastics 
can perform worse compared to Fb plastics when it comes to acidification, eutrophication and 
photochemical ozone potential and land use as crop production often is necessary to produce the 
material (Yates and Barlow, 2013). The carbon footprint of biobased material can often outperform 
the Fb based (Spierling et al., 2018) but is dependent on the raw material mix, which is in line with 
this study.  
The data used for assessing biodegradable plastic films are old and possibly outdated. There is a 
lack of LCI data for biodegradable plastic, thus evaluating the possible benefits of replacing Fb 
plastic mulch film with BioD films is difficult. There is also the potential effect of degradation rate 
of the BioD mulch film, the microplastic littering and its effect on the soil environment, which are 
due to be assessed in this study. 
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Conclusion 
The production phase appears to be the main contributor to the environmental impact for both Fb 
and BioD film and depending on raw material selection and energy source in production, BioD 
mulch film does not appear to be more environmentally sustainable compared to the PE film used in 
this study. However, the data available for production of BioD mulch film is old and need to be 
updated to enable a fairer comparison. There is a need for improved transparency in the production 
of BioD plastic film as there is currently not enough evidence to advise farmers to change to BioD 
mulch film for environmental reasons.  
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(PEHGGLQJ�FLUFXODULW\�LQWR�WKH�WUDQVLWLRQ�WRZDUGV�VXVWDLQDEOH�DJURIRUHVWU\�
V\VWHPV�LQ�3HUX 

 
$OHMDQGUR�3DURGL���*LDQIUDQFR�9LOODPRQWH�&XQHR��
�$QD�0DULD�/RERJXHUUHUR���'HLVV\�0DUWtQH]�

%DUyQ���,DQ�9i]TXH]�5RZH� 

 
��$QLPDO�3URGXFWLRQ�6\VWHPV�*URXS��:DJHQLQJHQ�8QLYHUVLW\�	�5HVHDUFK��:DJHQLQJHQ��WKH�1HWKHUODQGV� 
�3HUXYLDQ�/&$�	�,QGXVWULDO�(FRORJ\�1HWZRUN��3(/&$1���'HSDUWPHQW�RI�(QJLQHHULQJ��3RQWLILFLD�8QLYHUVLGDG�&DWyOLFD�
GHO�3HU~��/LPD��3HUX 
��%LRYHUVLW\�,QWHUQDWLRQDO��5RPH��,WDO\ 
�$OOLDQFH�RI�%LRGLYHUVLW\�,QWHUQDWLRQDO�DQG�&,$7��.P����5HFWD�&DOL�3DOPLUD��&RORPELD 

.H\ZRUGV��&LUFXODULW\��DJURIRUHVWU\��IRRG�ORVV�DQG�ZDVWH��VRLO�DPHQGPHQWV��ZDVWH�PDQDJHPHQW��FRIIHH�SURGXFWLRQ 


&RUUHVSRQGLQJ�DXWKRU��(�PDLO�DGGUHVV��JLDQFXQHR#JPDLO�FRP 
 
 
,QWURGXFWLRQ 
3HUX� LV� JUDQWLQJ� DJURIRUHVWU\� FRQFHVVLRQV� �L�H��� KHUH� UHIHUUHG� WR� DV� &86$)��� DLPLQJ� WR� KDOW� WKH�
GHIRUHVWDWLRQ�RI�WURSLFDO�IRUHVWV�FDXVHG�E\�VPDOOKROGHU�IDUPHUV��6(5)25��������+RZHYHU��GHILFLHQW�
VRLO�FRQVHUYDWLRQ�SUDFWLFHV�DQG�QXWULHQW�PDQDJHPHQW�DUH�FRPPRQ�DPRQJ�WKH�WDUJHWHG�VPDOOKROGHUV�
DQG�FRXOG�KDPSHU�WKH�VXFFHVV�RI�&86$)��9DQ�+HXUFN�HW�DO��������3RNRUQ\�HW�DO���������2QH�VROXWLRQ�
IRU�WKLV�FRXOG�EH�DSSO\LQJ�VRLO�DPHQGPHQWV��L�H���FRPSRVW��ELRFKDU��PDQXUH���ZKLFK�DUH�EHQHILFLDO�IRU�
VRLO�UHFRYHU\�DQG�FDUERQ�VHTXHVWUDWLRQ��*D\�GHV�&RPEHV�HW�DO��������6KUHVWKD�HW�DO��������� 

,Q�3HUX��IRRG�ORVV�DQG�ZDVWH��)/:��LV�DURXQG�����RI�WKH�WRWDO�IRRG�SURGXFHG��%HGR\D�3HUDOHV�DQG�
'DO¶�0DJUR��������0RVW�RI�WKLV�ZDVWH�HQGV�XS�LQ�PLVPDQDJHG�GLVSRVLWLRQ�VLWHV��EXW�WKLV�LV�WUDQVLWLRQLQJ�
WR�WKH�XVH�RI�ODQGILOOV��ZKLFK�FRXOG�UHGXFH�LWV�VRFLDO�DQG�HQYLURQPHQWDO�LPSDFW��=LHJOHU�5RGULJXH]�HW�
DO����������+RZHYHU��PRVW�3HUXYLDQ�ODQGILOOV�ODFN�JDV�RU�HQHUJ\�UHFRYHU\�V\VWHPV��ZKLFK�FRXOG�OHDG�
WR�LQFUHDVHV�LQ�JUHHQKRXVH�JDVHV��*+*��HPLVVLRQV��9i]TXH]�5RZH�HW�DO��������� 

&RPSRVWLQJ� LV� D�ZDVWH�YDORUL]DWLRQ�SUDFWLFH� WKDW� DOORZV� WKH� UHXWLOL]DWLRQ�RI�QXWULHQWV� FRQWDLQHG� LQ�
ELRZDVWH�DV�IHUWLOL]HUV��7KLV�FRXOG�PLWLJDWH�*+*�HPLVVLRQV�LQ�3HUXYLDQ�ODQGILOOV�DQG�SURYLGH�D�VRLO�
DPHQGPHQW�LQSXW�IRU�&86$)��OHDGLQJ�WR�D�ZDVWH�PDQDJHPHQW�µFLUFXODU�XUEDQ�UXUDO�QH[XV¶��$OWKRXJK�
SUHYLRXV�VWXGLHV�H[SORUHG�WKH�*+*�PLWLJDWLRQ�SRWHQWLDO�RI�GLIIHUHQW�ZDVWH�PDQDJHPHQW�WHFKQRORJLHV�
IRU� WKH�3HUXYLDQ� FRQWH[W� �9i]TXH]�5RZH�HW� DO�� ������� FRPSRVWLQJ�ZDV�QRW� DVVHVVHG��4XDQWLI\LQJ�
FRPSRVW�YROXPHV�WKDW�FRXOG�EH�REWDLQHG�IURP�ELRZDVWH��DQG�LWV�*+*�PLWLJDWLRQ�SRWHQWLDO��LV�NH\�WR�
VWDUW�WKH�GLVFXVVLRQ�RQ�FLUFXODU�VROXWLRQV�IRU�ZDVWH�PDQDJHPHQW��DQG�DOVR�WR�GLPHQVLRQ�WKH�SRWHQWLDO�
SURYLVLRQLQJ�RI�FLUFXODU�IHUWLOL]HUV�IRU�DJULFXOWXUDO�SURGXFWLRQ�V\VWHPV�VXFK�DV�&86$)��7R�WKLV�DLP��
WKH�REMHFWLYHV�RI�WKH�FXUUHQW�VWXG\�DUH�WR��L��FDOFXODWH�*+*�HPLVVLRQV�UHODWHG�WR�FRPSRVW�HODERUDWLRQ�
FRPSDUHG� WR� FXUUHQW� ZDVWH� PDQDJHPHQW� VWUDWHJLHV�� DQG�� LL�� HVWLPDWH� WKH� WRWDO� DUHD� WKDW� FRXOG� EH�
IHUWLOL]HG�ZLWK�FRPSRVW�XQGHU�WKH�&86$)�PHFKDQLVP� 

0DWHULDOV�DQG�0HWKRGV 
,Q�WKLV�VWXG\��ZH�H[SORUH�WKH�SRWHQWLDO�RI�YDORUL]LQJ�PXQLFLSDO�ELRZDVWH�DV�FRPSRVW�DQG�XVLQJ�LW�DV�D�
VRLO�DPHQGPHQW�LQ�FRIIHH�DJURIRUHVWU\�V\VWHPV�DQG�VLOYRSDVWRUDO�V\VWHPV��7KLV�DQDO\VLV�ZDV�EDVHG�RQ�
D� SXUHO\� ELRSK\VLFDO� EDVLV� DQG� IRFXVHG� RQ� IRXU� 3HUXYLDQ� FRIIHH�JURZLQJ� UHJLRQV� �$PD]RQDV��
&DMDPDUFD�� -XQtQ� DQG� 6DQ� 0DUWtQ�� DQG� WKH� PRVW� SRSXORXV� FLW\� LQ� HDFK� RI� WKHP�� &KDFKDSR\DV��
&DMDPDUFD��+XDQFD\R�DQG�7DUDSRWR��UHVSHFWLYHO\��� 

)LUVW��ZH�HVWLPDWHG�WKH�SRWHQWLDO�DUHD�RI�DJURIRUHVWU\�V\VWHPV�WKDW�FRXOG�EH�LQFOXGHG�XQGHU�WKH�&86$)�
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PHFKDQLVP� XVLQJ� DYDLODEOH� JHRJUDSKLFDO� GDWD� �9DUJDV��0RQWDOEDQ�� DQG� /HRQ� ������ 6,1,$� ������
6(51$13�������0,1&8/�������6(5)25�������DQG�FHQVXV�GDWD�IURP�,9�&(1$*52��,1(,������� 

$OO�GDWD�XVHG� WR�PRGHO� WKH� IHUWLOL]DWLRQ�SRWHQWLDO� DQG�*+*�HPLVVLRQV� �L�H���YROXPHV�RI�PXQLFLSDO�
ELRZDVWH��ELRZDVWH�FRPSRVW�UDWLRV��FRPSRVW�HPLVVLRQV��FRPSRVW�QXWULHQW�FRPSRVLWLRQ��ZDV�REWDLQHG�
IURP�WKH�OLWHUDWXUH��9i]TXH]�5RZH�HW�DO��������*XVWDYVVRQ��&HGHUEHUJ��DQG�6RQHVVRQ�������%RJQHU�
HW�DO��������81)&&�������,3&&�������(($�������:HUQHW�HW�DO��������%ROGULQ�HW�DO��������<HR�HW�DO��
������0HUWHQDW��'LHQHU��DQG�=XUEU�JJ�������� 

$IWHU�WKLV��ZH�FDOFXODWHG�WKH�DUHD�WKDW�FRXOG�EH�IHUWLOL]HG�ZLWK�FRPSRVW�XQGHU�WKH�&86$)�PHFKDQLVP��
)RU�ODQGV�XQGHU�FRIIHH�SURGXFWLRQ��LW�ZDV�DVVXPHG�WKDW����NJ�1�KD����L�H�������RI�WKH�1�UHTXLUHPHQWV��
VKRXOG� FRPH� IURP� FRPSRVW��7KLV�ZDV� EDVHG� RQ� SUHYLRXV� UHVHDUFK��ZKLFK� VKRZHG� WKDW� D� FRPSRVW�
DSSOLFDWLRQ� RI� ���1� LPSURYHV� VRLO� FKDUDFWHULVWLFV�� ,Q� FRQWUDVW�� DW� D� GRVH� RI� ������ GLIIHUHQW� VRLO�
SDUDPHWHUV��H�J���S+��3��DQG�.��&D�DQG�0J�DQWDJRQLVP��JHW�XQEDODQFHG��0DUWLQV�1HWR�HW�DO����������
)RU�SDVWXUHV��WKH�UHTXLUHPHQW�ZDV��� NJ 3�KD����ZKLFK�KDV�EHHQ�VXFFHVVIXOO\�XVHG�LQ�WKH�HVWDEOLVKPHQW�
RI�VLOYRSDVWRUDO�V\VWHPV�LQ�GHJUDGHG�SDVWXUHV�RI�WKH�3HUXYLDQ�$PD]RQ��$OHJUH�HW�DO��������� 

7KLV�VWXG\¶V�PHWKRGRORJ\�ZDV�EDVHG�RQ�DYDLODEOH�UHVRXUFHV��ZKLFK�LPSOLHG�VRPH�OLPLWDWLRQV��&86$)�
DUHDV�ZHUH�HVWLPDWHG�XVLQJ�WKH�PRVW�SUHFLVH�DYDLODEOH�]RQLQJ�PDSV�DQG�FHQVXV�GDWD��ZKLFK�FRXOG�EH�
XSGDWHG��$GGLWLRQDOO\�� IHUWLOL]DWLRQ� SRWHQWLDO� FRQVLGHUHG� VRPH� URXJK� )/:� UDWLRV� DQG� ERWK� *+*�
HPLVVLRQV�DQG�IHUWLOL]DWLRQ�UHTXLUHPHQWV�ZHUH�EDVHG�RQ�OLWHUDWXUH��)LQDOO\��WKH�ELRSK\VLFDO�IRFXV�RI�
WKLV�VWXG\�RPLWV�VRPH�VRFLR�HFRQRPLF�LPSOLFDWLRQV��VXFK�DV�WKH�GULYHUV�RI�VWDNHKROGHUV¶�SDUWLFLSDWLRQ�
LQ�ZDVWH�VHJUHJDWLRQ��WKDW�FRXOG�DIIHFW�LWV�SUDFWLFDO�DSSOLFDWLRQ�DQG�VKRXOG�EH�DVVHVVHG� 
 
5HVXOWV�DQG�GLVFXVVLRQ 
:H�IRXQG�WKDW�FRPSRVWLQJ�FRXOG�OHDG�WR�VXEVWDQWLDO�*+*�UHGXFWLRQV�FRPSDUHG�ZLWK�WKH�FXUUHQW�ZDVWH�
GLVSRVDO�PHWKRGV��L�H���GHHS�GXPSLQJ�DQG�ODQGILOOLQJ���DV�LW�RQO\�HPLWV�������RI�WKH�*+*�HPLVVLRQV�
SURGXFHG�ZLWK�WKH�RWKHU�PHWKRGV��7KLV�LPSOLHV�WKH�SRWHQWLDO�WR�DYRLG������±������NJ�&2��HT��SHU�
WRQQH�RI�ELRZDVWH���:KHQ�DFFRXQWLQJ�IRU�DOO�FLWLHV��FRPSRVWLQJ�FRXOG�UHGXFH�ZDVWH�DVVRFLDWHG�*+*�
HPLVVLRQV�E\�PRUH�WKDQ��������WRQQHV�&2��HT�SHU�\HDU�DQG�SURYLGH�WKH�IRRG�V\VWHP�ZLWK�PRUH�WKDQ�
�������WRQQHV�RI�FRPSRVW�WR�EH�XVHG�DV�D�VRLO�DPHQGPHQW��1RQHWKHOHVV��WKH�DUHD�RI�DJURIRUHVWU\�DQG�
VLOYRSDVWRUDO�V\VWHPV�WKDW�FRXOG�EH�IHUWLOL]HG�ZLWK�FRPSRVW�REWDLQHG�IURP�WKH�PDLQ�FLW\�RI�HDFK�UHJLRQ�
LV�LQVXIILFLHQW��,I�DOO�FRPSRVW�ZHUH�WR�EH�XVHG�IRU�WKH�FRIIHH�DJURIRUHVWU\�V\VWHP��OHVV�WKDQ����RI�WKH�
FRIIHH�DJURIRUHVWU\�DUHD�FRXOG�EH�IHUWLOL]HG��ZKLOH�RQO\����RI�WKH�SDVWXUHV�DUHD�ZRXOG�EH�DWWDLQHG��
/DUJH�DPRXQWV�RI�FRPSRVW�FRXOG�EH�REWDLQHG�IURP�/LPD��L�H�����������WRQQHV���WKH�PRVW�SRSXODWHG�
FLW\�LQ�WKH�FRXQWU\��$OWKRXJK�WUDQVSRUWLQJ�FRPSRVW�IURP�/LPD�WR�WKH�FRIIHH�UHJLRQV�ZRXOG�OHDG�WR�
DGGLWLRQDO�*+*�HPLVVLRQV��WKHVH�DGGLWLRQDO�HPLVVLRQV��L�H���IURP�����NJ�&2��HT�WR�����NJ�&2��HT�
SHU� WRQQH� RI� ELRZDVWH� FRPSRVWHG� DQG� WUDQVSRUWHG� ����� NP�� ZRXOG� VWLOO� UHVXOW� LQ� RYHUDOO� *+*�
UHGXFWLRQV�FRPSDUHG�WR�FXUUHQW�SUDFWLFHV� 
 
&RQFOXVLRQ 

:H�H[SORUHG� IURP� D� ELRSK\VLFDO� SHUVSHFWLYH� WKH� IHUWLOL]DWLRQ� DQG�*+*�PLWLJDWLRQ� SRWHQWLDO� RI� DQ�
XUEDQ�UXUDO�FLUFXODU�V\VWHP�LQ�ZKLFK�FRPSRVW�REWDLQHG�IURP�PXQLFLSDO�ELRZDVWH�LV�XVHG�WR�IHUWLOL]H�
FRQFHVVLRQV� RI� FRIIHH� DJURIRUHVWU\� V\VWHPV� DQG� VLOYRSDVWRUDO� V\VWHPV� LQ� 3HUX�� $OWKRXJK� VRPH�
HVWLPDWHV�FRXOG�EH�UHILQHG�DQG�VRFLR�HFRQRPLFDO�LPSOLFDWLRQV�VKRXOG�EH�DVVHVVHG��RXU�VWXG\�HYLGHQFHV�
WKDW�FRPSRVWLQJ�PXQLFLSDO�ELRZDVWH�FRXOG�OHDG�WR�GUDVWLF�*+*�HPLVVLRQV�UHGXFWLRQV�LQ�WKH�3HUXYLDQ�
ZDVWH� PDQDJHPHQW� V\VWHP�� FRPSDUHG� WR� WKH� FXUUHQW� FDUERQ�LQWHQVLYH� GXPSLQJ� DQG� ODQGILOOLQJ�
SUDFWLFHV��)XUWKHUPRUH��VRLO�QXWULHQW�PDQDJHPHQW�DQG�*+*�HPLVVLRQV�UHGXFWLRQ�FRXOG�FRQWULEXWH�WR�
3HUX¶V�1DWLRQDOO\�'HWHUPLQHG�&RQWULEXWLRQV��1'&V��UHODWHG� WR�DJURIRUHVWU\��VRLO�PDQDJHPHQW�DQG�
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 � 

ZDVWH�PDQDJHPHQW��+RZHYHU�� WKH� SRWHQWLDO� ODQG� IHUWLOL]HG�ZLWK� FRPSRVW� UHSRUWHG� LQ� WKLV� VWXG\� LV�
OLPLWHG��7KLV� LPSOLHV� LWV�PDLQVWUHDP�XVH�DV� IHUWLOL]HU�ZLOO� UHTXLUH�PL[LQJ�ZLWK�1�ULFK� VRXUFHV�DQG�
DVVHVVLQJ�LI�EULQJLQJ�FRPSRVW�IURP�RWKHU�UHJLRQV�RU�VPDOOHU�WRZQV�ZRXOG�EH�HFRQRPLFDOO\�IHDVLEOH�� 

5HIHUHQFHV 
%HGR\D�3HUDOHV��1RHOLD�6���DQG�*OHQLR�3LUDQ�'DO¶�0DJUR��������³4XDQWLILFDWLRQ�RI�)RRG�/RVVHV�DQG�

:DVWH�LQ�3HUX��$�0DVV�)ORZ�$QDO\VLV�DORQJ�WKH�)RRG�6XSSO\�&KDLQ�´�6XVWDLQDELOLW\��6ZLW]HUODQG��
���������±����KWWSV���GRL�RUJ���������VX��������� 

%RJQHU��-��0�$EGHOUDILH��&�'LD]��$��)DDLM��4�*DR��6�+DVKLPRWR��.�0DUHFNRYD��5�3LSDWWL��DQG�7�=KDQJ��
������ ³:DVWH�0DQDJHPHQW�´� ,Q�&OLPDWH�&KDQJH� ������0LWLJDWLRQ��&RQWULEXWLRQ� RI�:RUNLQJ�
*URXS�,,,�WR�WKH�)RXUWK�$VVHVVPHQW�5HSRUW�RI�WKH�,QWHUJRYHUQPHQWDO�3DQHO�RQ�&OLPDWH�&KDQJH��
&DPEULGJH��8QLWHG�.LQJGRP�DQG�1HZ�<RUN��1<��86$��&DPEULGJH�8QLYHUVLW\�3UHVV� 

%ROGULQ��$OHVVLR��-DFRE�.��$QGHUVHQ��-DFRE�0¡OOHU��7KRPDV�+��&KULVWHQVHQ��DQG�(Q]R�)DYRLQR��������
³&RPSRVWLQJ�DQG�&RPSRVW�8WLOL]DWLRQ��$FFRXQWLQJ�RI�*UHHQKRXVH�*DVHV�DQG�*OREDO�:DUPLQJ�
&RQWULEXWLRQV�´� :DVWH� 0DQDJHPHQW� DQG� 5HVHDUFK� ��� ����� ���±�����
KWWSV���GRL�RUJ����������������;��������� 

(($�� ������ ³��$��� 1RQ� 5RDG� 0RELOH� 0DFKLQHU\� ����� ²� (XURSHDQ� (QYLURQPHQW� $JHQF\�´�
(0(3�(($� $LU� 3ROOXWDQW� (PLVVLRQ� ,QYHQWRU\� *XLGHERRN� ������ � �$��� 1RQ� 5RDG� 0RELOH�
0DFKLQHU\������������ 

*D\�GHV�&RPEHV��-XVWLQH�0DULH��&ODUD�6DQ]�&DUULOOR��%MRUQ�-R]HI�0DULD�5REURHN��9LQFHQW�(ULF�-XOHV�
-DVVH\�� 5REHUW� 7KRPDV� (GPXQG� 0LOOV�� 0XKDPPDG� 6DOHHP�$ULI�� /HLD� )DOTXHW�� (PPDQXHO�
)URVVDUG��DQG�$OH[DQGUH�%XWWOHU��������³7URSLFDO�6RLOV�'HJUDGHG�E\�6ODVK�DQG�%XUQ�&XOWLYDWLRQ�
&DQ�%H�5HFXOWLYDWHG�:KHQ�$PHQGHG�ZLWK�$VKHV�DQG�&RPSRVW�´�(FRORJ\�DQG�(YROXWLRQ���������
����±����KWWSV���GRL�RUJ���������(&(������� 

*XVWDYVVRQ�� -HQQ\��&KULVWHO� &HGHUEHUJ�� DQG�8OI� 6RQHVVRQ�� ������ ³*OREDO� )RRG�/RVVHV� DQG� )RRG�
:DVWH�´�5RPH� 

,1(,�� ������ ³,9� &HQVR� 1DFLRQDO�$JURSHFXDULR� ����� �� %DVH� GH� 'DWRV� 5('$7$0�´� ,9� &HQVR�
1DFLRQDO�$JURSHFXDULR�������������KWWS���FHQVRV�LQHL�JRE�SH�&HQDJUR�UHGDWDP��� 

,3&&��������³&OLPDWH�&KDQJH�������7KH�3K\VLFDO�6FLHQFH�%DVLV��&RQWULEXWLRQ�RI�:RUNLQJ�*URXS�,�
WR�WKH�)LIWK�$VVHVVPHQW�5HSRUW�RI�WKH�,QWHUJRYHUQPHQWDO�3DQHO�RQ�&OLPDWH�&KDQJH�>6WRFNHU��7�)���
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Abstract 
Purpose. Seafood products have a crucial role in the global food systems being valuable sources of 
nutrients essential for healthy diets. Widespread and severely damaging diseases are a major 
challenge that threaten sustainability of farm operations. The use of functional feed ingredients and 
feed additives have shown to improve the animal performance and reduce the effect of diseases. In 
this study the environmental impact of the application of a functional feed additive was investigated. 
Methods. 
The lifecycle effect of Sanacore® GM was assessed in different application strategies for Whiteleg 
Shrimp (Panneaus vannamei), based on data obtained from a farm trial. In farm conditions with 
high disease pressure and for different disease pressures for Gilthead seabream (Sparrus aurata) in 
the Mediterranean sea based on insights from a veterinarian active in the region. The LCA study 
was performed according to ISO 14040/44 (2006; 2006), the LEAP guidelines for feed additives 
(FAO, 2020a) and the PEFCR for marine fish draft  for public consultation (2021) using Simapro. 
Results and discussion. 
The carbon footprint of shrimp was reduced by approximately 15% to 40% compared to the 
baseline without Sanacore® GM. The environmental footprint of gilthead seabream 7.5% for all 
assessed impact categories. In both cases production of Sanacore® GM does not have a significant 
contribution to the footprint of the seabream. Various sensitivity assessments were performed. 
These showed that there are significant uncertainties in the absolute results. However, these 
uncertainties did not influence the conclusions substantially as the observed LCA effect remains the 
same.  
Conclusion. 
For the use of Sanacore® GM for aquaculture production we can conclude that the feed additive 
can significantly reduce the environmental footprint. In the case of shrimp production significant 
reductions were observed in both corrective application and preventive & corrective application of 
Sanacore® GM. For the use of Sanacore® GM for gilthead seabream production we can conclude 
that the environmental footprint of gilthead seabream production is significantly reduced in systems 
with low, medium and high disease. For both shrimp and seabream systems the production of 
Sanacore® does not have a significant contribution to the footprint of the seabream.
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Introduction 
Seafood products have a crucial role in the global food systems being valuable sources of nutrients 
essential for healthy diets (FAO, 2020b). Seafood is an important source of protein, providing 
11.7% of the global animal protein supply (FAO, 2020b). Currently, more than 50% of the global 
shrimp supply originates from aquaculture with an estimated production volume between five and 
six million tonnes in 2018 (FAO, 2020b), making it one of the largest consumers of aquafeed 
(Tacon and Metian, 2015) and most valuable aquaculture production group [2,3]. However, Shrimp 
aquaculture still faces the major challenge to overcome widespread and severely damaging diseases 
that threaten sustainability of farm operations. 
 
The use of functional feed ingredients and feed additives have shown to improve the animal 
performance and reduce the severity of infections (Dawood et al., 2018). Sanacore® GM is one of 
these feed additives that reduce mortality by supporting the gut function and immunocompetence of 
fish and shrimp resulting in better disease resistance and improved survivability (Coutteau, 2014; 
Palenzuela et al., 2020). However, the lifecycle impacts of these interventions remain relatively 
unknown.  
 
The lifecycle effect of Sanacore® GM was assessed in different application strategies for Whiteleg 
Shrimp (Penaeus vannamei), based on commercial farm data with high disease pressure (Mamora et 
al., 2021) and for different disease pressures for Gilthead seabream (Sparus aurata) the 
Mediterranean sea based on insights from a veterinarian active in the region. The LCA study was 
performed according to ISO 14040/44 (2006; 2006), the LEAP guidelines for feed additives (FAO, 
2020a) and the PEFCR for marine fish draft  for public consultation (2021) using Simapro.  
 
Methods 
For the LCA of feed additives it is important that the overall animal value chain is defined in such a 
way that all potential impacts are included. A minimum requirement on system boundaries, is that 
all modes of change from the addition of the feed additive should be included (Blonk et al., 2021). 
The effect of Sanacore® GM is supporting the gut function and immunocompetence of the animal. 
This in turn reduces mortality and consequently improves the economic feed conversion ratio 
(EFCR) and system productivity. No effects on the composition, or quality of the aquaculture 
product have been identified. Therefore, system boundary considered in this study was the cradle to 
farm exit gate. 
 
In this assessment we modelled 2 systems, an intensive Whiteleg shrimp (Penaeus vannamei) pond 
system in SE Asia (Indonesia) and a gilthead seabream (Sparus aurata) system in the Mediterranean 
Sea (Spain). For shrimp production potential of Sanacore® GM supplementation was assessed in 
two application strategies, corrective dosing after a disease outbreak was observed and corrective + 
preventive dose where a small amount of Sanacore® GM was applied throughout the production 
cycle in combination with an additional dose after a disease outbreak was observed. Data for feed 
composition, feed use, and energy use was obtained from a farm trial (Mamora et al., 2021). For 
Gilthead seabream the effect of Sanacore® GM supplementation was assessed based on low, 
medium and high disease pressures as observed in the Mediterranean Sea for production of 350gr 
and 500gr liveweight. Data for the farm construction and farm activities was obtained from 
literature as a representative farm in the Mediterranean (García García et al., 2016), representative 
data for feed composition and feed use was based on expert judgement at Adisseo and from a 
veterinarian active in the Mediterranean. 
 
Sanacore® GM is a feed additive consisting of organic acids, inactivated yeast and yeast extracts 
with herbal extracts on a mineral carrier (Palenzuela et al., 2020). However, there was no data 
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available on the production of the Sanacore® GM components the GFLI proxy was used. To assess 
the effect of the proxy we applied a factor to 3 to the impact of the GFLI proxy for Sanacore® GM. 
 
Results and discussion 
The use of Sanacore® GM has a strong effect in reducing the footprint of the Shrimp (Figure 1). 
The reduction in carbon footprint is approximately 16% and 39% relative to the baseline without 
Sanacore® GM IRU� WKH� µFRUUHFWLYH¶�DQG� WKH� µFRUUHFWLYH�DQG�SUHYHQWLYH¶� VFHQDULR� UHVSHFWLvely. The 
strongest relative reduction is observed in the stages within the aquaculture farm where improved 
productivity reduces the energy use (diesel and electricity) and direct and indirect N2O emissions. 
Also, the up-stream footprint of the feed is reduced substantially 12% and 36% relative to the 
baseline without Sanacore® GM IRU� WKH� µFRUUHFWLYH¶� DQG� WKH� µFRUUHFWLYH� DQG�SUHYHQWLYH¶� VFHQDULR�
respectively. The footprint of the additive itself is minor with 0.1% (corrective) and 0.24% 
(corrective and preventive).  
 
For the seabream the use of Sanacore® GM has a moderate effect in reducing the footprint (Figure 
2). The reduction in carbon footprint is approximately 7.5% relative to the baseline without 
Sanacore® GM for the high, medium, and low disease pressure. The strongest reduction is observed 
in the upstream feed impact where improved FCR reduces the amount of feed used. Additionally, 
the impact of farm activities and facilities is reduced substantially due to the increased production. 
The additional footprint of the additive itself is minor, only constituting between 0.6 % and 1.3% of 
the total footprint in the intervention scenarios. 
 
Sensitivity analysis 
The sensitivity analysis for both the shrimp and the seabream for all soy from the US and all from 
South America. Shows that even though the impact of the choice of South American soy compared 
to US soy has a strong impact on the absolute result the relative impact of the intervention scenarios 
remains identical as feed as the improvement in FCR is the main pathway in which Sanacore® GM 
reduces environmental impact.  
 
In the baseline the impact of Sanacore® GM is almost negligible, in the sensitivity analysis the 
increase of the impact of the feed additive production shows no significant effect of the use of the 
feed additive (Figure 13). Therefore, we can conclude that the use of the GFLI proxy for feed 
additives does not significantly influences the results of this study. 
 
Conclusion 
In the corrective scenario the carbon footprint of shrimp was reduced by approximately 15%. A 
combined preventive and corrective dose results in a further improvement of 30% relative to the 
corrective dose, for a total improvement of 40% compared to the baseline. The environmental 
footprint of gilthead seabream production reduces significantly in systems with low, medium and 
high disease pressure with approximately 7.5% for all assessed impact categories. In both cases the 
production of Sanacore® GM does not have a significant contribution to the footprint of the 
seabream. 
 
In both the shrimp and seabream cases various sensitivity assessments were performed. These 
showed that there are significant uncertainties in the absolute results. However, these uncertainties 
do not influence the conclusions substantially as the the observed LCA effect remains the same. In 
addition, the effects of the Sanacore® GM interventions are robustly substantiated by both 
laboratory as field trials. Therefore, we can conclude that the addition of Sanacore® GM has a 
strong potential to reduce the environmental footprint of both shrimp and seabream aquaculture 
production.  
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Figure 1�� *OREDO� ZDUPLQJ� LPSDFW� �NJ� &2�� HT�� SHU� NJ� OLYHZHLJKW� VKULPS�� RI� WKH� �� 6KULPS� VFHQDULR¶V�� :LWKRXW�
Sanacore® GM, corrective application of Sanacore® GM  and preventive and corrective application of Sanacore® GM. 

 

 
Figure 2: Global warming impact for 350gr seabream at aquaculture farm (kg CO2 eq. per kg liveweight seabream) of 
WKH� �� SUHYDOHQFH� VFHQDULR¶V�� +LJK�� PHG� DQG� ORZ� SUHYDOHQFH� IRU� ERWK� WKH� EDVHOLQH� VLWXDWLRQ� DQG� WKH� LQWHUYHQHG�
Sanacore® GM scenario. 
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Rationale and objective of the work 
Buildings and greenhouses are great consumers of energy resources and need a plan to decarbonize. 
Green infrastructures such as rooftop greenhouses (RTG) can aid to improve building envelopes and 
take advantage of building waste heat to produce crops with fewer energy resources. Thus, RTGs 
are multifunctional infrastructures capable to produce, among other ecosystem functions, energy 
and crop yields in a more sustainable way. Thermal and solar energy gains are directly determined 
by greenhouse covering materials and are a key design parameter to maximize crop productivity. 
The more solar transmissivity is attained, the higher photosynthetic activity and resource use-
efficiency of plants is achieved (Critten et al., 2002; Max et al., 2012). Moreover, covering 
materials largely contribute to the overall impacts derived from food production in unheated 
greenhouses (Antón et al., 2012; Boulard et al., 2011; Rufí-Salís et al., 2020; Torrellas et al., 2012), 
affecting both directly and indirectly the environmental impacts of protected crop cultivation. This 
work assessed energy and tomato crop yields and their environmental performance of a rooftop-
greenhouse covered with a corrugated polycarbonate material in comparison with a flat 
polycarbonate, a single-4mm glass (with and without anti-reflective coating), and an ethylene 
tetrafluoroethylene (ETFE) film of 100 and a 60 μm.  
 
Approach and methodology  
Multiple side effects derive from choosing a specific covering material and need to be evaluated 
from an integrated perspective to understand all implications (He et al., 2021; Max et al., 2012). To 
this effect, here we combined multiple approaches using experimental data combined with energy, 
structural and crop yield modelling to assess all trade-offs and crop yield lifetime productivity for 
six assessed scenarios. We based our assessment in a RTG located in the ICTA-UAB building 
(Barcelona) extensively assessed from multiple perspectives to integrate all these possible trade-offs. 
All covering materials assessed within scenarios are compatible with the urban environment and 
displayed similar thermal resistance but differed in terms of photosynthetic active radiation (PAR) 
transmissivity and lifespans. Two functional units were used to evaluate environmental impacts at 
the building level (i.e., per m2 and year), while at the productivity level environmental impacts were 
measured per kg of tomato produced, accounting for building infrastructure and agricultural 
production. We performed a life cycle assessment using Ecoinvent 3.8 database with Simapro 9.3. 
Multiple impact categories were chosen from ReCiPe 2016 and Cumulative Energy Demand impact 
methods to evaluate both greenhouse building and crop environmental derived impacts. 
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Main results and discussion 
At the building level (per m2 and year), integrating energy and structural and construction side-
effects, environmental impacts varied between -33.2 and +21.0% (except for stratospheric ozone 
depletion) compared to the current scenario (corrugated polycarbonate). The flat polycarbonate 
displayed less structural resistance and thus, required more material, rising impacts up to 109%. At 
the productivity functional level (per kg of tomato, when crop productivity modeling were 
integrated into the assessment), the greenhouse average lifetime energy yields improved by up to 
20.5% with a 4 mm-antireflective glass (AR) compared to the current corrugated polycarbonate 
covering. This led to an increase of tomato crop productivity from the current 13.6 ± 1.5 kg/m2 to 
19.9 ± 2.3 kg/m2 with an AR-glass and 19.2 ± 2.2 kg/m2 with a 60μm-ETFE film. In turn, this 
reduced impacts in all impact categories analyzed except for stratospheric ozone depletion. The 
highest reduction compared to the current polycarbonate was achieved with a 60μm-ETFE film (-
34.8%), followed by an AR-glass (-33.3%). This resulted into 0.43 ± 0.1 kg CO2 eq./kg of tomato 
using an ETFE-film, which is almost half of impacts found in heated conventional greenhouses 
(Ecoinvent, 2021).  
 
Conclusion 
We demonstrated AR-glass and 60μm-ETFE film improved the environmental performance of a 
polycarbonate-rooftop greenhouse by increasing average lifetime energy yields up to 20.5% and 
crop yields up to 46.6%. This resulted in 19.9 ± 2.3 kg/m2 of tomato and a significant reduction of 
environmental impacts (-34.8%). These environmental values greatly differ from the results 
accounting only per m2 and year of greenhouse, in which results were up to 21.0% higher. Thus, we 
demonstrate the importance of employing an integrated and life-cycle approach to combine multiple 
trade-offs and greenhouse dynamics within the environmental assessment. These results open the 
path towards improved environmental sustainability of urban agriculture. 
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Introduction 

Vertical farming or controlled environment agriculture (CEA) is seen as an alternative to 
both reducing environmental impact of food system and increasing food security, in particular for 
urban areas, as provides access to an all year around fast-grown food production system 
independent of climatic conditions, which could potentially decrease reliance on imported food 
(Stiles & Wootton-Beard, 2017). Other claims are related to lower requirements of land, reducing 
waste and water use, keep nutrients in close-loop systems, among other (Stiles & Wootton-Beard, 
2017). However, vertical farming is constrained to crops with average high of 40cm (Kozai et al., 
2016); for example, herbs and salads, tomatoes, peppers and berries, and flowers. 

Literature shows several studies assessing environmental impacts of the most commons 
vertical farming techniques (Chen et al., 2020), and their comparison with conventional options (De 
Geyter, 2018). However, there is little known about aeroponic systems. Hence, this study aims to 
fill this gap by assessing the carbon footprint of aeroponic container farm (ACF) system in the UK 
to then identify its potential contribution to food security. 
 
Methodology: 
This study follows the ISO14040/44 methodology (ISO 206a,b) and uses GaBi Thinkstep Software 
to model the system, applying ReCiPe (Huijbregts et al. 2017) as impact assessment method to 
estimate impacts. The scope of the study is from µcradle to gate¶, including the production and 
transport of raw materials and infrastructure, waste management, and operation of the aeroponic 
container farm. The functional unit is defined as µthe production of 1 kg of pea shoot at farm gate¶. 
The inventory was developed gathering data directly from the system and the background data was 
sourced from Ecoinvent 3.6 (Moreno et al., 2019). The detailed description of the life cycle 
assessment including other 17 impacts can be found in Schmidt Rivera et al. (2022). 
 
Results 
As seen in Figure 1, the carbon footprint of ACF is estimated at 2.29 kg CO2eq./kg of pea shoot. 
The main contributor (82%) is the energy required, in this case provided by the 2017-UK grid, for 
the operation of the system. It is then important to estimate how decarbonization pathways would 
make this system more competitive in relation to GHG emissions and contribute to reach climate 
targets. Figure 1 shows that the expected decarbonization pathways in the UK could reduce the 
impacts by 65% by 2030, and by up to 74% by 2034. Solar- and wind-powered ACF could also 
provide a competitive performance, reducing the impacts by up to 80% from the baseline.  
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Figure 1 Carbon footprint of aeroponic container system including UK decarbonization pathways 
and renewable energy powered systems 
 
It is important to understand how ACF could contribute to food security and climate change targets. 
We compare then the production and transportation of imported food from Spain (large food 
importer in the UK) versus the production of it by ACF, using a representative food ± lettuce ± with 
high (3.67 kg CO2eq./kg product) and low (0.27 kg CO2eq./kg product) carbon intensity values. As 
seen in figure 2, ACF performs well when the food production method is high, regardless of the 
transportation type. However, the solar- and wind-powered ACF systems show the lowest impacts, 
reducing the greenhouse gas emissions by between 10% and 50% of the impacts of imported lettuce 
from Spain by any transport type.  
 
Conclusion 
Aeroponic container system could contribute to reduce environmental impacts of food production 
and increase food security in the UK, however the source of power is crucial. This study provides 
evidence to support industry and policy maker, however a full economic and social assessment is 
required to understand all the dimensions of sustainability. Finally, vertical farming will not replace 
conventional agriculture, but it could complement locally grown food initiates in urban and rural 
areas. 
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Abstract 
 
Purpose: The production of margarine requires a food manufacturing process in which multiple fat-
based oils from different types of crops and agricultural practices are used, as well as specific 
supply and processing. In this regard, this study assessed the environmental profile of five products 
with different formulations of margarine for the Peruvian domestic market. 
Methods: The LCA method was applied with an attributional approach. Production chain data were 
collected through direct communication with company personnel, suppliers, and the scientific 
literature. Likewise, an economic allocation approach was considered in the multifunctional 
processes involved in the manufacture of margarine, from the agricultural stage to its packaged 
form with a functional unit of 500 g for distribution. To verify the robustness of the results, scenario 
and sensitivity analyzes were performed for a number of parameters (allocation method, functional 
unit, energy use, N2O emission factors from managed agricultural soils). 
Results and discussion: The global warming potential (GWP) results ranged from 0.52 kg CO2eq. 
and 0.9 kg CO2eq. Agricultural operations had the highest environmental burdens in most impact 
categories due to fertilizer use in terms of GWP, eutrophication, or acidification. In addition, the 
crude oil extraction processes also showed relevant impacts in terms of climate impact and the 
formation of fine particles, due to emissions into the atmosphere from the effluent ponds of the 
palm oil plant (POME) and the combustion of the boilers, respectively. On the other hand, the 
packaging and refining stage had a relatively small impact. 
Conclusions: It was found that the environmental impacts vary substantially depending on the type 
of formulation, quantity and type of fat evaluated, as well as the efficiency of the packaging. 
Consequently, the key mitigation opportunities include a series of actions to reduce the impacts 
generated through all phases of production, mainly through the design of the product recipe and 
better management of agricultural practices. 
 
Keywords: multi-ingredient foods; palm oil; soybean. 
 
 
Introduction 
Margarine is a food product that is commonly used for spreading, baking and cooking. Although it 
is usually seen as a substitutive of butter, its worldwide production is high, making it an important 
commodity in the food manufacturing sector (Silva et al., 2021). Its production is based on a 
cocktail of different plant based raw materials, including sunflower, palm, rapeseed and/or soybean 
as fatty base d oils, which tend to be acquired from a variety of geographical locations. The 
production of these raw materials and their processing are critical in the production of different 
margarine formulations (2¶%ULHQ��2008). Therefore, there is a need to evaluate and understand the 
gap around what happens with the various agricultural products in different regions and how this 
affects the consumer market. Consequently, the main aim of the current study was to analyze the 
production of margarine in Peru from a cradle to gate perspective in order to understand the 
environmental profile of a set of different margarine formulations destined for the Peruvian 
domestic market. 
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Material and methods 
The scope of the study was focused on a Peruvian food processing company dedicated mainly to the 
production of multi-ingredient processed foods. A Life Cycle Assessment (LCA) was carried out to 
calculate the environmental impact of a total of five different margarine items throughout their 
supply chain from the production of the plant-based raw materials to the final packaging and 
storage stage prior to domestic distribution to regional distribution centers (Figure 1). Subsystems I 
and II are linked to the production and transport of the main fatty ingredients that make up 
margarine: soybean oil from Bolivia, and palm oil and interesterified fat from Peru. Subsystem III 
focuses on the recipe formulation stage, and other operations that take place within the margarine 
manufacturing plant. The evaluated products have different levels of fats and amounts contained in 
different packages. Formulation A (Product 1) and B (Product 2 and 3) contain only 40 and 50% 
vegetable fat, respectively. In contrast, formulation C (Product 4 and 5) contains 65% vegetable fat, 
which is mixed with a small amount of powdered milk (approximately 1%). Product 1 has typical 
aluminum foil wrappers, while the other products are packaged in polypropylene pots of different 
weights. In order to estimate the environmental impacts of margarine production the present study 
defined 500 g of packaged margarine recipe (products intended for spreads) as the main functional 
unit (FU). 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. System under study for the production of margarine 
 
The approach used for the analysis was attributional. Primary data from the margarine production 
chain (i.e., raw materials, processing, packaging, and logistics) were collected through direct 
communication with company staff and suppliers, whereas the secondary data for the foreground 
system were retrieved from the scientific literature. The life cycle modelling was performed using 
the ecoinvent 3.7 database for background information. An economic allocation approach was used 
in order to account for the co-products that are generated in the production of soybean and palm oil. 
The life cycle impact assessment results were estimated using ReCiPe 2016, although IPCC 2013 
was used to computed greenhouse gas (GHG) emissions. The software used for computation was 
the SimaPro v9.3 software. In addition, a sensitivity analysis was carried out for a series of 
parameters or key aspects (e.g., allocation method, alternative functional unit, energy use for 
production of the different margarine products, emission factors to estimate direct N2O emissions 
from managed agricultural soils) in order to verify the robustness of the results and to evaluate the 
influence of uncertainty on the comparison with other margarine products in the literature and butter 
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(Nilsson, 2010; Liao et al., 2020). Likewise, a scenario analysis was conducted in order to account 
for differences in palm production in the Peruvian Amazon. 
 
Results and discussion 
Results, which include 18 impact categories, were reported for each final packaged margarine 
product. In this way, the results of the global warming potential (GWP) ranged between 0.52 kg 
CO2eq. and 0.9 kg CO2eq., mainly due to differences in packaging and type of formulation (Figure 
2).  
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 2. Environmental burdens for each individual product by GWP impact category (reported 
data per functional unit: 500 g mass per packaged product ready for distribution) 

 
The production of the ingredients that are incorporated into the emulsion (fat phase + aqueous 
phase) constituted more than 67% of the total impact per finished product. Fundamentally, the 
emissions are linked to the proportion of the fat component of the different recipes. These represent 
more than 90% of the CO2eq of emissions of the total impact of the emulsion, the largest 
contributions were attributed to the production of refined soybean oil (SBS I, with the highest 
contribution), interesterified fat (SBS II) and, finally, refined palm oil (SBS II). GHG emissions 
related to other raw materials only represented an average 2.3% in the case of formulation A and B 
(products 1, 2 and 3), of which emulsifiers are the main contributors with a 1.5% contribution. In 
the case of margarine products 4 and 5 (Formula C), the contribution of the production of other raw 
materials amounts to approximately 7.3%. This more than five-fold increase is basically derived 
from reconstituted skim milk in the aqueous phase of the emulsion, whose emissions increase from 
the production of raw milk to its modification into skimmed milk powder, within the manufacturing 
process (Allia et al. al., 2018). Thus, a relationship between the amount of fat present in the recipe 
and the impact associated is clarified, which is why formulation C has greater impacts. 
 
For the group of margarine formats studied, agricultural operations had the highest environmental 
burdens in most impact categories, driven by on-site fertilizer production and emissions in terms of 
GWP, eutrophication, or acidification (see Table 1). On the one hand, crude oil extraction processes 
also showed relevant impacts in terms of climate impact and formation of fine particles, due to air 
emissions from the palm oil mill effluent (POME) ponds and the combustion of the boilers, 
respectively. The main air emission from the POME ponds during the anaerobic digestion was 
biogas which is mainly composed of methane (50-75%), among other gases in lower concentrations.  
On the other hand, the packaging stage had a relatively small impact. However, the choice of 
polypropylene production for pots rather than aluminium foil translated into higher impacts. Finally, 
the refinery was the stage with the least impact throughout the entire system, even below the impact 
caused by the transportation of crude oil from other regions of the country and abroad. 
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Impact categories Unit 1 2 3 4 5
Global warming potential kg CO2 eq 5.51E-01 5.76E-01 5.18E-01 9.00E-01 8.46E-01

Stratospheric ozone depletion kg CFC11 eq 4.31E-06 3.73E-06 3.72E-06 6.58E-06 6.56E-06
Ionizing radiation kBq Co-60 eq 8.29E-03 8.40E-03 7.90E-03 1.35E-02 1.27E-02

Ozone formation, Human health kg NOx eq 2.04E-03 1.96E-03 1.85E-03 3.14E-03 3.03E-03
Fine particulate matter formation kg PM2.5 eq 1.14E-03 9.58E-04 9.04E-04 1.58E-03 1.53E-03

Ozone formation, Terrestrial ecosystems kg NOx eq 2.14E-03 2.04E-03 1.92E-03 3.27E-03 3.15E-03
Terrestrial acidification kg SO2 eq 2.99E-03 2.44E-03 2.30E-03 4.20E-03 4.06E-03

Freshwater eutrophication kg P eq 1.70E-04 1.61E-04 1.52E-04 2.62E-04 2.50E-04
Marine eutrophication kg N eq 5.27E-04 3.64E-04 3.60E-04 6.57E-04 6.49E-04
Terrestrial ecotoxicity kg 1,4-DCB 2.21E+00 1.68E+00 1.63E+00 2.79E+00 2.73E+00
Freshwater ecotoxicity kg 1,4-DCB 2.11E-01 2.45E-01 2.43E-01 4.10E-01 4.08E-01

Marine ecotoxicity kg 1,4-DCB 1.62E-01 1.23E-01 1.21E-01 2.04E-01 2.02E-01
Human carcinogenic toxicity kg 1,4-DCB 1.02E+00 5.53E-01 5.50E-01 9.30E-01 9.27E-01

Human non-carcinogenic toxicity kg 1,4-DCB 1.52E+00 1.02E+00 9.85E-01 1.67E+00 1.63E+00
Land use m2a crop eq 8.76E-02 7.26E-02 7.02E-02 3.86E-01 3.81E-01

Mineral resource scarcity kg Cu eq 1.89E-03 2.14E-03 2.00E-03 3.48E-03 3.34E-03
Fossil resource scarcity kg oil eq 1.00E-01 1.76E-01 1.35E-01 2.33E-01 1.99E-01

Water consumption m3 1.02E-02 1.48E-02 1.21E-02 1.84E-02 1.63E-02

Consequently, the formulation of the recipe, the agricultural practices, the choice of oil ingredients 
or the supply chain sourcing triggered the main variations of environmental impact that were 
identified among the margarines. 
 
Table 1. Environmental burdens for each individual product by impact category (data reported by 
functional unit: 500 g of mass per packaged product ready for distribution). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The scenario analysis revealed that the climatic impacts of the products could vary according to the 
production region, whose changes are mainly associated with agricultural practices and soil types. 
On the other hand, from the analysis of the emission factors, it is identified that the GHG emissions 
derived from in situ fertilization were mainly related to N2O emissions. For example, in tropical 
areas similar to Venezuela, N2O emissions could be substantially lower (Marquina et al, 2013). 
Regarding the sensitivity analysis, the economic allocation attributes a greater portion (at least 34%) 
to the environmental burden of the products of interest throughout the production chain compared to 
the mass allocation, especially in the processes of crude vegetable oil extraction. This gives us 
insights that the economic allocation application is a fairly conservative allocation approach. In 
addition, the alternative FU analysis was carried out to determine if the differences in the 
environmental impact of butter and margarine are attributable to the product content necessary to 
provide 500 g of fat depending on the type (animal or vegetable), since most of margarines have a 
lower fat content than butter. The results corresponding to the FU with equivalent fat content in 
butter and margarine showed a percentage increase of 25% in kg CO2eq and at least 117%, 
respectively, compared to the results obtained considering a FU based on mass. In this way, in line 
with recent studies (Liao et al., 2020), despite range of results obtained, results for margarine 
production had a significantly lower climate impact compared to the production of butter according 
WR�WKH�VFLHQWLILF�OLWHUDWXUH��1LOVVRQ��������'MHNLF�HW�DO���������hoWX÷�������� This occurs regardless 
of the choice of functional unit (mass or fat based) or grain/oilseed allocation approach. 
 
Conclusions 
This study contributes to the environmental understanding of multi-ingredient processed products 
from plant-based fat carried out in Latin America. To sum up, it is identified that the environmental 
impacts computed vary substantially according to the type of formulation (i.e., quantity and type of 
fat evaluated) and the efficiency of the packaging. Consequently, the key mitigation opportunities 
include the reduction of impacts generated by the cultivation of oilseeds through the design of the 
product recipe and better management of agricultural practices. Improvement practices also involve 
other stages in the supply chain such as the capture of biogas as a source of renewable energy in the 
extraction stage, the efficiency of packaging or the evaluation of alternative containers analyzed in 
the downstream. 
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Chile es el segundo productor y exportador de salmón a nivel mundial con más de 800 kt anuales, 
aportando en torno al 30% de la producción mundial, siendo sólo superado por Noruega con 44% 
(Cerda, 2019). Además, exporta el 82,6% de su producción nacional, principalmente en productos 
como filete fresco enfriado a Estados Unidos, entero congelado a Japón y entero fresco enfriado a 
Brasil, generando ganancias de 5.160 millones de dólares, equivalente al 1,7% del Producto Interno 
Bruto (Banco Central, 2020). En Chile el 70% de los smolts son producidos en piscicultura, un 14% 
en lagos, un 6% en estuarios y un 4% en ríos (Quiñones, 2018). En el año 2019 se cosecharon 989 
kt de salmónidos, concentrándose la actividad de cultivo en la zona sur del país, específicamente en 
la IX región de Aysén (49%), X región de Los Lagos (40%), y XII región de Magallanes (11%) 
(SUBPESCA, 2018). 
La producción de salmones genera residuos en las distintas etapas de su ciclo de vida. Los 
principales son lodos, mortalidades, y descartes del procesamiento del salmón. En la etapa de 
cultivo se generan mortalidades, En el año 2018 la tasa de mortalidad de la industria salmonera fue 
de un 6% (SalmonChile, 2019). En Chile, se utiliza el método de ensilaje para el manejo de las 
mortalidades. Este método consiste en la transformación de la mortalidad mediante una molienda y 
adición de ácido fórmico. Esto permite generar valor agregado en la cadena de producción, a través 
de la generación de productos como aceites, y alimentos proteicos para el consumo animal. 
Cosechado el salmón, se estima que entre el 50% al 65% es aprovechable para consumo humano, el 
porcentaje restante corresponde a descartes (vísceras, cabezas, colas y desechos de recortes).  
Dependiendo de la especie, entre el 50% al 61% de los descartes corresponden a cabezas y hueso 
collar; entre el 11% al 16% a cola y espinas, mientras que el resto, corresponde a hígado, ovas, 
tracto digestivo y corazón (Wing,2018). A nivel mundial se ha estimado que las cantidades anuales 
de descartes oscilan entre 42 y 44 Mt (Abdollahi, 2020). En Chile, el 74,4% de los residuos 
generados por la salmonicultura se dispones en rellenos sanitarios, el 24,4% se recicla, y 1,2% tiene 
otra disposición (SUBPESCA, 2018). En general, La mayor parte del sector de la pesca mundial no 
está organizado y tiene problemas para eliminar los descartes asociado a los procesos de producción 
de productos para el consumo humano. Muchos de estos residuos, son depositados en vertederos, 
que en ocasiones pueden no estar controlados (Kumar, 2010). Por este motivo, el objetivo de este 
estudio fue analizar los efectos impactos del ciclo de vida del modelo de economía circular de la 
valorización de mortalidades y descartes de la industria salmonera. 
La metodología de análisis del ciclo de vida fue utilizada siguiendo los requisitos metodológicos 
establecidos en la ISO 14044. En este sentido, se analizó el ciclo de vida de los productos que nacen 
a partir de 2 procesos de valorización de residuos de la industria de salmones. El primero es el 
proceso de hidrolizado, el cual utiliza los descartes de salmones para producir harina, aceite, e 
hidrolizado proteico. El segundo, el proceso de ensilaje que utiliza las mortalidades del sector para 
producir aceite y producto proteico. El alcance consideró desde la generación de los residuos de la 
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industrial de salmón, hasta la obtención de productos a partir de ellos. Debido a que el sistema en 
estudio es multifuncional, se analizarán 2 tipos de unidades funcionales. Las primeras asociadas a 
los productos que se pueden producir a partir de los descartes y mortalidades, los cuales varían en 
función del proceso productivo que se realice (1 kg de harina, 1 kg de aceite, 1 kg de hidrolizado 
proteico, 1 kg de producto rico en proteína), y la segunda, asociada a la gestión de residuos de la 
industria salmonera (1 kg de descartes gestionado, y 1 kg de mortalidades gestionadas). Esta última 
permitirá a la empresa entregar indicadores de impacto ambiental a las empresas generadoras del 
residuo, con el fin de poder evidenciar los beneficios ambientales de una valorización versus la 
disposición en un relleno sanitario o vertedero. Los datos de inventario fueron obtenidos 
directamente desde la empresa de valorización, ecoinvent y estadísticas nacionales. El método de 
evaluación de impacto fue Recipe Midpoint (H), considerando las 18 categorías de impacto. 
Los resultados muestran que la producción de hidrolizado enzimático genera mayores impactos 
ambientales en todas las categorías de impactos ambientales estudiadas. Esto último debido a sus 
altos consumos de gas natural (493 m3/t hidrolizado proteico) y energía eléctrica (781 kWh/ t 
hidrolizado proteico). Al comparar la harina de hueso con el aceite, este último genera mayores 
impactos ambientales en las categorías de impacto de calentamiento global, formación de material 
particulado, acidificación terrestre, eutrofización marina, y agotamiento de recursos fósiles. Para 
estas categorías de impacto, el principal punto crítico está asociado al consumo de gas natural 
utilizado en las etapas de calefacción para la obtención del aceite, y en la etapa de secado para el 
caso de la producción de harina de hueso. El transporte de descartes, que se realiza en un camión a 
diésel con refrigeración es el punto crítico 15 de las 18 categorías de impacto analizadas, 
contribuyendo entre el 17% al 96% de los impactos. En cambio climático, el hidrolizado enzimático, 
aceite y, harina de hueso, generan un impacto de 1,86 kg CO2 eq, 0,76 kg CO2 eq, y 0,65 kg CO2 eq, 
respectivamente.  
Desde el punto de vista de la gestión de residuos, se observó que existen beneficios ambientales en 
4 de las 18 categorías de impacto evaluadas. Esto se debe a la multifuncionalidad del sistema de 
gestión de residuos que genera productos evitados. El mayor beneficio se genera debido a la 
producción de aceite, seguido de la producción de proteína. En sentido opuesto, los principales 
puntos críticos ambientales están asociados al uso del ácido fórmico, gas natural, y transporte. 
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INTRODUCCIÓN 

La fruticultura es la principal actividad económica regional en los valles irrigados de Río Negro y 
Neuquén, de donde proviene más del 90% del volumen de fruta fresca exportado por el país 
(Villarreal et al., 2011). El cultivo de peras posee la mayor superficie implantada en la región con 
unas 18.266 ha en producción (SENASA, 2021). Argentina manteniene una participación del 7% en 
la producción mundial, liderando la exportación desde el hemisferio sur, seguida por Sudáfrica y 
Chile (MHFP, 2016). 

El marco metodológico referencial del Análisis de Ciclo de Vida (ACV) constituye un enfoque 
sistémico y complejo de evaluación del uso, cargas e impactos de todo el intercambio existente entre 
los sistemas productivos y el ambiente. Con este fin, la metodología emplea inventarios 
internacionales de referencia de tales intercambios, construidos para los procesos de producción y los 
productos originados en países desarrollados, con sus especificidades agroecológicas y tecnológicas. 
Además de ser un requerimiento creciente en muchos mercados de exportación (Conte Grand y 
'¶(OLD���������FRQVWLWX\H�XQD�KHUUDPLHQWD�SDUD�PHMRUDU�OD�VXVWHQWDELOLGDG�GH�SURGXFWRV�\�VHUYLFLRV�
fronteras adentro. Conocer la huella de carbono de la producción de peras es estratégico tanto para el 
comercio exterior como para el mercado doméstico. 

Existen evidencias, para el caso de la producción agrícola de peras argentinas, de importantes 
inconsistencias de la información disponible en los inventarios de análisis de ciclo de vida de 
referencia internacional (Romagnoli y Thomas, 2021). El punto de mayor controversia concierne al 
cómputo de las emisiones y remociones que provienen del cambio de uso de suelo y la fijación de 
CO2 en la biomasa del cultivo. 

MATERIALES Y METODOS 

La Huella de Carbono de PURGXFWR��+&3��HV�OD�³suma de las emisiones de gases de efecto invernadero 
(GEI) y remociones de GEI en un sistema producto expresadas como CO2 equivalente y basadas en 
una evaluación del ciclo de vida utilizando la categoría de impacto única de cambio climático�´��,62��
2018).  

El alcance del presente estudio abarca desde la cuna de los insumos hasta la cosecha del producto en 
la puerta del establHFLPLHQWR� SURGXFWRU� �³FKDFUD´�� (from cradle to the farm gate). Se incluye la 
extracción de materias primas, producción y transporte de los insumos (plantas de vivero, semillas, 
agroquímicos, fertilizantes, combustibles, entre otros), la producción de sus envases, todas las labores 
del campo, las emisiones derivadas de la quema de combustibles y de la aplicación de fertilizantes. 

Se seleccionó un paquete tecnológico de nivel medio-alto que corresponde a una producción 
convencional con alta densidad de árboles (1.250 árboles/ha) y conducción en espaldera con eje 
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central, recomendado para realizar nuevas plantaciones (INTA, 2004). El sistema de riego 
considerado es gravitacional por surcos. La representatividad regional del sistema evaluado respecto 
de la conducción en espalderas corresponde al 73,5% de la superficie y respecto al sistema de riego 
superior al 80% (CAR, 2005).     

El alcance temporal de los inventarios corresponde a 25 años del ciclo productivo completo de un 
monte frutícola, considerando como referencia el paquete tecnológico establecido en el documento 
denominado Pautas tecnológicas para frutales de pepita, realizado en 2004 y actualizado en la 
publicación Pera Williams Manual para el productor y el empacador en el año 2010, ambos 
coordinados por INTA con participación de los principales referentes técnicos regionales de la 
actividad. 

Para los AVC de cultivos perennes frutícolas, Cerutti et al. (2014) y  Alaphilippe et al. (2016) 
recomiendan utilizar complementariamente unidades funcionales de masa y de superficie a fines de 
evitar un resultado parcial que presente ecoeficiencias que no se corresponden con la realidad. 

Las unidades funcionales (UF) que son analizadas en el presente trabajo son dos: 

� UF en unidades de masa: una (1) tonelada de fruta cosechada, en la tranquera del campo.  
� UF en unidades de superficie: una (1) hectárea de cultivo de peras durante 25 años. 
 
Una vez confeccionado el inventario de entradas y salidas de cada proceso productivo, se obtuvieron 
en bases de datos de referencia internacional (Agri-footprint, Ecoinvent) las emisiones unitarias 
asociadas a cada una de esas entradas: insumos, materias primas y energía. 

En la Tabla 1 se exponen los parámetros que caracterizan al sistema frutícola evaluado en este trabajo. 

Concepto Valor Unidad Observación 
Plantas frutales  1.375 unidades por ha. 1250 unid. año 1 + 10% replante 
Plantas cortina forestal     100 unidades por ha.  
Fertilizantes (Nitrógeno)  2.570 kg N ± 25 años adulto 102 kg N /ha/año 
Herbicidas   51,19  kg ppa/ha ± 25 años  
Insecticidas 111,64  kg ppa/ha ± 25 años  
Aceite de Invierno 957,83  kg ppa/ha ± 25 años  
Combustible diesel  11.012 L/ha ± 25 años promedio anual 440 L/ha/año 
Producción peras   1.025 t/ha. - 25 años adulto 50 t/ha/año 

Tabla 1: Principales características del  sistema frutícola evaluado 

Las plantaciones arbóreas poseen la capacidad de capturar el CO2 de la atmósfera, almacenándolo de 
forma estable en los órganos estructurales de los árboles (troncos, raíces y ramas). A diferencia de 
los inventarios de ciclo de vida (ICV) de Ecoinvent, en este trabajo no fueron consideradas las 
variaciones en el stock de carbono de la biomasa de los frutales. Motivaron esta decisión, la 
inexistencia de antecedentes locales que permitan disponer de datos sólidos acerca de la magnitud de 
la biomasa arbórea en perales, y la fuerte controversia que existe respecto de los criterios para su 
cómputo.  

En el Alto Valle de Río Negro y Neuquén es común el uso de cortinas rompevientos naturales o 
artificiales, por esta razón se incluyó como parte del sistema una cortina forestal de 100 álamos 
Populus x canadensis por hectárea.  
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En esta región, caracterizada por su clima árido con bajos niveles de materia orgánica en el suelo 
(MOS), la utilización del sistema de riego gravitacional para cultivo de frutales presenta un elevado 
potencial de secuestro de carbono (Mendía et al, 2015). 

A nivel local, un trabajo de la Universidad Nacional del Comahue y el INTA, a partir de una red de 
ensayos con 29 parcelas de cultivos de pera con riego gravitacional por surco y mantenimiento de 
coberturas verdes permanentes, desarrolló una ecuación que estima de manera significativa que el 
incremento promedio en toneladas de C ha-1 año-1 fluctúa entre 0,50 t C ha-1 en los primeros 15 años 
a 0,17 t C ha-1 año-1 en los siguientes 30 años. Estableciendo un valor promedio para todo el ciclo (45 
años) de 0,28 t C ha-1 año-1 (Mendía et al., 2015). 

En 2016 se realizó la medición de las variables dasométricas de una cortina rompevientos de álamo 
euroamericano (Populus x canadensis µ&RQWL� ��¶�� GH� ��� DxRV� GH� HGDG� XELFDGD� HQ� OD� (VWDFLyQ�
Experimental Alto Valle de Río Negro del INTA. Las variables medidas fueron el diámetro a la altura 
del pecho (DAP) y la altura total (Ht) de los individuos de la cortina. El promedio de DAP y Ht fue 
de 45,5 cm y 30,5 m respectivamente (Cancio Hernán, comunicación personal). Para estimar el 
volumen de biomasa del fuste se utilizó una ecuación de volumen total con corteza (Vtcc) para álamos 
deltoides (Populus deltoides) cultivados en el Delta del Paraná: Vtcc=0,06263*DAP1,63496*Ht1,31769 

(Fernandez Tschieder et al., 2011) 

A partir de esta ecuación, el Vtcc promedio estimado del fuste es de 1,629 m3/árbol para los álamos 
de la cortina rompevientos. Luego, teniendo en cuenta las proporciones de biomasa estimadas en las 
diferentes partes de los árboles (fuste, ramas, brotes y hojas y raíz) de una forestación de álamos 
deltoides en el Delta del Paraná (Ceballos, 2011), se estimó la biomasa anhidra total dando como 
resultado un promedio de 0,908 t/árbol. 

Para estimar la biomasa acumulada en la cortina forestal hasta los 25 años de edad se utilizaron datos 
de crecimiento de una forestación de álamos de 21 años ubicada en el Delta del Paraná (Álvarez 
Javier, comunicación personal). Se utilizaron los datos de incremento anual del DAP durante los 
últimos años de esa forestación para calcular las proporciones de crecimiento respecto del incremento 
medio anual del DAP (IMAdap), y a partir de esa información se restó el crecimiento de los últimos 
tres años de la cortina rompevientos de 28 años de edad. Por lo tanto, la biomasa total estimada para 
la cortina forestal de 100 álamos a los 25 años de edad es de 81,45 t/ha. A partir de este valor, y 
considerando el factor que permite convertir el valor de toneladas de biomasa anhidra a toneladas de 
CO2 equivalente (1,8), se estima que los álamos de la cortina rompevientos considerada en el modelo 
productivo tiene un potencial de secuestro de 146,62 t CO2eq/ha. 

La vida útil de las cortinas forestales supera largamente el periodo de alcance del trabajo, 
generalmente supera los 50 años, por lo que el carbono retenido en la madera de los álamos continúa 
en el sistema en forma de envases (p.e. bins), postes para espalderas del monte frutal o en 
construcciones. 

RESULTADOS 

A continuación se cuantifican las emisiones GEI asociadas a la producción de un monte de peras en 
todo el ciclo de vida definido (25 años), considerando los iniciales años improductivos o de baja 
producción necesarios para la formación de la estructura productiva, y su estado adulto o de plena 
producción. 
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Los valores de emisión de GEI se presentan en la Tabla 2, considerando el ciclo completo del cultivo 
(25 años), estimados de acuerdo a las dos unidades funcionales del presente trabajo. En la segunda 
columna se expresa en unidad funcional de área y en la tercera columna en unidad funcional de masa. 

Concepto U.F. Área 
t CO2eq ha-1 

U.F. masa 
kg CO2eq t fruta-1 

Plantas y estructura apoyo   2,220     2,17  
Fertilizantes 30,168            29,43  
Fitosanitarios 12,275            11,98  
Combustibles 48,968            47,77  
Total 93,630            91,35 

Tabla 2: Emisiones CO2eq para ciclo completo de cultivo 

En la Tabla 3 se presenta la huella de carbono para una hectárea de pera en ciclo completo de 25 años, 
de acuerdo al alcance definido en el trabajo. Puede observarse que se han integrado los efectos 
relacionados con el uso de los insumos para el cultivo durante todo período, el carbono secuestrado 
en las cortinas forestales y el carbono secuestrado en los suelos. 

Concepto t CO2eq ha-1 

25 años 
kg CO2eq  
t producto-1 

Observación 

Insumos  93,63    91,35  Emisión 
Cortinas Rompevientos       -146,62  -143.04  Remoción 
Suelos -33,65   -32,82  Remoción 
HC  -86,64   -84,51 Secuestro neto 

Tabla 3: Huella de carbono ciclo completo 25 años (UF área  y UF masa) 

La huella de carbono para una hectárea de peras en 25 años de cultivo, resulta una remoción neta de 
86,64 t CO2 eq ha-1. Las emisiones correspondientes a los insumos de producción, 93,63 t CO2 eq ha-

1 son compensadas por las remociones en biomasa de las cortinas forestales (146,62 t CO2 eq ha-1), y 
el incremento de carbono en suelos (33,65 t CO2 eq ha-1). 

Considerando la UF de masa, la huella de carbono de una tonelada de peras, implica una remoción 
neta de 84,51 t CO2eq t fruta-1. Las emisiones correspondientes a los insumos de producción, 91,35 t 
CO2eq t fruta-1 son compensadas por las remociones en biomasa de las cortinas forestales (143,04 t 
CO2eq t fruta-1), y el incremento de carbono en suelos (32,82 t CO2eq t fruta-1). 

Resulta notable el impacto que presentan las cortinas forestales, quienes en 25 años tienen la 
capacidad de neutralizar e inclusive generar una importante remoción neta de carbono en el sistema 
de producción frutícola.  

Por lo tanto, puede concluirse que la etapa de producción agrícola de peras en sistemas de alta 
densidad de la región genera un importante beneficio en materia de cambio climático. Los valores 
presentados en este trabajo, resultan altamente conservadores. En los próximos años a partir de datos 
de campo y nuevos estudios sobre stock de carbono contenido en árboles frutales y suelos, 
seguramente serán obtenidos valores de remoción de GEI superiores para la producción frutícola en 
esta región.   
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El cultivo de arroz inició hace aproximadamente 10.000 años en diferentes regiones de Asia y se ha 
convertido en el segundo cultivo más amplio a nivel mundial después del Trigo (Acevedo, Castrillo, 
Belmonte, 2006).  En Colombia, la producción de arroz representó durante el año 2017 el 5% del 
PIB agropecuario y el 0,4% del PBI nacional, llegando a tener hasta 1,3 billones de pesos como 
valor del arroz producido (Becerra, Díaz, García, Giraldo, Gonzales, Maluendas, Quintero, Reina, 
Ortegón, Samacá & Viveros, 2020). Para el año 2019, Colombia tenia un área de cosecha del arroz 
de 518 mil hectáreas que aumentó un 12% a lo largo de el año 2020, llegando a tener 580 mil 
hectáreas y creciendo en el mercado hasta un 40% en comparación con el año anterior, este aumento 
corresponde al aumento de la productividad y rendimiento en todas las zonas arroceras de la nación, 
y el aumento de los precios que manejan los distintos productores (FEDEARROZ, 2021).  
La iniciativa que se desarrolla en el proyecto tiene como objetivo evaluar la transformación y el uso 
de la biomasa proveniente de la cascarilla de arroz, el cual es generado como subproducto o residuo 
del proceso productivo de este cereal, investigando las distintas propiedades y beneficios que esta 
cascarilla posee, identificando así su potencial energético y valorándola como una alternativa de 
sostenibilidad energética en el departamento de Tolima (Colombia). La cascarilla de arroz es un 
residuo que no cuenta con propiedades nutritivas, y cuenta con altos contenidos de Dióxido de 
silicio (SiO2) imposibilitándolo para ser consumido por el ser humano (Sierra, 2009). 
Posterior a la recolección y extracción del arroz, se identifican los subproductos o residuos que se 
producen, siendo la harina de arroz y la cascarilla los principales subproductos del proceso 
(Fernández, 2014), siendo la cascarilla de arroz el mayor subproducto obtenido, llegando a tener 
hasta un 20% del peso de la producción (Belén, Munitz y Resnik, 2020).  
Tomando como referencia el modelo planteado por la economía circular, es necesario reconocer las 
propiedades con las que cuenta la cascarilla de arroz, con la finalidad de estudiar el proceso al cual   
debe ser sometida la cascarilla de arroz para generar energía, garantizando su reutilización.  
A lo largo de los años, la energía se ha producido mediante distintos combustibles fósiles, que 
contribuyen al calentamiento global debido a su producción de gases de efecto invernadero (El 
Poder del Consumidor, 2021). En consecuencia, se ha iniciado la búsqueda de la producción de 
energías limpias, que contribuyan a la reducción de la huella de carbono producida, partiendo del 
potencial energético de Colombia para la producción de energía mediante biomasa residual del 
sector agrícola, como residuos de la producción de caña de azúcar, palma de aceite, café, maíz, 
banano y arroz (Escalante, 2020).  
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En el proyecto se analiza la producción de energía eléctrica mediante la cascarilla de arroz teniendo 
en cuenta algunos antecedentes prácticos en Colombia y los análisis vinculados al ciclo de vida de 
la producción de arroz, específicamente en la valorización de sus residuos como la cascarilla de 
arroz, vinculándolo a estrategias de economía circular.  
Para esto, se realiza una propuesta de sostenibilidad energética, vinculando las actividades que 
promueven  la triple cuenta de la sostenibilidad, la cual ha tomado cada vez más relevancia en 
diferentes países latinoamericanos incluyendo Colombia (Agencia de Sostenibilidad Energética 
[ASE], s.f.), con la finalidad de masificar las energías renovables no convencionales, entrando así al 
mercado energético, el cual ha ido aumentando durante los últimos años, llegando a tener hasta el 
6% de las inversiones mundiales , lo que implica un crecimiento positivo del sector energético y 
ayudando al sector ambiental minimizando las emisiones de carbono (IRENA, 2016). 
Se lleva a cabo un análisis de la cascarilla de arroz del departamento del Tolima, encontrando altos 
niveles de Carbono orgánico (38,04%) Sílice (18,39%), Nitrógeno total (0,74%) y Celulosa (3,05%), 
lo cual indica que la cascarilla de arroz colombiana beneficia al proceso de producción debido a que 
su composición aporta para una buena combustión. Teniendo en cuenta los resultados obtenidos por 
la cascarilla se realiza una búsqueda bibliográfica para generar una simulación utilizando el 
Simulador SAM el cual permite modelar la combustión de biomasas mediante plantas de energía, 
realizando modelos financieros e identificando los rendimientos energéticos que proporciona la 
biomasa. Para lo cual se realizó una recolección de las variables necesarias para la creación de una 
planta productora de energía utilizando la cascarilla de arroz como materia prima, teniendo en 
cuenta la ubicación de esta, y las propiedades que tiene la cascarilla de arroz en la región del Tolima. 
Con la finalidad de identificar el interés de las empresas productoras de arroz, se realizó una 
encuesta, la cual permitió validar la potencial participación de las empresas y pequeños productores, 
evidenciando que el 70% de los encuestados le parece una buena idea la creación de una planta de 
energía utilizando los residuos de la producción de arroz, adicionalmente el 96,7% posee interés en 
participar en el diseño, implementación y operación de la planta. Estos resultados son positivos en 
cuanto al interés de la población, y en caso de llegar a implementarse mejorará la calidad del 
ambiente y será una nueva fuente de empleo en el sector. 
De acuerdo a lo obtenido  dentro la investigación que el procesamiento de la cascarilla de arroz para 
la creación de energía eléctrica es ambiental y socialmente viable en pro del desarrollo de la 
comunidad, y esta manera también se promueve la economía circular, debido a que se reutiliza un 
subproducto que es desechado en la producción de arroz, disminuyendo así el uso de distintos 
combustibles fósiles, que tienen una alta producción de huella de carbono, al contrario de este 
proceso que genera menores proporciones en emisiones de gases contaminantes al medio ambiente, 
sin embargo al no utilizar este subproducto y ser desechado, este si genera gases de efecto 
invernadero, como es el caso del dióxido de carbono. 
Mediante simulación realizada a lo largo del proyecto, se logró evidenciar que la planta de 
procesamiento de cascarilla de arroz para la producción de energía es económicamente factible a 
mediano plazo, estableciendo limites de 5 años en donde los ingresos superaran a los egresos, 
teniendo en cuenta una Tasa de Interés de Oportunidad (TIO) del 20%, se establece un Valor 
Presente Neto (VPN) de 69.132.741, utilizando la misma formula, se establece la Tasa Interna de 
Retorno (TIR) teniendo en cuenta el VPN igual a 0,  esto da como resultado un TIR del 26%, 
evidenciando que el TIR es mayor que el TIO un 6% lo que establece que el proyecto es rentable y 
cumple con las expectativas de las ganancias. .   
Al reutilizar estos desechos, se fomentan iniciativas como la producción de energías renovables, 
que permiten minimizar el uso de los combustibles fósiles, potencializar estrategias de economía 
circular y finalmente permitiendo una valorización de residuos.  
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Propiedades fisicoquímicas de la cascarilla de arroz en Tolima 
Las propiedades fisicoquímicas de la cascarilla de arroz proveniente del departamento de Tolima se 
determinaron mediante diferentes pruebas de laboratorio realizadas por Chemilab, el cual es un 
laboratorio acreditado por el Instituto de Hidrología, Meteorología y Estudios Ambientales 
(IDEAM). Dichas pruebas de laboratorio permitieron identificar que la muestra de cascarilla de 
arroz analizada cuenta con una cantidad de carbono orgánico del 38,04%, sílice 18,39% y nitrógeno 
0,74%, mientras que se caracteriza por tener un pH de 6.41, una humedad del 7.68%, cenizas del 
19.4% y una baja presencia de carbonatos del orden de <0.01%. La composición fisicoquímica en 
términos de macronutrientes de este tipo de biomasa es 39,05% de celulosa, 22,80% de lignina, 
3,56% de proteínas, 6,60% de extracto no nitrogenado y 0,93% de extracto con éter; por su lado, en 
términos de micronutrientes, específicamente de minerales de ceniza, se destaca mayor presencia de 
sílice con un 96,51% y en menor medida, de manera descendente, sulfatos, óxido de potasio, óxido 
de sodio, óxido de calcio y óxido de magnesio, con un 96.51%, 1.13%, 1.10%, 0.78%, 0.25% y 
0.23%, respectivamente. 
Comportamiento energético en el proceso de combustión 
El comportamiento energético de la cascarilla de arroz en el proceso de combustión se evaluó 
mediante el simulador SAM (System Advisor Model), permitiendo identificar que el calor 
transferido en el interior del motor de la caldera donde se lleva a cabo la combustión de la cascarilla 
de arroz es constante sobre 3180 kW, mientras que la eficiencia del rehervidor oscila entre 50-52%, 
ambos en función del tiempo que son los 12 meses del año. 
Específicamente la simulación realizada en el simulador SAM permitió identificar que el calor 
transferido es constante alrededor de los 3180 kW durante los primeros 8 días del mes, momento en 
el cual se experimenta un comportamiento cuadrático de manera creciente hasta que se alcanza el 
valor máximo de calor cerca de los 12 días del mes y, posteriormente, este empieza a decrecer con 
el paso de los días hasta llegar nuevamente a los 3180 kW, que era el valor inicial. Sin embargo, la 
simulación realizada determina que en los meses de enero, febrero, abril, mayo, junio, julio, agosto, 
septiembre y octubre se alcanzan los valores máximos de calor cerca de la mitad del mes con 
magnitudes que se encuentran en un intervalo de 3230 ± 3240 kW. 
Teniendo en cuenta lo descrito anteriormente es importante destacar que el funcionamiento del 
motor es eficaz al pasar el tiempo, pues el calor liberado es similar de un día a otro y también, de un 
mes a otro y, por tanto, permite que el proceso de combustión se realice de manera óptima sin 
importar el tiempo en el que se esté implementando dicho equipo al no perder funcionalidad. 
Análisis encuestas de percepción de procesamiento cascarilla de arroz  
Durante el desarrollo de la presente investigación se realizó una encuesta con el fin de conocer la 
impresión y apreciación de llevar a cabo la ejecución de una planta de procesamiento de la 
cascarilla de arroz, por parte de los actores que están directa o indirectamente relacionados con la 
industria en el departamento del Tolima; la muestra seleccionada se conforma de 30 personas de las 
cuales son 10 trabajadores directos, 10 campesinos cultivadores de arroz y 10 personas civiles.  
Los resultados de la encuesta permitieron identificar que la gran acogida al diseño y construcción de 
una planta de procesamiento de cascarilla de arroz, puesto que el 70 % (21 encuestados) piensan 
que sería excelente, 23,3% (7 encuestados) muy bueno y 6,7% (2 encuestados), adicionalmente, la 
totalidad de las personas encuestadas considera que la planta procesadora de cascarilla de arroz 
generaría empleo y mejores ingresos económicos para la población del departamento de Tolima, sin 
embargo, solo el 96,7% (29 encuestados) manifiestan su interés en ser partícipes de las fases para la 
implementación del presente proyecto.  
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Parámetros técnicos ±financieros, ambientales y sociales  
La planta química adoptara un proceso de pirolisis para la transformación de biomasa, logrando 
obtener mediante este proceso bioaceites, biogás y biocarbón. La planta se desarrollará mediante 
una inversión privada y estará ubicada en el municipio de Espinal en el departamento de Tolima, 
pronosticando una gran acogida del proyecto al tratarse de biocombustibles que son de origen 
renovable, ofrecen mayor seguridad energética, menores emisiones de gases contaminantes a la 
atmósfera y fomentar el desarrollo del campo colombiano.  
Por medio de la planta de procesamiento de cascarilla de arroz se suministra energía limpia con 
sostenibilidad económica y ambiental, mediante la cual se otorga una valoración a los residuos de la 
industria arrocera garantizando el aprovechamiento de la cascarilla de arroz y minimizando los 
residuos. A nivel social el proyecto traerá gran desarrollo y posibilidades de empleo, apoyando el 
talento investigativo de la región mediante el apoyo a proyectos de emprendimiento y programas 
sociales, culturales, recreativos y deportivos.  
Análisis financiero  
El análisis económico realizado para evaluar la viabilidad financiera de la estrategia de 
aprovechamiento de la cascarilla de arroz para obtener bioaceites, biogás y biocarbón mediante un 
proceso de pirolisis permitió identificar la rentabilidad del proyecto puesto que el modelo 
matemático VPN tiene un valor de $ 69.132.741 que es >0 y el modelo financiero TIR es de 26% 
que es >TIO=20%. Bajo dichos términos, los ingresos debido a las ventas de los tres biocarburantes 
es de $ 819.848.012 cuya cifra es constante en los 5 años del horizonte de planeación, destacando 
que el valor del salvamento de los equipos de la planta química en el último año es de 
$385.664.525; contrariamente, los costos de producción, los gastos de administración y los gastos 
financieros son para los años 1, 2, 3, 4 y 5, $ 644.198.285, $ 671.628.314, $ 700.665.009, 
$ 731.629.423 y $ 764.668.516, respectivamente. De acuerdo con ello, las ganancias y/o utilidades 
al finalizar cada año son $ 175.649.726, $ 148.219.698, $ 119.183.002, $ 88.218.588 y 
$ 440.844.021, respectivamente. 
Conclusiones  
La cascarilla de arroz es un subproducto de la industria arrocera que representa una oportunidad 
para el desarrollo de proyectos de economía circula, siendo uno de ellos la planta de procesamiento 
de dicho subproducto como alternativa de sostenibilidad energética en el departamento de Tolima la 
cual presenta una viabilidad ambiental, social y económica.  
La planta de procesamiento de cascarilla de arroz permite utilizar este producto como materia prima 
para generar energía más limpia que reduzca la huella de carbono al no generarse emisiones de 
gases contaminantes garantizando la viabilidad ambiental del proyecto; adicionalmente el desarrollo 
de esta estrategia de sostenibilidad energética conlleva un desarrollo económico de la comunidad 
del Espinal, Tolima, puesto que es una actividad económica alterna a la producción de arroz que 
generar el aumento de la oferta laboral al requerirse mano de obra durante las etapas de diseño, 
construcción y funcionamiento de la planta de procesamiento. Finalmente, se garantiza la viabilidad 
económica de este proyecto durante un periodo de 5 años al evidenciarse que los ingresos superan a 
los ingresos permitió identificar la rentabilidad del proyecto puesto que el modelo matemático VPN 
tiene un valor de $ 69.132.741 que es >0 y el modelo financiero TIR es de 26% que es >TIO=20%. 
La impresión y apreciación de llevar a cabo la ejecución de una planta de procesamiento de la 
cascarilla de arroz en el municipio de Espinal, Tolima es buena tomando como referencia la 
apreciación de 30 personas encuestadas, obteniendo un 70% de aprobación del proyecto; 
adicionalmente, la totalidad de las personas encuestadas considera que este proyecto generaría 
empleo, sin embargo, solo el 96,7% manifiestan su interés en ser partícipes en el proyecto.  
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El crecimiento de la población y los cambios socioeconómicos, han provocado un aumento en la 
demanda de los servicios y recursos vitales, como la energía, alimento y la disponibilidad de agua 
(Food and Agricultural Organization of the United Nations, 2009; Mountford, 2011; IEA, 2015). Se 
proyecta que para el año 2050 la demanda mundial de agua, energía y alimento aumentarían en un 
55%, 80% y 60% respectivamente, lo cual conllevaría a la escasez de suministro de estos tres 
recursos (Chen et al., 2020). La disponibilidad de agua, energía y alimentos es fundamental para la 
estabilidad y el desarrollo sustentable de un área, país o región (Chen et al., 2020). Alrededor del 
30% de la energía consumida en el mundo (Mannan et al., 2018), y el 70% del total mundial de 
agua dulce son utilizadas en la producción de alimentos (FAO, 2012). Durante el año 2011 en la 
conferencia Nexus realizada en Alemania, salió a la luz el concepto nexo agua-energía-alimento 
(AEA), un enfoque que ayuda a comprender las complejas interdependencias y sinergias entre los 
recursos naturales (Li y Ma, 2020). Los estudios del nexo AEA se han realizado a nivel regional, 
nacional e internacional, sin embargo, a escala urbana aún son escasos (Caputo et al., 2021). Esto es 
preocupante, ya que analizar las ciudades bajo este enfoque es importante, porque las zonas urbanas 
son centros de grandes poblaciones, por lo que determinan la intensidad de los flujos de recursos 
globales (Caputo et al., 2021). Cabe considerar que estos sistemas están en constante crecimiento, 
pues se espera que la tasa de urbanización aumente en un 28% en los próximos quince años, de 
modo que la demanda de agua, energía y alimento también aumentaría (Li et al., 2019). 
Particularmente en Chile, alrededor del 87,8% de la población habita zonas urbanas urbana (INE, 
2018). Por lo tanto, considerando el aumento de la demanda de recursos en los últimos años (lo cual 
es proveniente del aumento demográfico y urbanización), es de vital importancia el desarrollo de 
estudios respecto a los impactos del consumo de recursos asociados al nexo AEA, especialmente en 
la población urbana. Del mismo modo, también es importante la evaluación del ciclo de vida de 
estos recursos demandados por los hogares de las ciudades, ya que evaluar los impactos ambientales 
del ciclo de vida del nexo agua-energía-alimento, permitiría determinar las localidades afectadas 
por el consumo de estos recursos, ya que las etapas del ciclo de vida de los alimentos, agua y 
energía podrían ocurrir en diversos lugares, por lo que sus impactos ambientales involucrados no 
solo podrían afectar a una localidad en específico. Por estos motivos, el objetivo de este estudio fue 
analizar los impactos ambientales del ciclo de vida del nexo agua-energía-alimento en hogares de la 
ciudad Santiago de Chile.   
La metodología de análisis del ciclo de vida fue utilizada siguiendo los requisitos metodológicos 
establecidos en la ISO 14044. (O�DOFDQFH�GH�OD�LQYHVWLJDFLyQ�IXH�GH�³OD�FXQD�D�OD�WXPED´��HV�GHFLU��
desde la extracción de los recursos hasta su fin de vida. De este modo se consideraron los flujos 
provenientes desde la extracción, producción, distribución, tratamiento y disposición final de los 
recursos, asociados al nexo agua-energía-alimento en los hogares de la ciudad de Santiago. En este 
HVWXGLR� OD�XQLGDG� IXQFLRQDO� IXH�GHILQLGD� FRPR�³XQ�KDELWDQWH�GH�XQ�KRJDU� HTXLYDOHQWH� HQ�XQ�DxR´ 
(López-Eccher et al., 2021), de modo que esta unidad funcional fuera representativa para realizar 
análisis comparativos del comportamiento del sistema del nexo AEA en base a las diversas 
composiciones de un hogar de Santiago. Los datos de inventario fueron obtenidos mediante 300 
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encuestas realizadas a hogares de Santiago de Chile, el marco del proyecto Fondecyt 11170992 y 
los resultados presentados por López-Eccher et al., (2021), El método de evaluación de impacto fue 
Recipe Midpoint (H), considerando las categorías de impacto de calentamiento global, acidificación 
terrestre, eutrofización de agua dulce, ecotoxicidad de agua dulce, toxicidad cancerígena humana, 
formación de material particulado y escases de recursos fósiles. 
Los resultados muestran que los impactos ambientales al cambio climático de 1 habitante de 
Santiago de Chile son 3,9 t CO2 eq/hab/año. Donde el principal punto crítico es la energía con un 
71% de contribución, seguido de los alimentos con 25% y el agua con 4%. En el caso de la energía, 
los impactos están asociados a la fase de uso de los combustibles, principales a los utilizados en el 
transporte privado y público, y la calefacción y cocina de los hogares. Esto debido a que la 
combustión de la gasolina, diésel, gas licuado de petróleo, queroseno, entre otros, emiten gases de 
efecto invernadero al ser combustionados, contribuyendo en mayor parte en la categoría (Morales, 
2015). Al analizar el flujo de los alimentos, para todas las categorías de impacto a excepción de la 
ecotoxicidad de agua dulce, el principal punto crítico está asociado a la producción de los alimentos. 
En la categoría de calentamiento global el 61% de la contribución es por la producción de alimentos, 
seguido por la disposición final de los alimentos con un 32% y el transporte con un 7%. Para la 
categoría de ecotoxicidad de agua dulce, los impactos son producidos principalmente por la 
disposición final de alimentos con 82% de contribución, seguido por la producción con 18%. 
En el caso del flujo de agua para las categorías de calentamiento global, formación de material 
particulado y agotamiento de recursos fósiles los principales impactos están producidos por la 
extracción del agua cruda. En las categorías de eutrofización de agua dulce, toxicidad carcinogénica 
humana, ecotoxicidad de agua dulce, acidificación terrestre, formación de material particulado y 
cambio climático, el tratamiento del agua es un punto crítico con una 81%, 59%, 85%, 52%, 32 y 
33%, acidificación terrestre, formación de material particulado y cambio climático 
Journal article: 
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Introduction  
The island of Sardinia (Italy) is an important region in the sheep cheese world trade. With 3.1 
million dairy sheep raised in around 10.000 active farms, Sardinia produces about 320 kt of milk yr-

1 transformed by about 50 cheese factories (BDN, 2020). However, Sardinian sheep sector faces 
cyclical economic crises caused by external global market equilibrium and policy changes, and 
internal structural problems along the supply chain. The Sardinian sheep sector is also associated 
with relevant environmental implications: it contributes to about 5% of total GHG emissions of the 
Italian agricultural sector, albeit providing a wide range of ecosystem services. This indicates the 
need of efficiency improvements and radical innovation (Arru et al., 2020). The aim of this paper 
was to show the more effective ecoinnovation strategies to mitigate the environmental impact of 
Sardinian dairy sheep sector, based on Life Cycle and System thinking approaches, and inspiring 
the transition of the small ruminant sector towards a more sustainable bioeconomy-based society. 
 
Materials and methods 
The evaluation of the environmental footprint of the Sardinian dairy sheep systems (from cradle to 
farm gate) using an LCA approach was the key action of the ecoinnovation strategy. The 
Environmental Footprint (EF) 2.0 evaluation method was applied, in line with the Product 
Environmental Footprint Category Rules (PEFCR) for Dairy Products” (EDA, 2018). Two 
functional units (FU) were used: 1 kg of fat and protein corrected milk (FPCM) and 1 ha of utilized 
agricultural area (UAA). Data were collected in 2016/2017 in 18 dairy sheep farms located all over 
the island, selected from the National Database of Farm Animals to represent the main local farming 
systems. The farm sampling method considered farm density and total milk production in the areas, 
pedoclimatic conditions, flock size (number of ewes) and stocking rate (ewe/ha) of each farm. 
Surveyed farms were selected also considering their availability to supply reliable data as well as 
their interest in Research & Development initiatives. Two farm groups were considered respectively 
belonging to: Zone I) effusive and granites rocks, mean annual precipitation >800 mm (n=10; 6.6 
ewe ha-1); Zone II) sedimentary soils, mean annual precipitation <800 mm (n=8; 6.3 ewe ha-1). A 
“from cradle to farm gate” system boundary was adopted and accounted for all activities and 
inputs/outputs related to the milk production (from feed production to animal diet and related 
emissions, from water and energy use to consumable materials) (Figure 1). 
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Figure 1. System boundary diagram of the sheep milk production. 

Methane (CH4) emissions from ruminal fermentation were estimated from CH4 energy emissions, 
calculated as a function of the metabolizable energy intake (assessed using primary data for 
digestibility and energy content of feeds) and the net energy requirements (Vermorel et al., 2008). 
The impact assessment of animal excreta included only the nitrous oxide (N2O) emissions from 
faeces and urine, because animals spend most of their time outdoor. These emissions were estimated 
by IPCC method (2019), using emission factors indicated for “sheep and other animals”. Moreover, 
N daily emissions were estimated using the empiric equations formulated by Decandia et al. (2011), 
for lactating ewes, pregnant ewes, rams, replacement ewes and lambs. NOx in air, heavy metals, 
PO3-, P and NO3- in water and heavy metals in soils were estimated using equations reported in 
Ecoinvent report N.15 (Nemecek and Kägi, 2007). NH3 emission in air were calculated in line with 
a Tier-2 IPCC (IPCC, 2019) approach, using the national emissions factors published by ISPRA 
(2011). 
In order to identify the relevant environmental impact categories, results were normalized and 
weighted, then only the impact categories which cumulatively contribute to at least 80% of the 
single score were selected. Differences between groups were tested with One-way ANOVA (P < 
0.05). Considering LCA outcomes and experts’ interviews, a causal loop diagram (CLD) was drawn 
to stimulate insights for policy formulation (Atzori et al., 2022). 
 
Results and discussion 
Climate Change, Land Use, Water Scarcity, Resource use, minerals and metals resulted the main 
relevant impact categories. The two farm groups statistically differed for the main technical and 
productive features, and for some environmental impact category performance associated with the 
pedoclimatic zones (Table 1). Focusing on Climate Change, when emission intensity was expressed 
per kg of FPCM, GHG emissions varied from a min of 3.05 (in a farm located in Zone II) to a max 
of 6.02 (Zone I) kg of CO2eq/kg of FPCM, with significant difference in average values among 
zones. When GHG emissions were expressed per ha of UAA, they were not significantly different 
and varied from 1855 (Zone I) to 6136 (Zone II) kg of CO2eq/ha of UAA. Indeed, increasing 
pressure on the system to reduce emission per unit of product generates higher emission intensities 
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per unit of process input, such as animal (Capper et al., 2009) or owned land (Escribano et al., 
2020). On the other hand, it is important to highlight that emissions expressed per ha of UAA 
resulted in a broader difference from the mean per kg of milk, which could be helpful to describe 
the sectors variability. 
 

  Zone I Zone II     Zone I Zone II 

Utilized Agricultural Area (UAA) 89 85   EF per 1 kg FPCM 
Natural pasture (% UAA) 75 (a) 21 (b)   Climate Change 5.00 (a) 3.89 (b) 
Feed self-sufficiency (%) 62 (b) 74 (a)   Land Use 2542 (a) 1370 (b) 
Milk yield (kg FPCM ewe-1) 117 (b) 188 (a)   Water Scarcity 12.03 18.68 
Milk yield (kg FPCM ha UAA-1) 580 (b) 969 (a)   Ru-m&m 3.0E-05 3.8E-05 
Dry Matter Intake - DMI (kg ewe-1 year-1) 446 (b) 508 (a)   EF per 1 ha UAA 
Dairy efficiency (kg DMI kg FPCM-1) 0.24 (b) 0.34 (a)   Climate Change 3592 4018 
Use N fertilizer (kg ha UAA-1) 4 (b) 43 (a)   Land Use 1.7E+06 1.4E+06 
Use P2O5 fertilizer (kg ha UAA-1) 7 23   Water Scarcity 8.4E+03 2.0E+04 
Use H2O (m3 ha UAA-1) 45 (b) 239 (a)   Ru-m&m 2.2E-02 (b) 4.0E-02 (a) 

 

Table 1. Farms characteristics and Environmental Footprint (EF) of the two farm groups located in 
different geo-pedological and climatic zones. Only impact categories that cumulatively contribute to at 
least 80% of the total environmental impact are shown. Within rows, different letters indicate significant 
differences at P < 0.05. FPCM: Fat Protein Corrected Milk; Ru-m&m: Resource use, minerals and metals. 

 
A contribution analysis identified the following hotspots for Climate Change impact category: 
animal emissions from enteric CH4 and manure N2O (68%), methane being by far the most 
relevant, purchased feeds (18%), on-farm feeds (8%), tractors & machineries (1.5%), electricity 
(1%). However, there was a high variability among farms that can be mainly explained by 
production level in terms of milk delivered per ewe/year (Atzori et al., 2022). In addition, farms 
with similar production levels showed different values of emission intensities, suggesting different 
aspects of farm efficiency and opportunities to optimize resource use with targeted mitigation 
strategies. High variability in emissions among farms also indicated a large mitigation margin at the 
regional level. 
Results confirmed that: i) higher production efficiency and higher feed self-sufficiency levels in 
Zone II can reduce environmental footprint per kg of FPCM, benefiting production systems located 
in areas suited for intensification; ii) farms in Zone I with lower stocking rate have better 
environmental performances per ha of UAA, as in Arca et al. (2021). The LCA also showed that the 
key areas for effective mitigation are i) low milk production, ii) low digestibility of diets that 
generate higher methane emission potential per kg of dry matter intake, iii) high purchase of off-
farm produced feeds (mainly protein concentrates), iv) high fertilizer use in annual crops vs. 
appropriate natural pasture management, and v) energy consumption. The system structure 
described with feedback loops in Figure 2 showed that ecoinnovation policies in the Sardinian 
sheep sector could enable the adoption of good practices, fostering socio-economic and 
environmental benefits. In particular, the proposed HFRဨLQQRYDWLRQ� strategy defined intervention 
points for public investments to promote GHG emission mitigation plans aimed at improving the 
sustainability performance of agricultural production systems (Notarnicola et al., 2017). From our 
viewpoint, public policies should be oriented to improve farm efficiency in those farms with the 
JUHDWHVW�PLONဨSURGXFWLRQ� SRWHQWLDO�� and to drive the enhancement of ecosystem services in those 
farms with a higher potential for nonmarketable goods. This would allow maintaining the regional 
milk deliveries, sustaining the income level of the farmer families and the accomplishment of high 
ecological benefits and its transfer from farms to the society as a whole.  
Four casual links were highlighted to enable the green balancing loop (Figure 2): i) switching from 
payments per head to payments based oQ� HFRဨLQQRYDWLRQ� GHVLJQ� DQG� LQGLFDWRUV� �H�J��� FDSDFLW\� WR�
improve production efficiency and to provide ecosystem services); ii) indirect payments should 
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stimulate investments in precision farming ICT equipment, innovative facilities and tools, and the 
application of good practices in resource management and land use; iii) a large capacity building 
effort should be made to increase knowledge and interaction among technicians, farmers, and other 
stakeholders; iv) applied research and extension should support capacity building in the sector. 
 

 
Figure 2. Causal loop diagram (CLD) of the Sardinian sheep sector ecoinnovation policies. 

 
Conclusions 
This paper summarizes a strategy based on a Life Cycle and System Thinking approach to promote 
the ecological transition of the Sardinian (Italy) dairy sheep supply chain through a territorial plan 
for GHG mitigation. The environmental hotspots defined with a detailed LCA study on the 
Sardinian sheep milk production allowed to identify key areas for environmental improvement that 
include both feed supply chain and production efficiency enhancement. The CLD revealed that the 
most sustainable links for the Sardinian dairy sector could be enabled with policy emphasis on dairy 
flock efficiencies, care for ecosystem services, and deep stakeholder capacity building investments 
to guarantee the effectiveness of mitigation plans. Public policies should promote farm efficiency 
improvement in farms with highest milk yield potential and ecosystem services enhancement in 
farms with high natural value. This work provides effective methodological blueprint to be applied 
to other regions with similar features and sustainability challenges. 
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Abstract  
Performing regionalized LCA studies in livestock systems derives from the necessity of the wide 
variety of existing farming systems and the influence of site-specific characteristics on the 
environmental and social impacts. The purpose of this research was to generate evidence on the 
performance of the tropical extensive livestock systems in Mexico in the social and environmental 
dimensions of sustainability from the life cycle assessment perspective. The objective was to 
evaluate and compare the production of 1 kg of live weight of calf under tropical production 
systems, called monoculture (MC) and silvopastoral (SP) systems. The results showed that the MC 
system performed better than the SP in three of the four environmental impact categories evaluated. 
However, the social evaluation did not show significant differences in the performance of the 
livestock systems analyzed. It was observed that the implementation of technologies in calf 
production systems did not influence their social performance, but rather that the socioeconomic 
context is decisive in the behavior of livestock organizations. 
 
Introduction 
It is a fact that the climatic and anthropological contexts generate livestock production systems that 
adapt to each reality (Romano-Armada, et al., 2014). In Mexico, cattle production in tropical 
conditions presents variants in its management that generate diverse environmental impacts 
(Herrero, et al, 2013, 2016; Rivera-Huerta et al., 2016). In addition, in rural areas of developing 
economies in Latin America, livestock practices tend to negatively impact human rights, 
particularly of workers (FAO, 2017).  
 
According to the above, the regional variability of cattle production systems generates functional 
differences whose social, economic, and environmental effects must be evaluated and compared 
(IAASTD, 2009). Therefore, it is important to assess the sustainability of livestock production 
systems based on site-specific data. In this study, the life cycle approach is used to evaluate the 
environmental and social dimensions of the sustainability of livestock systems in the Mexican 
tropics. 
 
Material and methods 
This work was carried out from a life cycle approach using the Life Cycle Assessment (LCA) (ISO 
14040/44, 2006) for environmental LCA (E-LCA) and the methodological framework proposed by 
the United Nations Environmental Program/Society of Environmental Toxicology and Chemistry 
(UNEP/SETAC) (2009) for Social Life Cycle Assessment (S-LCA) (UNEP/SETAC, 2009). 
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Goal and Scope Definition 
System boundary 

This research aimed to assess the environmental and social dimensions of sustainability of two calf 
production systems located in the Yucatan Peninsula, Mexico. The system boundaries were from the 
gate to gate of the farm and considered the cow-calf system, which includes the reproductive 
management of cattle, pregnancy and calving, lactation, and the calf's weaning.  
 

Functional unit 
The functional unit (FU) was 1 kg live weight (LW) of the calf and focused on two productive 
systems: silvopastoral (SP) and monoculture (MC). The life cycle inventory of the Environmental 
LCA was related to the FU, but this is not the case in the Social-LCA because there is no direct 
correlation (Dreyer et al., 2006). 
 

System description 
In the Mexican tropics, calf production is characterized by cow-calf herds (Bos indicus x Bos 
taurus) maintained on tropical pastures. The MC system is characterized by using cultivated grasses 
as the main diet of livestock, plus a commercial supplement. The SP system includes cultivated 
grasses and legumes, as the basis of the diet, which is complemented with commercial concentrate. 
In both systems, calves are weaned at 226 days with an average weight of 170 kg. 
 

Life Cycle Inventory  
The life cycle inventory was calculated from data collected through semi-structured interviews in 
six farms in Yucatan State, Mexico, three for each production system. Since the systems are based 
on grazing feeding, a dry matter (DM) intake of 3% of the live weight was assumed in replacement 
bulls and heifers, in agreement with Ku-Vera et al. (2018) and Lyons et al. (1999). Feed intake of 
lactating cows was calculated on a dry matter basis according to Rivera-Huerta et al. (2016). 
Methane (CH4) emissions from enteric fermentation and manure management, nitrous oxide (N2O) 
emissions from managed soils, and ammonia (NH3) emissions to air were estimated according to 
Chapters 10 and 11, Vol. 4 of the Panel Guidelines Conference on Climate Change (IPCC) (Dong et 
al., 2006). Enteric methane emissions were calculated using emission factors (EFs) estimated with 
the IPCC Tier 2 methodology (Dong et al., 2006). 
 

Life Cycle Impact Assessment 
The evaluation methods used were ReCiPe 2016 midpoint-H v. 1.03 (Huijbregts et al., 2016) for 
environmental assessment, and a scoring approach with a performance scale ranging from 1 (very 
poor) to 4 (outstanding) (Padilla-Rivera et al. (2016) was employed for social impact assessment. 
The criterion for assigning performance values was specific to each subcategory based on national 
and international regulations. Performance scale ranging was associated to one color 
(performance/color): 1= very poor/red; 2= poor/blue; 3= acceptable/yellow, and 4= outstanding/red. 
The social analysis included the category of stakeholder group workers.  
 
The environmental impact categories analyzed were climate change, terrestrial acidification, 
freshwater eutrophication, and fossil fuel depletion. The social impact subcategories evaluated were 
³FKLOG� ODERU´�� ³HTXDO� RSSRUWXQLWLHV´�� ³IUHHGRP� RI� DVVRFLDWLRQ� DQG� FROOHFWLYH� EDUJDLQLQJ´�� ³IDLU�
VDODU\´�� ³ZRUNLQJ� KRXUV´�� ³MRE� VDWLVIDFWLRQ´� DQG� ³IRrced lDERU´�� ZKLFK� DUH� JURXSHG� LQWR� WKH�
categories of human rights and working conditions. 
 
Results and Discussion 
The results showed that calves produced under the MC system save 7%, 11%, and 50% of the 
emissions that contribute to climate change, terrestrial acidification, and freshwater eutrophication, 
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respectively, per 1 kg of LW of the calf, compared with the SP system (Figure 1). However, the SP 
saves 17% per 1 kg of LW of the calf in the use of fossil fuels compared to the MC system. 
 
In the climate change category, enteric fermentation is the main contributor, followed by manure 
management. While in the terrestrial acidification and freshwater eutrophication categories, manure 
management shows the highest values of affectation (Table 1). Pasture management contributes 
significantly (from 70% to 76%) to the impact of the fossil resource depletion category due to the 
use of irrigation systems, as well as the production of pesticides and fertilizers. Different authors 
(Picasso et al., 2014; Ruviaro et al., 2015; Tichenor et al., 2017; Bragaglio et al., 2018) have 
obtained similar results. 
 
Figure 1. Comparison of the normalized impact categories according to the system with the highest 
impact value. 

 

Table 1. Environmental impact for the FU (1 kg of LW of weaning calf) in absolute values and 
percentage relative contribution. 

Impact  
category Unit 

 
Score 

Relative contributions (%) 
System Enteric  

fermentation 
Manure  

management 
Pasture  

management Feed Others 
Climate 
change kg CO2 eq MC 30.15 41.20 26.13 19.48 11.77 1.42 

ISP 32.51 46.70 28.00 16.84 6.55 1.91 
Terrestrial  
acidification kg SO2 eq MC 0.43 0.00 86.54 4.81 7.94 0.72 

ISP 0.49 0.00 88.72 4.12 5.03 2.13 
Freshwater  
eutrophication kg P eq MC 0.02 0.00 63.70 21.97 13.42 0.91 

ISP 0.04 0.00 83.32 11.70 4.18 0.80 
Fossil fuel  
depletion kg oil eq MC 2.47 0.00 0.00 70.41 27.10 2.49 

ISP 2.04 0.00 0.00 76.43 19.72 3.85 
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On the other hand, the Social-LCA showed that 2 out of 7 impact subcategories had a good 
performance (Table 2), but the rest of the subcategories had a poor and very poor performance in 
both livestock systems. The results highlight that "equal opportunities", "freedom of association and 
collective bargaining", and "fair salary" subcategories had the poorest performance, these results are 
in line with other studies that evaluated agricultural products (Franze and Ciroth, 2011; Chen and 
Holden, 2017). There was no significant difference in the average performance of the two calf 
production systems, and there was only a favorable difference for the SP system in the "job 
satisfaction" subcategory. 
 
The above indicates that under the context of the Mexican tropics the application of different 
technologies did not reflect differences in the social performance of livestock systems. The results 
for the social performance of livestock systems evaluated can mainly be explained by their social 
context and not by the type of production system. These results are in line with that reported by 
Dumont and Baret (2017), the socioeconomic and political context, history, work orientation, and 
VRFLRFXOWXUDO� KHULWDJH� H[HUW� D� JUHDWHU� LQIOXHQFH� RQ� SURGXFHUV¶�ZRUNLQJ� FRQGLWLRQV� WKDQ� GRHV� WKHLU�
degree of mechanization. 
 
Table 2. The score for the subcategories of social impact in MC and SP. 

 Human rights Working conditions  

 
Freedom of 
association 

and 
collective 
bargaining 

Child 
labor 

Equal 
opportunities 

and 
discrimination 

Fair 
salary 

Working 
hours 

Forced 
labor 

Job 
satisfaction Mean 

Monoculture 1 3 1 1.5 2 3 1 1.8 
Silvopastoral 1 3 1 1 2 3 2 1.9 

 
 
 
Conclusions 
In the environmental dimension, the monoculture system had the best performance in climate 
change, the main environmental concern of today's human society; however, this system is also the 
one that generated the greatest fossil fuels depletion, whose scarcity puts human well-being at risk. 
For this reason, efficient systems for the use of energy and increasing the use of clean energy must 
be incorporated into cattle production processes. Furthermore, it is suggested that land use change 
impacts from cattle production are assessed to have an integral assessment of different tropical 
cattle production systems. In the social dimension, the results show that the tropical extensive 
livestock production systems of southeastern Mexico are far from favoring human rights and 
working conditions, so intervention is urgently needed through public policies based on workers to 
meet the basic ZRUNHUV¶� ULJKWV. It is important to continue with studies to evaluate the social and 
environmental performance of livestock in this region, for which it is suggested to have a 
comprehensive evaluation tool for the performance of tropical agricultural systems based on 
regional data. This will allow having elements that support the transition to the sustainable 
development of beef production. 
 
 
References 
Bragaglio, A., Napolitano, F., Pacelli, C., Pirlo, G., Sabia, E., Serrapica, F., Serrapica, M. and 

Braghieri, A. 2018. Environmental impacts of Italian beef production: A comparison between 

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On ³The role of emerging economies in global food security´ 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 5 

different systems. Journal of Cleaner Production, [online] 172: 4033±4043. Available at: 
<http://dx.doi.org/10.1016/j.jclepro.2017.03.078>. 

Chen, W. and Holden, N.M. 2017. Social life cycle assessment of average Irish dairy farm. Int. J. 
Life Cycle Assess., 22:1459±1472. 

Dong, H., Mangino, J., McAllister, T., Hatfield, J.L., Johnson, D.E., Bartram, D., Gibb, D. and 
Martin, J.H., 2006. Emissions from livestock and manure management. [online] IPCC 
Guidelines for National Greenhouse Gas Inventories Programme.pp.10.1-10.87. Available at: 
<https://www.ipcc-
nggip.iges.or.jp/public/2006gl/pdf/4_Volume4/V4_10_Ch10_Livestock.pdf>. 

Dreyer, L.; Hauschild, M.; and Schierbeck, J. 2006. A Framework for Social Life Cycle Impact 
Assessment. Int. J. Life Cycle Assess., 11, 88±97. 

Dumont, A.M. and Baret, P. V. 2017. Why working conditions are a key issue of sustainability in 
agriculture? A comparison between agroecological, organic, and conventional vegetable 
systems. Journal of Rural Studies, [online] 56: 53±64. Available at: 
<https://doi.org/10.1016/j.jrurstud.2017.07.007>. 

FAO. 2017. Atlas de las Mujeres Rurales de América Latina y el Caribe. Santiago de Chile. 
(disponible en http://www.fao.org/3/a-i7916s.pdf) 

Franze, J. and Ciroth, A. 2011. A Comparison of Cut Roses from Ecuador and the Netherlands. Int. 
J. Life Cycle Assess. 16:366±379. 

Herrero, M., Grace, D., Njuki, J., Johnson, N., Enahoro, D., Silvestri, S. and Rufino, M. 2013. The 
Roles of Livestock in Developing Countries. Animal 7(s1): 3-18. 

Herrero, M., Henderson, B., Havlík, P., Thornton, P., Conant, R., Smith, P., Wirsenius, S., Hristov, 
A., Gerber, P., Gill, M., Butterbach-Bahl, K., Valin, H., Garnett, T. and Stehfest, E. 2016. 
Greenhouse Gas Mitigation 3RWHQWLDOV�LQ�WKH�/LYHVWRFN�6HFWRU´��1DWXUH�&OLPDWH�&KDQJH�������
452- 461. 

Huijbregts, M., Steinmann, Z.J.N., Elshout, P.M.F.M., Stam, G., Verones, F., Vieira, M.D.M., Zijp, 
M. and van Zelm, R. 2016. ReCiPe 2016. A harmonized life cycle impact assessment method 
at midpoint and endpoint level Report I: Characterization. [online] National Institute for Public 
Health and the Environment. Available at: <https://www.rivm.nl/bibliotheek/rapporten/2016-
0104.pdf>. 

IAASTD. (2009). Agriculture at a Crossroads. Washington, D.C. Retrieved from 
http://globalreport.knowviolenceinchildhood.org/global-report-2017. 

ISO, 2006. ISO 14040:2006. Environmental management ² Life cycle assessment ² Principles 
and framework. International Organization for Standardization. Geneva. 

Ku-Vera, J.C., Valencia-Salazar, S.S., Piñeiro-Vázquez, A.T., Molina-Botero, I.C., Arroyave-
Jaramillo, J., Montoya-Flores, M.D., Lazos-Balbuena, F.J., Canul-Solís, J.R., Arceo-Castillo, 
J.I., Ramírez-Cancino, L., Escobar-Restrepo, C.S., Alayón-Gamboa, J.A., Jiménez-Ferrer, G., 
Zavala-Escalante, L.M., Castelán-Ortega, O.A., Quintana-Owen, P., Ayala-Burgos, A.J., 
Aguilar-Pérez, C.F. and Solorio-Sánchez, F.J., 2018. Determination of methane yield in cattle 
fed tropical grasses as measured in open-circuit respiration chambers. Agricultural and Forest 
Meteorology, [online] 258(1±2), pp.3±7. Available at: 
<https://doi.org/10.1016/j.agrformet.2018.01.008>. 

���

http://globalreport.knowviolenceinchildhood.org/global-report-2017


13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On ³The role of emerging economies in global food security´ 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 6 

Lyons, R.K., Machen, R. and Forbes, T.D.A., 1999. Understanding Forage Intake in Range 
Animals. Texas Agricultural Extension Service, The Texas A&M University, Pub. L-515, 
pp.1±6. 

Padilla-Rivera, A., Morgan-Sagastume, J.M., Noyola, A., Güereca, L.P. 2016. Addressing social 
aspects associated with wastewater treatment facilities. Environ. Impact Assess. Rev. 57, 101±
113. https://doi.org/10.1016/j.eiar.2015.11.007. 

Picasso, V.D., Modernel, P.D., Becoña, G., Salvo, L., Gutiérrez, L. and Astigarraga, L. 2014. 
Sustainability of meat production beyond carbon footprint: A synthesis of case studies from 
grazing systems in Uruguay. Meat Science, [online] 98(3), 346±354. Available at: 
<http://dx.doi.org/10.1016/j.meatsci.2014.07.005>. 

Rivera-Huerta, A., Güereca, L.P. and Rubio, M. de L.S., 2016. Environmental impact of beef 
production in Mexico through life cycle assessment. Resources, Conservation and Recycling, 
[online] 109, pp.44±53. Available at: <http://dx.doi.org/10.1016/j.resconrec.2016.01.020>. 

Romano-Armada, N., Amoroso, M.J., and Rajal, V. 2014. Impacts of Agriculture in Latin America: 
Problems and Solutions. In: A. Alvarez, M.A. Polti (eds.), Bioremediation in Latin America: 
Current Research and Perspectives (pp 1-16). Springer. https://doi.org/10.1007/978-3-319-
05738-5. 

Ruviaro, C.F., De Léis, C.M., Lampert, V.D.N., Barcellos, J.O.J. and Dewes, H. 2015. Carbon 
footprint in different beef production systems on a southern Brazilian farm: A case study. 
Journal of Cleaner Production, [online] 96, pp.435±443. Available at: 
<http://dx.doi.org/10.1016/j.jclepro.2014.01.037>. 

Tichenor, N.E., Peters, C.J., Norris, G.A., Thoma, G. and Griffin, T.S. 2017. Life cycle 
environmental consequences of grass-fed and dairy beef production systems in the 
Northeastern United States. Journal of Cleaner Production, 142: 1619±1628. 

UNEP/SETAC. 2009. Guidelines for Social Life Cycle Assessment of Products. Paris: 
UNEP/SETAC Life Cycle Initiative. 

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

+XHOOD�GH�&DUERQR�GHO�&DFDR�HQ�*UDQR�HQ�3HU~ 
 

3DWULFLD�0RJURYHMR�
��,VDEHO�4XLVSH���$OH[LV�'XHxDV���&KULVWLDQ�&RUQHMR���0DUFR�*XVXNXPD� 

 
�5HG� 3HUXDQD� &LFOR� GH� 9LGD� \� (FRORJtD� ,QGXVWULDO� �3(/&$1��� 'HSDUWDPHQWR� GH� ,QJHQLHUtD�� 3RQWLILFLD� 8QLYHUVLGDG�
&DWyOLFD�GHO�3HU~��$YHQLGD�8QLYHUVLWDULD�������6DQ�0LJXHO��/LPD��������3HU~ 
 
3DODEUDV�FODYH��FDFDR��FLFOR�GH�YLGD��KXHOOD�GH�FDUERQR��FDSWXUD�GH�FDUERQR��VLVWHPD�DJURIRUHVWDO 
 

&RUUHVSRQGLQJ�DXWKRU��7HO������������������ 
�(�PDLO�DGGUHVV��SPRJURYHMR#SXFS�HGX�SH 
 
1. ,QWURGXFFLyQ 
(Q�HO�3HU~��PiV�GH�����PLO�IDPLOLDV�VH�GHGLFDQ�DO�FXOWLYR�\�SURGXFFLyQ�GH�FDFDR��SRVLFLRQDQGR�DO�SDtV�
FRPR�HO�QRYHQR�SURGXFWRU�PXQGLDO�GH�FDFDR�HQ�JUDQR�\�VHJXQGR�SURGXFWRU�PXQGLDO�GH�FDFDR�RUJiQLFR�
�0LGDJUL���������$GHPiV��HO�3HU~�SRVHH�HO�����GH�OD�ELRGLYHUVLGDG�GH�FDFDR�H[LVWHQWH�HQ�HO�PXQGR�
�PDWHULDO�JHQpWLFR��\�VHJ~Q� OD�2UJDQL]DFLyQ�,QWHUQDFLRQDO�GHO�&DFDR��HO�����GH� ODV�H[SRUWDFLRQHV�
SHUXDQDV� FRUUHVSRQGHQ�D�FDFDR� ILQR�\�GH�DURPD� �,&&2���������(Q�HVWH� VHFWRU�DJURDOLPHQWDULR�� OD�
VRVWHQLELOLGDG� DPELHQWDO� KD� HPHUJLGR� FRPR� XQD� QHFHVLGDG� FUXFLDO� SDUD� DGDSWDUVH� D� ORV� FDPELRV�
FOLPiWLFRV�IXWXURV�\��VLQ�HPEDUJR��D~Q�IDOWDQ�PiV�HVWXGLRV�\�HYDOXDFLRQHV�DPELHQWDOHV�SURSLRV�GHO�
FDFDR��%DMR�HVH�UHTXHULPLHQWR��HO�SUHVHQWH�HVWXGLR�WLHQH�FRPR�REMHWLYR�PHGLU��LQWHUSUHWDU�\�DQDOL]DU�
OD�+XHOOD�GH�&DUERQR��+&��GH�ORV�6LVWHPDV�$JURIRUHVWDOHV��6$)��\�GH�SURFHVDPLHQWR�GHO�FDFDR�HQ�
JUDQR�HQ�3HU~�SDUD� HO� GLVHxR�GH�PRGHORV�GH�SURGXFFLyQ� VRVWHQLEOHV��PHGLDQWH� OD� DSOLFDFLyQ�GH� OD�
KHUUDPLHQWD�$QiOLVLV�GH�&LFOR�GH�9LGD��$&9�� 
 
2. 0HWRGRORJtD 
/D�FXDQWLILFDFLyQ�GH�ORV� LPSDFWRV�DPELHQWDOHV�GHO�6$)�\�GH�SURFHVDPLHQWR�GHO�FDFDR�HQ�JUDQR�VH�
UHDOL]y�FRQ�OD�KHUUDPLHQWD�$&9��(O�DOFDQFH�HV�GH�OD�FXQD�D�OD�SXHUWD��,QFOX\H�ODV�HWDSDV�GH�FXOWLYR�
�PDQHMR� DJURQyPLFR�\� FRVHFKD��� SRVFRVHFKD� �IHUPHQWDGR�� VHFDGR�� FODVLILFDGR��\� HO� WUDQVSRUWH�GHO�
FDFDR�HQ�JUDQR�DO�SXHUWR�PiV�FHUFDQR��/D�HWDSD�GH�VHPLOOD�\�YLYHUR�IXH�H[FOXLGD�GHELGR�D�TXH�HQ�
HVWXGLRV�SUHYLRV�VH�GHPXHVWUD�VX�PX\�EDMD�FRQWULEXFLyQ�GH�HPLVLRQHV�UHVSHFWR�DO�WRWDO��6H�XWLOL]y�OD�
PHWRGRORJtD� ,62� ������������ OD� EDVH� GH� GDWRV� (FRLQYHQW� Y����� \� SDUD� ORV� FiOFXORV�� HO� VRIWZDUH�
6LPD3UR��/D�FDWHJRUtD�GH�LPSDFWR�DPELHQWDO�D�DQDOL]DU�HV�HO�SRWHQFLDO�GH�FDOHQWDPLHQWR�JOREDO��NJ�
&2��HT��SDUD�FDOFXODU�OD�+&��/D�XQLGDG�IXQFLRQDO�HV�XQ�����NJ�GH�FDFDR�HQ�JUDQR�SXHVWR�HQ�SXHUWR��� 
 
(O� KRUL]RQWH� WHPSRUDO� FRQVLGHUDGR� HV� OD� FDPSDxD� GHO� DxR� ����� \� OD� GDWD� FRUUHVSRQGH� D� ORV�
GHSDUWDPHQWRV� GH�$PD]RQDV� \� -XQtQ�� (O� OHYDQWDPLHQWR� GH� ORV� GDWRV� VH� REWXYR� GH� FXHVWLRQDULRV��
JUDFLDV�D�OD�FRODERUDFLyQ�GH�ORV�WpFQLFRV��SUHYLD�FDSDFLWDFLyQ��\�HVWXYR�PRQLWRUHDGD�D�GLVWDQFLD�SRU�HO�
JUXSR�GH�LQYHVWLJDFLyQ�GHELGR�DO�FRQWH[WR�GH�OD�SDQGHPLD��(Q�WRWDO��VH�DQDOL]y����SURGXFWRUHV�GH�OD�
FRRSHUDWLYD�GH�-XQtQ�\����GH�OD�UHJLyQ�GH�$PD]RQDV��7DEOD���� 
 

7DEOD�� 
'DWRV�JHQHUDOHV�GH�FDGD�FRRSHUDWLYD 

'DWRV�JHQHUDOHV &RRSHUDWLYD�$��Q ��� &RRSHUDWLYD�%��Q ��� 8QLGDG 
7HUUHQR�GH�FXOWLYR �� �� KD 
'HQVLGDG�FDFDR ��� ��� iUEROHV�KD 
'HQVLGDG�VRPEUD �� �� iUEROHV�KD 

 
3DUD� OD� HVWLPDFLyQ� GH� OD� FDSWXUD� SRWHQFLDO� GH� FDUERQR� GHO� 6$)� VH� HPSOHD� HO� XVR� GH� HFXDFLRQHV�
DORPpWULFDV��(Q�HO�HVWXGLR�VH�XVD�GRV�GLPHQVLRQHV�EiVLFDV�GH�ODV�SODQWDV��DOWXUD�\�GLiPHWUR��\�FRQ�
HOODV�VH�HVWLPD�OD�ELRPDVD�� OD�FXDO� VH�FRQYLHUWH�HQ�PDWHULD�VHFD�\�ILQDOPHQWH�HQ�VWRFN�GH�FDUERQR�

���

mailto:pmogrovejo@pucp.edu.pe


��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

�UHVXOWDGRV�TXH�OXHJR�VH�WUDQVIRUPDQ�D�&2��SDUD�HO�EDODQFH�GH�OD�+&���(Q�OD�7DEOD���VH�SUHVHQWDQ�ODV�
GLIHUHQWHV�HFXDFLRQHV�DORPpWULFDV�SDUD�OD�HVWLPDFLyQ�GH�OD�FDSWXUD�GH�FDUERQR�GHO�FDFDR��DVt�FRPR�
SDUD�ODV�HVSHFLHV�IRUHVWDOHV�GH�VRPEUD�SUHVHQWHV�HQ�ODV�ILQFDV��3DUD�OD�DVLJQDFLyQ�GH�LPSDFWRV�VH�WRPD�
HQ�FXHQWD�HO�YDORU�HFRQyPLFR�\�HO�SHVR�GH�FDGD�VXESURGXFWR��(V�GHFLU��VH�SRQGHUD�HO�SUHFLR�GH�ORV�
SURGXFWRV�\�VX�SHVR�� 
 

7DEOD�� 
�(FXDFLRQHV�DORPpWULFDV�SDUD�HVWLPDU�OD�FDSWXUD�SRWHQFLDO�GH�FDUERQR 

(VSHFLH (FXDFLyQ�DORPpWULFDV )XHQWH 

7KHREURPD�FDFDR /RJ�< ����������������
/RJ�G������/RJ�DOW�� 
< �����������������
(��������(� 

&$7,(��V�I�� 
2UWL]�HW�DO�������� 

*HQpULFD��VLQ�HVSHFLILFDU� < ����'�+ 
< ����'�+ 2\DPDNLQ�HW�DO�������� 

&RUGLD�DOOLRGRUD /RJ�< �����������
/RJ�GDS������
/RJ�DOW�� &$7,(��V�I�� 
0DQJOH < H[S�>�������/Q�U'�+�@ &KDYH�HW�DO�������� 
3DOPD < �������+� )UDQJL�\�/XJR������� 
0XVD�VS < ������'������ +DULDQK�HW�DO�������� 
&LWUXV�VLQHQVLV < ������������$%�����������$%�� ,3&&������� 
%DFWULV�JDVLSDHV < ����
DOW� 6]RWW�HW�DO�������� 
ÈUEROHV�PDGHUDEOHV < ����������
�GDS�������GDS��� %URZQ�H�,YHUVRQ������� 
ÈUEROHV�IUXWDOHV /RJ�< �����C�����
/RJ�GDS�� &$7,(��V�I�� 

1RWD��<��%LRPDVD�HQ�NJ���iUERO�����'��GLiPHWUR�QRUPDO�HQ�FP�D����P��+��DOWXUD�WRWDO�HQ�P��U��GHQVLGDG�GH�OD�
PDGHUD�HQ�J�FP����$%��iUHD�EDVDO�HQ�FP���/RJ��ORJDULWPR�EDVH�����GDS��GLiPHWUR�GHO�WURQFR�D�OD�DOWXUD�GHO�
SHFKR��FP���G����GLiPHWUR�D�OD�DOWXUD�GH����FP��DOW��DOWXUD�WRWDO��P���9��YROXPHQ��(��HGDG�HQ�DxRV� 
 
3. 5HVXOWDGRV�\�GLVFXVLyQ 
/D�7DEOD���PXHVWUD�HO�LQYHQWDULR��ODV�HQWUDGDV�\�VDOLGDV�SULQFLSDOHV��SDUD�OD�HWDSD�GH�FXOWLYR�HQ�FDGD�
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Introduction: 
Food systems are a major contributor to climate change, accounting for 34% of global greenhouse 
gas emissions (Crippa et al. 2021). Besides, it has associated many other environmental impacts, 
such as water use and pollution, land use change, and biodiversity loss (Campbell et al. 2017). More 
specifically, livestock production accounts for greater impacts, when compared to other foods 
(Poore and Nemecek 2018). Since food production is necessary for humanity, part of these impacts 
is unavoidable, although many efforts are placed on reducing the impacts related to food systems. 
Some proposals are to drive changes in the dietary patterns to reduce the intake of livestock 
products, by either avoiding those products or by replacing them with alternatives that mimics their 
function, in a wide range of options. Among those alternatives, plant-based products and cellular 
agriculture (e.g. cultivated meat and precision fermentation) are leading commercial and funding 
proposals (Wood and Tavan 2022). While plant-based alternatives are widely commercialized, 
cellular agriculture industry is still in a developing stage. Thus, current estimations about the costs 
and environmental impacts of an industrial scalation that could provide competitive prices and 
satisfy the increasing meat demand, are surrounded by big uncertainties (Stephens et al. 2018). 
Some studies have shown cellular agriculture as a potential solution to decrease environmental 
impacts related to livestock production, when this technology is supported by using renewable 
energy (Järviö et al. 2021). However, there have been concerns raised about the challenges that 
cellular agriculture would face in the industrialization phase, that would delay its implementation 
and its effects on mitigating climate change (Fassler 2021). The design of efficient and sustainable 
food systems involving cellular agriculture is to be decided in the next decades. Thus, it is important 
to assess the impacts and services of different designs during the development stage of the industry.  
 
The access to renewable energy seems to be a crucial feature determining alternative proteins 
production sustainability (Tuomisto 2019). In an attempt of bringing together the use of renewable 
energy and a farm-scale production strategy, we propose to apply the concept of Agroecological 
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Symbiosis (AES) to alternative protein production. AES system aims resilient agricultural 
techniques and circular economy by locating food and bioenergy producers and processors in 
proximity, allowing efficient material and energy integration (Koppelmäki et al. 2019). In AES, an 
anaerobic digester produces biogas as a renewable energy source from crop residues, cover crops, 
and clover-grass leys incorporated into the crop rotations, as well as from manure and biowaste 
from neighbouring food processing plants and communities. This energy can meet the demand of 
the companies located near the system. Besides, AES can improve the sustainability of plant 
production in areas where livestock production cannot be integrated with crop production; the 
digestate created during the anaerobic digestion can be used as an organic fertilizer, effectively 
recycling nutrients back into the field. 
 
The objective of this research is to assess the cradle-to-farm gate global warming potential of 
replacing the current way of livestock production with plant-based and cellular agriculture 
alternatives, in a farm-scale and by using an AES system as a way of integrating food and biogas 
production. A focus on the production of biogas by using waste streams (e.g. manure, and crop 
residues) is given, to assess the feasibility of anaerobic digestion technology to support the energy 
demand from alternative protein production. 
 
Methodology: 
Life Cycle Assessment (LCA) methodology was used to assess 3 different scenarios where 
production is based in a farm located in Southern Finland. The base scenario (Scenario ³Cow´) 
considers the production of milk and meat in a dairy farm with an agricultural area of 100 ha 
approximately. This farm is designed to be self-sufficient in production, importing only a small 
portion of the feed required. The other scenarios assume the same production of milk and meat but 
produce their respective alternatives; a) plant-based scenario (Scenario ³Oats´) which considers 
oats-milk and pulled-oats as substitutes and, b) cellular agriculture scenario (Scenario ³Cellular´) 
with production of oat milk (97%) supplemented with casein produced by precision fermentation 
(3%) and cultivated meat. Pulled oats are a plant-based proteic product developed and commonly 
used in Finland, made of oats, rapeseed oil, and fava bean and pea protein concentrate. No further 
adjustments were performed to liken nutritional equivalencies between the compared products (e.g. 
cow milk with oats milk). In all scenarios, crop residues and manure, when produced, are used as 
feedstock for biogas production in an anaerobic digester. 
 
The assessment was performed using OpenLCA software. Data regarding production processes and 
emission factors were taken from literature, while EcoInvent 3.7.1 and Agri-footprint 5.0 databases 
were used for the background data. The ReCiPe 2016 Midpoint (H) 2.1.1 method was selected to 
calculate the GWP100. The functional unit (FU) of the system is the total kg production of raw milk 
and meat at farm gate, when using 100 ha of agricultural land. Facilities were excluded from the 
scope of the study. 
 
Preliminary results: 
The preliminary results show that the base scenario requires 99.6 ha of agricultural land to produce 
425.3 tonnes of milk and 4.7 tonnes of meat yearly. Besides, the system produced 184,844 Nm3 of 
biogas from crop residues and manure. Supplementation with inorganic fertilizers was required to 
fulfil the nutritional requirements of the crops (3.6 tonnes N and 0.23 tonnes P). In ³Oats scenario´ 
34% less of agricultural land is required to produce the same amount of oats milk and pulled oats 
(65.6 ha in total). Further, it produced the lowest amount of biogas (107,277 Nm3 in total), which 
consist of 42% reduction from the base scenario. In this scenario, only supplementation with 
inorganic N fertilization was required (4 tonnes N). Finally, the ³Cellular scenario´ requires 12.5% 
less of agricultural land than the base scenario (87 ha in total) and produced 29% less biogas 
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(132,000 Nm3 in total). Supplementation with inorganic N and P fertilizers was also needed (4.3 
tonnes N, 0.04 tonnes P). 
 
The total energy requirement for each scenario shows high variability. Oats and cellular scenarios 
required more electricity than the base scenario (28% and 52% more, respectively). By integrating 
the anaerobic digestion technology, all scenarios produced more electricity than what was required 
to perform their activities. The base, oats, and cellular scenarios produced 355,881 kWh, 66,510.4 
kWh, and 21,281.6 kWh of extra energy, respectively, that could be uploaded to the electrical grid.  
 
In terms of fertilizer recycling, the base scenario demonstrated the highest proportion in organic N 
fertilizer recycling (69%), while oats scenario showed the lowest proportion (31%). This might be 
related to lower fertilization requirements in the base scenario, where 49 ha (50% of the total 
agricultural land) are used to grow clover-gras silage mixture, which do not require any type of 
fertilization. 
 
Regarding environmental impacts, the global warming potential of the base, oats, and cellular 
scenario was equal to 503.7 tonnes CO2-eq, 99.7 tonnes CO2-eq, and 94.6 tonnes CO2-eq, 
respectively. The results suggest that substituting milk and meat production from dairy farms to 
plant-based and cellular-based alternatives could decrease the greenhouse gas emissions 80 and 
81%, respectively, in case renewable energy is used. 
 
 
Table 1: Preliminary results of annual milk, meat, biogas, and electricity production for base, oats, and cellular scenario. 
Agricultural land, and inorganic fertilizers use to support that production are also included. 
  

Base Scenario Oat Scenario Cellular Scenario 
Agricultural land (ha/year) 99.63 65.61 87.16 

Agricultural land reduction (%) 0.00 34.15 12.51 

Milk production (t/year) 425.31 425.31 425.31 

Meat production (t/year) 4.68 4.68 4.68 

Biogas production (Nm3/year) 184,844.24 107,277.32 131,999.99 

Inorganic N fertilizer use (t N/year) 3.62 3.98 4.34 

Inorganic P fertilizer use (t P/year) 0.24 0 0.04 

Electricity net production (kWh/year) 355,881.03 66,510.37 21,281.64 

Global warming potential (t CO2-eq/year) 503.72 99.75 94.63 

 
 
Conclusion:  
This study estimated that less agricultural land is required to produce plant-based and cellular-based 
alternatives for milk and meat. The highest reduction in agricultural land was seen for the oats 
scenario. However, it is worth mentioning that the major land use for cellular scenario was related 
to oats milk production (land uses were 20% for cultured meat, 70% for oats milk, and 5% for 
casein). Thus, the agricultural land requirements for producing cultured milk by using only 
precision fermentation are expected to be lower. 
 
The results suggest that the incorporation of a farm-scale anaerobic digester would support the 
production of the total electricity. This production is sufficient even when considering high-
electricity demanding technologies, such as cellular agriculture. Moreover, the anaerobic digester 
can turn the farms into net-energy producers, while ensuring an efficient way of farm-related waste 
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management. It also encourages the reduction of inorganic fertilizers use, by providing the 
opportunity of recirculating the nutrients from the crop residues or manure back into the field. 
 
Finally, an 80% decrease in greenhouse gas emissions was estimated for the alternative scenarios. 
However, the nutritional content of the compared products was not equivalent; further analysis 
should be performed to take nutritional differences in consideration. 
 
In conclusion, this study focused on alternative protein production supported by biogas as a 
renewable energy source. Future research should further explore the use of the spared land of these 
alternative scenarios, which can be significant to produce more food or biogas.  
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Objective of the study 
Microalgae have been recognized as promising food item to close the protein gap of the growing 
global population (Caporgno and Mathys, 2018). Previous life cycle assessment studies of 
microalgae as protein source have shown disadvantageous results when compared the other protein 
sources due to the high energy demand of the production processes (Smetana et al., 2017; Taelman 
et al., 2015). This study evaluates the potential of innovative drying technologies to improve the 
environmental performance of microalgal protein in the framework of the EU research project 
PROFUTURE (www.pro-future.eu). 
 
Methodology 
The study focuses on two protein-rich microalgae species approved as foodstuff: Chlorella vulgaris 
(32% protein) and Tetraselmis chui (40% protein). Three innovative drying technologies ± agitated 
thin film drier, pulsed combustion drier and solar drier ± are benchmarked against two conventional 
technologies ± spray drier and freeze drier. C. vulgaris is cultivated heterotrophically in a fermenter 
using glucose as carbon source. T. chui is cultivated photo-autotrophically in photobioreactors using 
liquid carbon dioxide as carbon source. Data for the cultivation of the two species were collected on 
industrial-scale from project partners located in Portugal, while the drying technologies were 
implemented on pilot-scale. The environmental impacts were calculated for the functional unit ³1 
kg protein´ using the environmental footprint 3.0 method since it supports the regionalized 
assessment of water flows, support single score evaluation and is commonly applied in Europe and 
EPDs. 
Results and discussion 
Despite having a higher protein content and lower drying losses, T. chui showed consistently higher 
environmental impacts than C. vulgaris. This is due to two reasons: (i) C. vulgaris is a freshwater 
specie and does not require chemical-intensive sea-water cleaning, (ii) high growth rate of 
heterotrophic cultivated C. vulgaris compared to autotrophic cultivated T. chui. 
All innovative drying technologies tested outperform the conventional spray drier. The results show 
a large correspondence with the drying losses, while the environmental impacts of the freeze drier 
are in the same order of magnitude as the impacts of the innovative technologies. For C. vulgaris, 
the pulsed combustion drier shows the best result, while for T. chui, the solar drier performs slightly 
better due to lower losses of biomass. Compared to animal protein, microalgal proteins dried with 
new technologies have lower environmental impacts than beef protein, and it some cases reaches 
the same order of magnitude as pork protein. However, plant proteins have still considerably lower 
environmental impacts than microalgal protein (see Figure 1 and Figure 2).  
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Figure 1: Aggregated environmental impacts of microalgal protein and reference products in milli-ecopoints. 
 

 
Figure 2: Contribution of midpoint indicators to aggregated impacts of microalgal protein and reference products in 
milli-ecopoints. 
 
The spray drier has the highest environmental impacts for proteins from C. vulgaris in all categories 
except for cancerous human toxicity, where the freeze drier has higher impacts. The pulsed 
combustion drier ranks best in most impact categories, followed by the solar drier and the freeze 
drier. The agitated thin film drier shows the second or third worst results for all impact categories. 
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Microalgae protein is outperformed by animal proteins in most impact categories. For particulate 
matter, terrestrial eutrophication and land use microalgae proteins from C. vulgaris - independent of 
the drying technology - show lower impact than beef. Except for the spray drier, microalgae 
proteins from C. vulgaris have lower acidification impacts than beef. The land use of solar, pulsed 
combustion and freeze drier is in the same order of magnitude as for pork. Poultry protein is 
advantageous over microalgae protein in all impact categories (Table 1). 
Three key drivers of the environmental impacts of proteins from C. vulgaris were identified in a 
hotspot analysis: electricity, glucose as carbon source and propane. Propane, used for equipment 
sterilization, and glucose are solely consumed in the cultivation stage which further indicates the 
importance of this stage, while electricity is used during cultivation and drying except for the pulsed 
combustion drier which uses natural gas as energy source. Increasing the yield of the solar drier to 
95% as it is the case for T. chui could reduce the environmental impacts of proteins from C. vulgaris 
by around 20%. 
Table 1: Midpoint results for 1 kg protein from C. vulgaris and meat. Values higher than all meat alternatives are shown 
in red, values lower than all meat alternatives are shown in green. 

Impact category Unit Pork Poultry Beef Spray drier
Agitated thin 
film drier Solar drier

Pulsed com-
bustion drier Freeze drier

Climate change kg CO2 eq 5.14E+00 4.10E+00 2.10E+01 8.60E+01 5.11E+01 3.87E+01 3.88E+01 5.32E+01
Ozone depletion kg CFC11 eq 1.29E-07 1.26E-07 1.19E-07 6.35E-06 4.72E-06 3.75E-06 4.11E-06 4.05E-06
Ionising radiation kBq U-235 eq 1.94E+00 1.95E+00 1.46E+00 4.05E+01 1.97E+01 1.42E+01 1.25E+01 2.42E+01
Photochemical ozone formation kg NMVOC eq 1.92E-02 1.42E-02 2.85E-02 2.04E-01 1.34E-01 1.03E-01 9.95E-02 1.27E-01
Particulate matter disease inc. 8.60E-07 6.35E-07 2.87E-06 2.32E-06 1.87E-06 1.51E-06 1.47E-06 1.55E-06
Human toxicity, non-cancer CTUh 1.32E-07 9.01E-08 -2.15E-07 1.07E-06 7.68E-07 6.10E-07 5.72E-07 6.75E-07
Human toxicity, cancer CTUh 3.52E-09 2.52E-09 1.95E-09 4.56E-08 3.60E-08 2.59E-08 2.46E-08 5.30E-08
Acidification mol H+ eq 1.24E-01 9.32E-02 4.11E-01 5.17E-01 3.43E-01 2.68E-01 2.55E-01 3.25E-01
Eutrophication, freshwater kg P eq 2.02E-03 1.78E-03 2.43E-03 8.39E-02 4.78E-02 3.41E-02 3.11E-02 4.74E-02
Eutrophication, marine kg N eq 4.86E-02 3.46E-02 5.05E-02 1.99E-01 1.84E-01 1.28E-01 1.30E-01 8.74E-02
Eutrophication, terrestrial mol N eq 5.33E-01 3.99E-01 1.82E+00 1.05E+00 8.15E-01 6.49E-01 6.39E-01 6.74E-01
Ecotoxicity, freshwater CTUe 1.10E+02 8.12E+01 1.10E+02 1.58E+03 1.27E+03 9.89E+02 9.59E+02 9.70E+02
Land use Pt 3.58E+02 2.78E+02 8.63E+02 5.58E+02 4.56E+02 3.95E+02 3.60E+02 3.75E+02
Water use m3 depriv. 8.60E+00 5.25E+00 9.18E+00 2.69E+01 1.91E+01 1.50E+01 1.44E+01 1.72E+01
Resource use, fossils MJ 4.67E+01 4.67E+01 5.37E+01 1.86E+03 1.13E+03 8.62E+02 8.53E+02 1.15E+03
Resource use, minerals and metals kg Sb eq 8.12E-06 6.08E-06 1.66E-05 4.93E-04 4.28E-04 3.66E-04 3.39E-04 3.47E-04  
 
The spray drier is outperformed by the four other technologies in all impact categories for proteins 
from T. chui. The solar drier shows the best results in all impact categories followed by the freeze 
drier, with the exception for cancerous human toxicity, where the freeze drier is the second worst 
option. The pulsed combustion drier and the agitated thin film drier show similar results in all 
impact categories. Except for the spray drier, microalgae proteins from T. chui have lower terrestrial 
eutrophication impacts than beef. Proteins from pork and poultry showed lower impacts than 
proteins from T. chui in all impact categories (Table 2). 
The most important hotspots for proteins from T. chui are the electricity used during cultivation and 
the sodium thiosulfate used for sea-water cleaning. Since the impacts of sodium thiosulfate were 
approximated by stoichiometric conditions, the impacts might be underestimated. The use of carbon 
dioxide is especially relevant for non-carcinogenic human toxicity and for the use of mineral and 
metals, while sodium nitrate is important for marine and terrestrial eutrophication as well as for 
mineral and metal depletion. The impact of carbon dioxide might be reduced if an alternative 
carbon source (e.g. a carbon-rich flue gas) is used. The direct land use of the cultivation stage 
causes around 15-20% of the total land use. Stainless steel, which is used to estimate the equipment, 
is a key driver for carcinogenic human toxicity. Wastewater treatment is important for marine 
eutrophication and reduced the net amount of water used. 
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Table 2: Midpoint results for 1 kg protein from T. chui and meat. Values higher than all meat alternatives are shown in 
red, values lower than all meat alternatives are shown in green. 
Impact category Unit Pork Poultry Beef Spray drier

Agitated thin 
film drier Solar drier

Pulsed com-
bustion drier Freeze drier

Climate change kg CO2 eq 5.14E+00 4.10E+00 2.10E+01 2.98E+02 2.16E+02 1.82E+02 2.16E+02 1.95E+02
Ozone depletion kg CFC11 eq 1.29E-07 1.26E-07 1.19E-07 2.76E-05 2.11E-05 1.79E-05 2.15E-05 1.83E-05
Ionising radiation kBq U-235 eq 1.94E+00 1.95E+00 1.46E+00 1.27E+02 8.82E+01 7.37E+01 8.62E+01 8.21E+01
Photochemical ozone formation kg NMVOC eq 1.92E-02 1.42E-02 2.85E-02 6.91E-01 5.08E-01 4.27E-01 5.05E-01 4.54E-01
Particulate matter disease inc. 8.60E-07 6.35E-07 2.87E-06 1.11E-05 8.67E-06 7.34E-06 8.70E-06 7.45E-06
Human toxicity, non-cancer CTUh 1.32E-07 9.01E-08 -2.15E-07 4.00E-06 3.00E-06 2.54E-06 2.99E-06 2.64E-06
Human toxicity, cancer CTUh 3.52E-09 2.52E-09 1.95E-09 1.60E-07 1.21E-07 1.00E-07 1.19E-07 1.25E-07
Acidification mol H+ eq 1.24E-01 9.32E-02 4.11E-01 2.29E+00 1.73E+00 1.46E+00 1.73E+00 1.52E+00
Eutrophication, freshwater kg P eq 2.02E-03 1.78E-03 2.43E-03 2.45E-01 1.71E-01 1.41E-01 1.67E-01 1.56E-01
Eutrophication, marine kg N eq 4.86E-02 3.46E-02 5.05E-02 3.89E-01 2.72E-01 2.12E-01 2.73E-01 2.19E-01
Eutrophication, terrestrial mol N eq 5.33E-01 3.99E-01 1.82E+00 2.42E+00 1.77E+00 1.48E+00 1.76E+00 1.59E+00
Ecotoxicity, freshwater CTUe 1.10E+02 8.12E+01 1.10E+02 4.66E+03 3.48E+03 2.91E+03 3.47E+03 3.03E+03
Land use Pt 3.58E+02 2.78E+02 8.63E+02 1.38E+03 1.04E+03 8.91E+02 1.03E+03 9.22E+02
Water use m3 depriv. 8.60E+00 5.25E+00 9.18E+00 1.84E+02 1.44E+02 1.22E+02 1.45E+02 1.23E+02
Resource use, fossils MJ 4.67E+01 4.67E+01 5.37E+01 5.36E+03 3.82E+03 3.20E+03 3.79E+03 3.50E+03
Resource use, minerals and metals kg Sb eq 8.12E-06 6.08E-06 1.66E-05 1.96E-03 1.53E-03 1.31E-03 1.53E-03 1.32E-03  
 
Conclusion 
Innovative drying technologies can reduce the environmental impacts of microalgal protein to an 
order of magnitude comparable to animal protein from beef. The most important parameter 
influencing the result of the drying technologies is the drying yield due to the high contribution of 
the cultivation stage. The higher the yield, the less biomass needs to be cultivated for 1 kg protein. 
More research in improving the cultivation stage as well as in higher yields of downstream 
processes is required to increase the environmental competitiveness of microalgal protein even 
further. The hotspot analysis suggests that for both species measures should be tested to reduce the 
electricity consumption of the cultivation stage. In addition, nutritional inputs such as glucose, 
carbon dioxide and sodium nitrate are contribution considerably to the environmental impacts. 
Nutrient-rich waste streams should be evaluated as alternative.  
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Introduction 

When it comes to control its current environmental impacts or to guarantee its functions in 
the future, the global food system is facing important challenges (Searchinger et al., 2018). These 
include population growth, shifting diets and exceeding planetary boundaries such as climate 
change, land availability or nutrients cycles. TR�DOOHYLDWH�WKHVH�LPSDFWV�DQG�VWUHQJWKHQ�IRRG�V\VWHP¶V�
resilience, the implementation of waste-to-nutrition pathways is increasingly promoted (Javourez et 
al., 2021). Yet, the environmental implications of such strategies, aiming to transform residual 
biomasses into edible ingredients, remain unclear. Indeed, residual biomass, while being a 
constrained resource, is nevertheless increasingly demanded by emerging bioeconomies (Fritsche et 
al., 2021). This is especially true for agrifood co-products, which encompass a broad panel of side 
streams generated from the processing of crops into food and beverage products. Such quality 
feedstocks, while already sustaining food systems through their agronomic valorization or direct use 
as feed ingredients, are also prospected by biorefineries platforms (Garcia-Bernet et al., 2020) and 
in the pipeline to formulate novel food and feed through a variety of conversion pathways involving 
e.g. insects, solid fermentation, protein extraction or even cellulosic sugars recovery. In front of the 
multiple management possibilities, it remains uncertain whether and to which extent transforming 
agrifood co-products into novel ingredients really improve environmental performances in 
comparison to current (or forecasted) practices. Therefore, this study proposes the development of a 
parametric life cycle assessment (LCA) platform to explore the conditions under which agrifood co-
products can sustainably be used to supply emerging waste-to-nutrition value chains (Figure 1). 
Despite the necessity to quantify environmental pros and cons before binding investments are made 
in the bioeconomy sector, such assessment has not been developed yet. 

 
Material and methods 
 In an endeavor to fill this gap, we built a five-steps assessment framework that we applied to 
the case of France (Figure 1)�� )LUVW�� )UDQFH¶V� DJULIRRG� FR-products resource potential (quantity, 
composition, current use) was estimated by combining feed databases and specialized reports 
datamining. This resulted in a dataset of 85 streams. Second, a parametric life cycle inventory (LCI) 
model was developed and harmonized for each of the five studied valorization strategies: three 
emerging waste-to-nutrition pathways (solid fermentation with Pleurotus Ostreatus fungi; SSF, 
insects farming with Hermetia Illucens larvae; BSF, mycoproteins production with Fusarium 
Venenatum fungi; MP) and two representing current valorization (direct inclusion in compound 
feed; CF, anaerobic digestion; AD). The modular LCI of AD, CF and SSF were directly retrieved 
from (Javourez et al., 2022). %6)¶V� /&,� ZDs modeled using the standardization framework of 
(Spykman et al., 2021). )LQDOO\��03¶V�/&, was built on the set-up proposed by (Upcraft et al., 2021). 
It consists in a lignocellulose (or starch depending on the case) hydrolysis stage followed by the 
aerobic fermentation of the hydrolysates. BSF and MP ingredients were considered suitable to 
supply both food and feed markets (see Supplementing information; SI). For all feed ingredients, 
their nutritional value was estimated following the digestibility-based approach detailed in 
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(Javourez et al., 2022). Accordingly, case-specific substitution of a mix of soybean meal, maize and 
palm oil were calculated. BSF and MP entering food markets were assumed to substitute marginal 
meat (for France, a mix of swine and poultry), while SSF was considered to replace wheat flour 
(justifications in SI). In the third step, selection criteria were defined to limit the number of case 
studies. It included, among others, considerations about feedstocks¶� VXLWDELOLW\� IRU the targeted 
valorization pathway, waste hierarchy management compliance (Teigiserova et al., 2020), available 
volumes and amounts of crops potentially avoided, while ensuring to represent the main agrifood 
subsectors and biomass characteristics. Six streams were retained (see Figure 2).  
 

Figure 1 ± a harmonized platform for parametric LCA of waste-to-nutrition pathways 
 

 
 
The fourth step consisted in implementing the consequential LCA, following applicable standards 
and the EF 3.0 impacts assessment method. Background data were derived from the Ecoinvent 3.8 
consequential database, and specific processes (e.g. energy, transportation, etc.) were harmonized 
between all LCI modules, considering France as the geographical scope. The final (fifth) step 
consisted in a global sensitivity analysis (GSA) to (i) quantify uncertainties intrinsic to prospective 
assessments of low-TRL technologies and (ii) estimate results reliability DQG�SDUDPHWHUV¶�LQIOXHQFH. 
Variation ranges of the results were estimated through analytical uncertainty propagation as detailed 
in (Bisinella et al., 2016). While all impacts categories were calculated, only the five usually related 
to food systems were analyzed (SI), and only climate change results are displayed here. 
 
Results 
 Identified agrifood co-products constitutes a bioresource of around 18.3 MtDM.y-1 in France, 
of which ca. 3.8 MtDM.y-1 already supplies high value valorization markets (e.g. petfood, cosmetics). 
The majority (ca. 11.5 MtDM.y-1) are already used as animal feed, and estimated to avoid the 
production of 3.2 Mtww.y-1 soybean meal, 5.6 Mtww.y-1 maize and 0.2 Mtww.y-1 palm oil. Therefore, 
transforming such feed-grade co-products into novel feed ingredients mostly induces a net 
additional demand for feed crops (e.g. ranging between 5.9±7.3 Mtww.y-1 if formulating BSF or 
mycoproteins). Despite the enhanced nutritional functions of novel ingredients (higher digestibility, 
proteins content, etc.) compared to the raw co-products; studied waste-to-nutrition pathways display 
limited conversion yields (on a DM basis: 19% ± 13% for BSF, 3% ± 2% for mycoproteins and 
79% ± 7% for SSF enrichment). Even in scenarios allowing to avoid more feed crops in comparison 
to CF (e.g. SSF case), the resulting environmental benefits are offset by the additional processes 
involved (Javourez et al., 2022). For all case studies, CF remains the best option to target feed 
markets for climate change, marine eutrophication and water depletion impacts categories (Figure 
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2; SI). Yet, BSF and SSF pathways reduce impacts on freshwater eutrophication as these 
respectively create and concentrate lipids, hence leading to more palm oil avoided. Similarly, MP 
generates advantages over CF for land use as the side-generated lignin can replace wood pellets. In 
the light of these mixed performances, upgrading end-markets alongside the waste management 
hierarchy appears necessary to improve current management practices of agrifood co-products. The 
first upgrading option is to provide feed markets access to low quality streams (case of low-
digestible apple pomace and olive presscake. Yet, this is not enough. As displayed in Figure 2, 
forecasted climate change performances of AD pathways position their energy valorization 
preferable to novel feed formulation. Therefore, even if upgrading low-quality streams towards feed 
markets results in net benefits for the other impact categories assessed (see SI), providing bioenergy 
and biofertilizer remains preferable in a context of urgently required climate change mitigation. The 
second upgrading option consists in targeting food markets. The environmental relevance of such 
approach was found to be case- and impact category-dependent, as primarily conditional to (i) the 
GLVSODFHG� LQJUHGLHQWV� LQ� FRQVXPHU¶V� IRRG� EDVNHW� DQG� �LL�� the pathway-specific conversion yield. 
Nevertheless, novel food production generally performed better than feed valorization (Figure 2; 
SI) except for cellulosic-based mycoproteins, due to its low yield (ca. 2%). For low proteins streams 
(e.g. apple pomace), SSF used for food (substituting wheat flour) achieves overall better 
environmental benefits than meat substitution by BSF. For the other cases, the valorization of BSF 
as meat-alternative is shown as the best option for all the impact categories assessed. In terms of 
CO2-eq emissions, diverting 1 MtDM.y-1 flour mill co-products from CF towards BSF meat-analogues 
could save as much as 2.4 ± 4.8 MtCO2-eq.y-1 (while it would be 0 ± 1 MtCO2-eq if directly valorized 
as flour). As an exception, the production of mycoproteins based on starch-rich co-products (here 
potato screenings) outperformed the other novel food pathways. Indeed, (i) starch saccharification is 
less process-intensive (e.g. in terms of pretreatment) than cellulosic sugars production, (ii) it 
achieves greater conversion yields (ca. 5% compared to 2% for cellulosic routes), (iii) it generates 
co-products of feed-grade quality (while only energy valorization is possible in the cellulosic 
pathway) and (iv), the lack of proteins in starch-rich co-products limits BSF yield (7% here). 
Therefore, shifting the 0.1 MtDM.y-1 potato screenings available in France from CF towards 
mycoproteins production could also achieve 2.4 ± 4.8 MtCO2-eq.y-1 savings. 
 

Figure 2 ± LCA breakdown and GSA results of agrifood co-products valorization pathways applied to the selected 
case studies (1 Mgww input), illustrated for climate change. k:103  

 
 
Discussion 
 As, expected, meat substitution is the best possible valorization case, and marketing 
strategies of BSF and MP should point to that direction. If these instead integrate food markets as 
snacks, or substitute other ³meat alternatives´ (e.g. plant-based), then food substitution would 
mostly be similar (in terms of impacts) to feed substitution, which is worse than current valorization 

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On ³The role of emerging economies in global food security´ 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 4 

strategies. Interestingly, the LCA modules¶�VHQVLWLYLW\�DQG�XQFHUWDLQW\�ZHUH�PRVWO\�IRXQG�WR�UHO\�RQ�
relatively small (less than 10) sets of key shaping parameters whose influence (direction, 
magnitude) on the results were mostly invariant to the input feedstock. This could further guide data 
refinement efforts and reduce the modular LCI complexity. Yet, the interactions between parameters 
should be characterized first (not done here). Finally, the scarcity and opacity of published 
consequential LCAs of novel food and feed prevented to confront our results with those of previous 
studies. 
 
Conclusion 

This work proposes a parametric LCA platform allowing to comprehensively assess the 
relevance of insect farming, mycoprotein production and SSF as alternative management for 
agrifood co-products. Building on the analysis of six case studies, we show that the only way such 
waste-to-nutrition pathways FDQ�PLWLJDWH�IRRG�V\VWHP¶V�LPSDFWV�LV�E\�SKDVLQJ�RXW�burden-rich food 
commodities (e.g. meat). Else, direct animal feeding remains preferable, or energy valorization 
when not suitable. As designed, the platform is not only expandable to a wider span of residual 
biomasses and waste-to-nutrition pathways, but also to WKH�EURDGHU�ELRHFRQRPLHV¶�YDOXH�FKDLQV��DQG�
can provide quantitative arguments to support biomass allocation decision-making even under high 
system uncertainty.  
 
Acknowledgement 
This work is part of Cambioscop¶V� SURMHFW�� ILQDQFHG� E\� 3URJUDPPH� G¶,QYHVWLVVHPHQW� G¶$YHQLU�
(ANR-17-MGPA-0006) and Region Occitanie (18015981). U. Javourez was also funded by the 
Metaprogram GLOFOODS (INRAE-CIRAD) and received financial assistance by Programme 
G¶,QYHVWLVVHPHQWV�G¶$YHQLU��$15-18-EURE-0021). Dr. Rosero Delgado was funded by the France-
Ecuador FSPI program. The authors thank Dr. Carlos Robles Rodriguez for its technical support. 
 
Data availability statement 
The SI and datasets generated and analyzed in this study are available in the dataverse repository: 
https://doi.org/10.48531/JBRU.CALMIP/ZFUYPD 
  
References 
Bisinella, V., Conradsen, K., Christensen, T.H., Astrup, T.F., 2016. A global approach for sparse representation of uncertainty in Life 

Cycle Assessments of waste management systems. Int J Life Cycle Assess 21, 378±394. https://doi.org/10.1007/s11367-
015-1014-4 

Fritsche, U., Brunori, G., Chiaramonti, D., Galanakis, C.M., Matthews, R., Panoutsou, C., 2021. Future transitions for the 
bioeconomy towards sustainable development and a climate-neutral economy: foresight scenarios for the EU bioeconomy 
in 2050. Publications Office of the European Union, Luxembourg. 

Garcia-Bernet, D., Ferraro, V., Moscoviz, R., 2020. &RSURGXLWV�GHV�,$$ௗ��XQ�YLYLHU�PRQGLDO�VRXV-H[SORLWp�GH�ELRPROpFXOHV�G¶LQWpUrW��
in: Chimie Verte et Industries Agroalimentaires ± Vers Une Bioéconomie Durable, Sciences et Techniques Agroalimentaires. 
Lavoisier Tec & Doc, Paris, pp. 149±180. 

Javourez, U., 2¶'RQRKXH�� 0��� +DPHOLQ�� /��� ������ Waste-to-nutrition: a review of current and emerging conversion pathways. 
Biotechnol. Adv. 53, 107857. https://doi.org/10.1016/j.biotechadv.2021.107857 

Javourez, U., Rosero Delgado, E.A., Hamelin, L., 2022. Can agrifood co-products do better? Life cycle platform for solid 
fermentation. Research Square. https://doi.org/10.21203/rs.3.rs-1373820/v1 

Searchinger, T., Waite, R., Hanson, C., Ranganathan, J., Matthews, E., 2018. Creating a sustainable food future: A menu of solutions 
to feed nearly 10 billion people by 2050. Final Report. World Resource Institute, Washington (USA). 

Spykman, R., Hossaini, S.M., Peguero, D.A., Green, A., Heinz, V., Smetana, S., 2021. A modular environmental and economic 
assessment applied to the production of Hermetia illucens larvae as a protein source for food and feed. Int J Life Cycle 
Assess. https://doi.org/10.1007/s11367-021-01986-y 

Teigiserova, D.A., Hamelin, L., Thomsen, M., 2020. Towards transparent valorization of food surplus, waste and loss: Clarifying 
definitions, food waste hierarchy, and role in the circular economy. Sci. Total Environ. 706, 136033. 
https://doi.org/10.1016/j.scitotenv.2019.136033 

Upcraft, T., Tu, W.-C., Johnson, R., Finnigan, T., Hung, N.V., Hallett, J., Guo, M., 2021. Protein from renewable resources: 
mycoprotein production from agricultural residues. Green Chem. 23, 5150±5165. https://doi.org/10.1039/D1GC01021B 

 

���

https://doi.org/10.48531/JBRU.CALMIP/ZFUYPD


13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On “The role of emerging economies in global food security” 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 1

 
 

Reducing livestock methane emissions with Asparagopsis taxiformis feed 
supplement – comparison of climate metrics 

 
Brad Ridoutt1,2*, Sigrid A. Lehnert3, Stuart Denman3, Edward Charmley4, Robert Kinley4,†, Sonja 

Dominik5 
 

1Commonwealth Scientific and Industrial Research Organisation (CSIRO), Agriculture and Food, Clayton South, 
Victoria, Australia 
2University of the Free State, Department of Agricultural Economics, Bloemfontein, South Africa 
3CSIRO Agriculture and Food, St Lucia, Queensland, Australia 
4CSIRO Agriculture and Food, Townsville, Queensland, Australia 
5CSIRO Agriculture and Food, Armidale, New South Wales, Australia 
 
Keywords: Aquaculture; Climate action; Greenhouse gas emissions; GWP*; Macroalgae; Radiative forcing footprint 
 
*Corresponding author. Tel.: +61-9545-2159 
 E-mail address: brad.ridoutt@csiro.au 
†Current address: FutureFeed Pty Ltd, Townsville, Australia 
 
Livestock account for an estimated 15% of total anthropogenic greenhouse gas (GHG) emissions 
and global demand for livestock products continues to increase. As such, the livestock industries 
have become one of the focal areas for emissions reduction. In the case of beef and dairy production 
systems, strategies are being pursued to lower enteric methane emissions. These strategies include 
improved herd management, the breeding of lower methane-emitting cattle, the development of 
vaccines that inhibit methane production, as well as novel feed ingredients. In regard to the latter, 
ingredients based on the red macroalgae Asparagopsis taxiformis are under development in 
Australia. These seaweeds accumulate the bioactive compound bromoform that inhibits 
methanogenesis and impressive results have been obtained in both in vitro and small-scale in vivo 
studies where up to 98% reduction in methane production has been reported (Roque et al., 2021; 
Kinley et al., 2020). This presentation, based on a recent study (Ridoutt et al., 2022), examines the 
potential climate benefits of widespread deployment of these feed ingredients in Australian beef 
cattle feedlots. Beef cattle production systems in Australia are predominantly pasture and rangeland 
based. However, the inclusion of a feedlot finishing stage is becoming increasingly common. 
 
The study was undertaken in four steps. Firstly, a baseline emissions inventory for the Australian 
beef cattle sector was developed using data primarily sourced from the Australian Government’s 
national greenhouse gas inventory that is used to support reporting under the Paris Agreement. The 
included gases were CO2, CH4 and N2O. This baseline emissions inventory, covering the period 
1990 to 2018, was extrapolated to 2030. Secondly, the life cycle greenhouse gas emissions of a 
macroalgal feed ingredient of defined bromoform concentration were estimated. As the 
Asparagopsis taxiformis cultivation and processing industries are under development in Australia, 
this assessment was based on data taken from literature for large-scale offshore cultivation of 
macroalgae and subsequent freeze drying and milling. As the commercial adoption of the new feed 
additive is uncertain as well as the level of methane reduction achieved in practice, seven 
supplementation scenarios were developed in a third step. These scenarios differed in rate of 
adoption, level of methane reduction, along with potential impacts on dry matter intake and average 
daily liveweight gain. Finally, climate impacts were assessed relative to the baseline using the IPCC 
5th Assessment Report’s 100-year global warming potentials, the GWP* climate metric (Smith et al., 
2021) and the radiative forcing (RF) footprint (Ridoutt, 2020). 
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Under the baseline projection, GHG emissions in the Australian beef cattle sector increase from 
49.22 Mt CO2e in 2018 to 53.44 Mt CO2e in 2030. The feedlot sub-sector represents a small but 
important share of these emissions (8.6% in 2018, rising to 9.4% in 2030). The use of Asparagopsis 
taxiformis in feedlots was found to have the potential to reduce feedlot sub-sector emissions by 12 
to 40% by 2030, and overall sector emissions by 1 to 4%. While this is an important emissions 
reduction, it is modest in relation to the sector’s ambition of achieving carbon neutrality by 2030. 
When emissions were assessed using alternative climate metrics that are more sensitive to changes 
in the rate of methane emission than the GWP100 climate metric, larger potential benefits were 
found. When using the GWP* climate metric, Australian beef cattle sector emissions were projected 
to increase from 34.98 to 39.51 Mt CO2e over the period 2018 to 2030. With Asparagopsis 
taxiformis feed supplementation, these emissions could potentially be reduced by up to 13%. RF 
footprints are another way of assessing the impact of emissions over time. In 2018, the sector’s RF 
footprint was 3.73 mW/m2, with an annual increase that year of 45 µW/m2. Under the baseline 
scenario the RF footprint increases by 38 µW/m2 in 2030, reaching 4.26 mW/m2. With 
Asparagopsis taxiformis feed supplementation, this could potentially be reduced to between 28 and 
32 µW/m2, a reduction of 15 to 27%. For the feedlot sub-sector alone, most feed supplementation 
scenarios achieved a net negative contribution to RF in 2030. 
 
In conclusion, feed supplementation with Asparagopsis taxiformis is a promising approach to 
reducing livestock GHG emissions. The choice of climate metric impacts the assessment of benefits. 
The GWP100 metric may not always provide optimal guidance towards reducing climate impacts. 
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Introduction 
Agricultural land which is managed in a specific way can provide ecosystem services and contribute 
positively to the environment. Regenerative agriculture (RA) is a mode of agriculture that uses soil 
conservation as the entry point to regenerate and contribute to multiple ecosystem services, with the 
aspiration that this will enhance not only environmental, but also social and economic objectives of 
sustainable food production (Schreefel et al., 2020). The objectives for RA described by Schreefel 
et al. (2020) are, however, broad. The extent to which these objectives can be achieved, depends on 
their local context (e.g. management and pedoclimatic conditions). Moreover, RA practices are not 
equally relevant, applicable or effective for all farming systems. To help farmers in the transition 
towards RA, tools are needed that can give more specific insight in the objectives of RA and 
efficacy of RA practices in delivering on multiple RA objectives at the local context. 
 
The assessment of regenerative objectives requires a modelling framework that links regenerative 
farm management practices at field-scale to environmental and socio-economic outcomes at farm-
scale. In agricultural systems research, Life Cycle Assessment (LCA) is often used for ex-ante 
design and assessment of farm practices to meet specific objectives. Despite their proven usefulness, 
many of these models do not address the full complexity of farming systems. The main objective of 
this paper is, therefore, to create a modelling framework which allows for the assessment of RA 
objectives and ex-ante design of diverse farming systems considering their local context. 
 
Methods 
For the ex-ante design and assessment of farming systems towards RA we used a combination of 
models that together use the soil as the basis to optimize and explore overall farm sustainability 
(Schreefel et al., 2022). The modelling framework takes a systems approach and makes use of Soil 
Navigator a decision support tool to assess and optimize five soil functions at the field-level and 
FarmDESIGN a farm-level bio-economic exploration model to optimize multiple farm 
sustainability objectives. Using three typical Dutch case-study farms (i.e. a dairy farm on peat soil, 
an arable farm on clay soil and a mixed farm on sandy soil) we demonstrated that these models can 
be used together to not only indicate the most relevant soil functions for improvement, but also to 
explore which RA practices contribute to RA objectives.  
 
The exploration starts by using Soil Navigator to indicate which soil functions perform suboptimal. 
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This assessment is done by using input data which include data on the environment (i.e. average air 
temperature and precipitation), farm management (i.e. tillage and the amount of N fertilizer applied 
to the field) and the soil (i.e. clay content and soil organic matter). This data is used in integrated 
hierarchical decision-support models to determine the capacity of the soil to deliver the five soil 
functions using qualitative scores. Then, we used Soil Navigators optimization function, based on 
user-set objectives (e.g. medium or high scores for any of the functions), to shows if the objectives 
can be achieved; it proposes directions for change and farming practices needed to meet the 
objectives. 
 
The suggested practices and directions for change were incorporated into FarmDESIGN to find-out 
in what extent the practices could contribute towards other regenerative objectives. FarmDESIGN, 
therefore, quantifies farm-level resource flows such as annual balances for materials, animal feeds, 
economics and labor. The resource flows are grouped into modules and are used as proxy indicators 
to assess both the environmental and socio-economic performance of a farm. Besides the 
quantification of flows, FarmDESIGN enables the exploration of optimized farm configurations, 
which are generated by a Pareto multi-objective optimization, based on two or more user-defined 
objectives (e.g. minimize GHG emissions and maximize farm profitability), a set of decision 
variables (e.g. upper and lower limits on animal numbers or crop areas) and preset constraints (e.g. 
lower and upper limits on animal feed requirements). The new farm configurations are new land-
use and resource allocation configurations that result in optimized performance indicators (e.g. 
reduced GHG emissions). These new configurations have, for example, new crop or animal 
products being introduced on the farm, different crop areas and allocation of crop products, and 
changes in herd size 
 
 
Results and discussion 
Our approach allowed to upscale soil functions from field to farm-level and show the consequences 
of improving soil functions to other farm-level sustainability indicators (e.g. greenhouse gas 
emissions, farm profitability and labor). We identified 4000 optimized farm configurations towards 
RA for each of the case-study farms. Some of these configurations showed synergies between RA 
objectives, while others resulted in trade-offs. A synergy was found for our dairy case-study farm, in 
which the objective to increase the area of species-rich grassland also contributed to our objective to 
reduce the demand for imported fertilizers. Consequently, by increasing the area of species-rich 
grassland with its associated atmospheric nitrogen (N) fixation, the dairy farm could completely 
rely on solid manure without any import of N fertilizers. Moreover, incorporating RA practices (e.g. 
solid manure and species-rich grassland) resulted in improved scores for four out of five soil 
functions (e.g. water purification and regulation and nutrient cycling) at the expense of primary 
productivity (i.e. crops, milk and meat) and farm profitability. The objective to increase farm 
profitability and reduce greenhouse gas emissions resulted in a trade-off, showing lower greenhouse 
gas emissions (from 30 to 28 Mg CO2 eq. ha-1), and reduced farm profitability (from 62876 to 
30022 ¼ yr-1) due to lower animal numbers. Reduced farm profitability in combination with the 
improvement of other RA objectives was seen for all case-study farms, when transitioning towards 
RA management. Reduced farm profitability is a hinder for farmers aiming to transition towards RA. 
In order to support a wider transition towards RA, business models have to not only value primary 
production, but also other regenerative objectives.  
 
Conclusion 
Combining Soil Navigator with FarmDESIGN indicated which soil functions could be improved at 
a local context. It also enabled the ex-ante design of farming systems towards RA, by evaluating RA 
practices as the basis for exploring the overall socio-economic and environmental sustainability. For 
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the case-study farms, we modelled a set of RA practices that showed multiple improved soil 
functions, however, at the expense of primary productivity and farm profitability. To support a 
wider transition towards RA the benefits of other RA objectives, besides primary productivity, 
should be remunerated in farm business models. 
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'DFFDFKH�� ������ DV� LW� DOORZV� VXVWDLQLQJ� \LHOGV� LQ� WKH� IDFH� RI� GURXJKW� DQG� LQFUHDVLQJ� WHPSHUDWXUH�
�0ERZ�HW�DO����������/DUJH�VFDOH�SODQQLQJ�SURMHFWV�FDQ�EH�LPSOHPHQWHG�WR�VHFXUH�DJULFXOWXUDO�DUHD�
ZDWHU�VXSSO\�VXFK�DV�,QWHU�%DVVLQ�:DWHU�7UDQVIHUV��,%:7���EDVHG�RQ�LPSRUWHG�ZDWHU�UHVRXUFHV��RU�
$JULFXOWXUDO�5HVHUYRLUV��$5��WKDW�KDUYHVW�ORFDO�UXQ�RII�ZDWHU��7KHVH�K\GUDXOLF�LQIUDVWUXFWXUHV�KDYH�D�
ORQJ�OLIHWLPH��WKHUHIRUH�DQ�H[�DQWH�HQYLURQPHQWDO�DVVHVVPHQW�LV�UHTXLUHG�WR�VXSSRUW�ORFDO�GHFLVLRQ�
PDNLQJ� DQG� VXSSRUW� WHUULWRULDO� SODQQHUV� IRU� WKH� VHOHFWLRQ� RI� WKH� OHDVW� LPSDFWIXO� DOWHUQDWLYH� RQ� WKH�
HQYLURQPHQW� 
6HYHUDO�VWXGLHV�KDYH�XVHG�/LIH�&\FOH�$VVHVVPHQW� �/&$�� WR�FRPSDUH� WKH�HQYLURQPHQWDO� LPSDFW�RI�
K\GUDXOLF� VWUXFWXUHV� �%\UQH� HW� DO��� �������+RZHYHU�� WKH� ERXQGDULHV� VWRS� DW� WKH�ZDWHU� VXSSO\� JDWH��
7KHUHIRUH��WKH\�GR�QRW�JUDVS�WKH�HQWLUH�UDQJH�RI�VHUYLFHV�SURYLGHG�E\�LUULJDWLRQ��VXFK�DV�WKH�WHUULWRULDO�
VRFLR�HFRQRPLF�EHQHILWV�UHVXOWLQJ�IURP�DJULFXOWXUDO�\LHOG�FRQVHUYDWLRQ��7KHVH�OLPLWDWLRQV�DUH�LQKHUHQW�
RI�WKH�/&$�IUDPHZRUN�ZKLFK�LV�D�SURGXFW�RULHQWHG�PHWKRG�DW�D�³PLFURVFDOH´�DQG�GR�QRW�DOORZ�IRU�WKH�
IXOO�LQWHJUDWLRQ�RI�WKH�WHUULWRULDO�FRQWH[W��DQG�PXOWLIXQFWLRQDOLW\��/RLVHDX�HW�DO���������� 
7KHVH� OLPLWDWLRQV� FDQ� EH� RYHUFRPH� E\� XVLQJ� 7HUULWRULDO� /&$� �7�/&$��� DQ� DGDSWDWLRQ� RI� WKH�
FRQYHQWLRQDO�/&$�IUDPHZRUN��WR�DVVHVV�WKH�SHUIRUPDQFH�RI�D�WHUULWRU\�DQG�DQ�DVVRFLDWHG�ODQG�SODQQLQJ�
VFHQDULR�ZKLOH�FRQVLGHULQJ� LWV�PXOWLIXQFWLRQDOLW\� �H�J��HFRQRPLF��VRFLDO�RU�HQYLURQPHQWDO� ODQG�XVH�
IXQFWLRQV���/RLVHDX�HW�DO����������7KH�7�/&$�RXWSXWV�DUH�HFR�HIILFLHQF\�UDWLRV��L�H��WKH�UDWLRV�EHWZHHQ�
VHUYLFHV�SURYLGHG�E\�WKH�WHUULWRU\�DQG�LWV�HQYLURQPHQWDO�LPSDFWV��6HSSlOl�HW�DO����������7KLV�VWXG\�
DLPV�DW�XVLQJ�WKH�7�/&$�IUDPHZRUN�WR�FRPSDUH�WKH�HFR�HIILFLHQF\�RI�ODQG�SODQQLQJ�VFHQDULRV�ZLWK�RU�
ZLWKRXW�K\GUDXOLF�SURMHFW�LPSOHPHQWDWLRQ��,Q�DGGLWLRQ��WUDGH�RIIV�LQ�WKH�:DWHU�(QHUJ\�,QIUDVWUXFWXUH�
QH[XV�EHWZHHQ�SURMHFWV�ZHUH�LGHQWLILHG��DQG�WKH�GHVLJQ�FRQGLWLRQV�XQGHU�ZKLFK�RQH�SURMHFW�SHUIRUPV�
EHWWHU�HQYLURQPHQWDOO\�WKDQ�DQRWKHU�DUH�GLVFXVVHG��*HQHULF�FRQFOXVLRQV�DUH�GUDZQ�IURP�D�WKHRUHWLFDO�
FDVH�VWXG\�RI�DQ�DJULFXOWXUDO�DUHD�RFFXS\LQJ�����KD�ORFDWHG�LQ�D�ZDWHU�VWUHVVHG�DUHD�LQ�WKH�6RXWK�RI�
)UDQFH� 
 
0DWHULDOV�DQG�PHWKRGV 
$V� VKRZQ� LQ� )LJXUH� ��� WKUHH� ODQG� SODQQLQJ� VFHQDULRV�ZLOO� EH� FRPSDUHG�� L�H�� RQH� UDLQIHG� VFHQDULR�
�6FHQDULR����DQG�WZR�LUULJDWHG�VFHQDULRV��6FHQDULR���±�,%:7�DQG�6FHQDULR���±�$5���6LQFH�6FHQDULR�
��GRHV�QRW�KDYH�DQ\�LUULJDWLRQ�LQIUDVWUXFWXUH��WKH�FURSV�DUH�UDLQIHG��7KUHH�W\SHV�RI�FURSV�KDYH�EHHQ�
VHOHFWHG�WR�EH�FRQVLVWHQW�ZLWK�0HGLWHUUDQHDQ�DJULFXOWXUH�DQG�WR�UHIOHFW�D�GLYHUVLW\�RI�SURGXFWLRQ�ERWK�
LQ� WHUPV�RI� W\SH�RI�SODQWV� �SHUHQQLDO�RU�QRW�� FXOWLYDWHG�RU�QRW��� DQG� LQ� WHUPV�RI�YDORUL]DWLRQ� �IRRG�
VHFXULW\�RU�DGGHG�YDOXH�FUHDWLRQ���%RWK�VFHQDULRV���DQG���KDYH�WKH�VDPH�FURS�RFFXSDWLRQ��,QGHHG��QRQ�
LUULJDWHG�FURSV�VWLOO�RFFXS\�WKH�FXOWLYDWHG�DUHD�ZKLOH�LUULJDWHG�FURSV�RFFXS\�WKH�UHPDLQLQJ�VXUIDFH��
:LWK�DFFHVV�WR�LUULJDWLRQ��LW�LV�DVVXPHG�WKDW�\LHOGV�FRXOG�EH�LQFUHDVHG�DQG�YLQHV�ZRXOG�QR�ORQJHU�EH�

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

UHJLVWHUHG�DV�&RQWUROOHG�'HVLJQDWLRQ�RI�2ULJLQ��&'2���\LHOG�OLPLWV��EXW�ZRXOG�UDWKHU�EH�FODVVLILHG�
ZLWKLQ�3URWHFWHG�*HRJUDSKLFDO�,QGLFDWLRQV��3*,�� 
7KH�,%:7�LPSRUWV�ZDWHU�IURP�DQ�XQVWUHVVHG�DUHD�ZKHUHDV�WKH�$5�XVHV�ZDWHU�QHDU�WKH�DJULFXOWXUDO�
SHULPHWHU��LQ�WKH�VDPH�ZDWHU�VWUHVVHG�DUHD��8QOLNH�WKH�$5��WKH�,%:7�DOORZV�IRU�WKH�LUULJDWLRQ�RI�D�
ODUJH�DUHD��IRU�ZKLFK�WKH�VWXGLHG�WHUULWRU\�RQO\�UHSUHVHQWV�D�VPDOO�VKDUH��LPSDFW�DOORFDWLRQ�EDVHG�RQ�D�
UDWLR�EHWZHHQ�WKH�DQQXDO�TXDQWLW\�RI�LUULJDWLRQ�ZDWHU�QHHGHG�E\�WKH�WHUULWRU\�DQG�WKH�DQQXDO�TXDQWLW\�
RI� ZDWHU� FLUFXODWLQJ� LQ� WKH� ,%:7��� 7KH� V\VWHP� ERXQGDULHV� UHO\� RQ� D� FUDGOH� WR� WHUULWRULDO� JDWH�
SHUVSHFWLYH�� HQFRPSDVVLQJ�DOO�XSVWUHDP�SURFHVVHV� UHODWHG� WR� WKH�ZDWHU� VXSSO\�� WKH� HQHUJ\�XVH�� WKH�
LUULJDWLRQ� LQIUDVWUXFWXUH� DV� ZHOO� DV� DOO� WKH� LQSXWV� QHFHVVDU\� WR� SURGXFH� FURSV�� 7R� GHDO� ZLWK�
PXOWLIXQFWLRQDOLW\��GLIIHUHQW� WHUULWRULDO� VHUYLFHV�DUH�TXDQWLILHG�� L�H�� ODQG�PDQDJHPHQW� �KD��DQG�IRRG�
SURGXFWLRQ��NJ���'DWD�FROOHFWLRQ�LV�EDVHG�RQ�ZDWHU�DQG�HQHUJ\�EDODQFHV��DQG�XVLQJ�H[LVWLQJ�SURFHVVHV�
LQ� GDWDEDVHV� VXFK� DV� $JULEDO\VH� DQG� :RUOG� )RRG� /&$� 'DWDEDVH�� (QYLURQPHQWDO� LPSDFWV� DUH�
TXDQWLILHG�DW�ERWK�WKH�PLGSRLQW�DQG�WKH�HQGSRLQW�OHYHO�ZLWK�WKH�/LIH�&\FOH�,PSDFW�$VVHVVPHQW�PHWKRG�
,03$&7�:RUOG���%XOOH�HW�DO����������7KHQ�DFFRUGLQJ�WR�7�/&$�IUDPHZRUN��HFR�HIILFLHQF\�LQGLFDWRUV�
DUH�FRPSXWHG� 

 
 

)LJXUH���'HVFULSWLRQ�RI�WKH�WKUHH�ODQG�SODQQLQJ�VFHQDULRV�VWXGLHG�ZLWK�WKH�7�/&$�IUDPHZRUN 
 
5HVXOWV�DQG�GLVFXVVLRQ 
7KH�HFR�HIILFLHQF\�UDWLRV�VKRZHG�WKDW� WKH�UHVXOWV� IRU� WKH�HQYLURQPHQWDO�SHUIRUPDQFH�RI�D�VFHQDULR�
GHSHQG�RQ�WKH�LQYHVWLJDWHG�WHUULWRULDO�IXQFWLRQ�� 
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)LJXUH� �� (FR�HIILFLHQF\� FDOFXODWHG� IRU� WKH� DJULFXOWXUDO�
DUHD�PDQDJHPHQW�++��³+XPDQ�+HDOWK´��(FR��³(FRV\VWHPV´��
)1(8�� ³)RVVLO� DQG� 1XFOHDU� (QHUJ\� 8VH´�� 058�� ³0LQHUDO�
5HVRXUFH�8VH´ 
 
 
 

)LJXUH� �� (FR�HIILFLHQF\� FDOFXODWHG� IRU� WKH� ELRPDVV�
SURGXFWLRQ 
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������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

)RU� H[DPSOH�� LQ� )LJXUH� ��� ZKHQ� ORRNLQJ� DW� ³/DQG� PDQDJHPHQW´�� 6FHQDULR� �� �UDLQIHG�� LV� PRUH�
SHUIRUPDQW�WKDQ�VFHQDULRV���DQG����LUULJDWHG��IRU�DOO�LPSDFW�FDWHJRULHV��7KH�UHVXOWV�DUH�PRUH�FRQWUDVWHG�
ZKHQ�ORRNLQJ�DW�³)RRG�3URGXFWLRQ´��RQ�)LJXUH����ZKHUH�ERWK�LUULJDWHG�VFHQDULRV�SHUIRUP�ZRUVH�WKDQ�
WKH�UDLQIHG�VFHQDULR�RQO\�RQ�)RVVLO�DQG�1XFOHDU�(QHUJ\�8VH��)1(8���EHFDXVH�WKH\�ERWK�XVH�WKH�)UHQFK�
HOHFWULFLW\�PL[�IRU�LUULJDWLRQ��PDLQO\�EDVHG�RQ�QXFOHDU�HQHUJ\�� 
6FHQDULR���DQG�6FHQDULR���KDYH� WKH�VDPH�FURS�RFFXSDWLRQ��7KHUHIRUH�� WKH�GLIIHUHQFH�RI� WKHLU�HFR�
HIILFLHQFLHV�UHVLGHV�LQ�WKH�LPSDFWV�RI�ZDWHU�VXSSO\��7KH�ODWWHU�LV�SUHVHQWHG�LQ�)LJXUH��� 

 
)LJXUH���(QYLURQPHQWDO�LPSDFWV�DW�PLGSRLQW�IRU�6FHQDULR���DQG���ZDWHU�VXSSOLHV 

&&��VW��³&OLPDWH�&KDQJH��VKRUW�WHUP´��&&��OW��³&OLPDWH�&KDQJH��ORQJ�WHUP´��32)��³3KRWRFKHPLFDO�2[LGDQW�)RUPDWLRQ´��
2/'��³2]RQH�/D\HU�'HSOHWLRQ´��)(FR��³)UHVKZDWHU�(FRWR[LFLW\´��+7F��³+XPDQ�7R[LFLW\�FDQFHU´��+7QF��³+XPDQ�
7R[LFLW\�QRQ�FDQFHU´��:6��³:DWHU�VFDUFLW\´��)$��³�)UHVKZDWHU�$FLGLILFDWLRQ´��7$��³7HUUHVWULDO�$FLGLILFDWLRQ´��)(��
³)UHVKZDWHU�(XWURSKLFDWLRQ´��0(��³0DULQH�(XWURSKLFDWLRQ´��/7��ELR��³/DQG�7UDQVIRUPDWLRQ��ELRGLYHUVLW\´��/2��ELR��

³/DQG�2FFXSDWLRQ��ELRGLYHUVLW\´��30)��³3DUWLFXODU�0DWWHU�)RUPDWLRQ´��,5��³,RQL]LQJ�5DGLDWLRQ´� 
3,,��³3ULPDU\�,UULJDWLRQ�,QIUDVWUXFWXUH´��6,,��³6HFRQGDU\�,UULJDWLRQ�,QIUDVWUXFWXUH´��7,,��³7HUWLDU\�,UULJDWLRQ�

,QIUDVWUXFWXUH´ 
6FHQDULR���SHUIRUPV�ZRUVW�WKDW�6FHQDULR���RQ����RI����LPSDFWV�FDWHJRULHV�EHFDXVH�RI�LWV�:DWHU�(QHUJ\�
,QIUDVWUXFWXUH� QH[XV�� &RQFHUQLQJ� LPSDFWV� GXH� WR� ZDWHU� FRQVXPSWLRQ�� XQOLNH� WKH�$5�� WKH� ,%:7�
VXSSOLHV�ZDWHU�IURP�D�ORZ�ZDWHU�VWUHVV�DUHD�ZLWK�D�ORZ�$:$5(�FKDUDFWHUL]DWLRQ�IDFWRU��&)���7KXV��
IRU�ZDWHU�VFDUFLW\��:6���WKLV�OHDGV�WR�DQ�DYRLGHG�LPSDFW�IRU�WKH�6FHQDULR����&RQFHUQLQJ�WKH�HQHUJ\�
XVH��WKH�LPSDFWV�RI�VFHQDULR���DUH�DERXW�WZR�IROG�KLJKHU�WKDQ�VFHQDULR����EHFDXVH�WKH�HQHUJ\�XVH�RI�
WKH�,%:7�LV�DSSUR[LPDWHO\�KDOI�WKDW�RI�WKH�$5��)RU�WKH�³,QIUDVWUXFWXUH´�SDUW�RI�WKH�QH[XV��UHVXOWV�DUH�
PRUH�PL[HG��)RU�VRPH�RI�WKH�PLGSRLQW�LQGLFDWRUV��WKH�,%:7�SHUIRUPV�ZRUVH�WKDQ�WKH�$5�EHFDXVH�RI�
WKH�KLJK�DPRXQW�RI�FDVW�LURQ�QHFHVVDU\�LQ�LWV�LQIUDVWUXFWXUH��2Q�)UHVKZDWHU�(FRWR[LFLW\��)(FR��DQG�
)UHVKZDWHU�(XWURSKLFDWLRQ��)(���$5�SHUIRUPV�ZRUVH�WKDQ�,%:7�EHFDXVH�WKH�DPRXQW�RI�EURQ]H�DQG�
FRSSHU�QHFHVVDU\�IRU�HTXLSSLQJ�WKH�$5�SXPSLQJ�VWDWLRQ�LV�IXOO\�DOORFDWHG�WR�WKH�VWXGLHG�WHUULWRU\��7KH�
VDPH�DSSOLHV�WR�/DQG�7UDQVIRUPDWLRQ��ELRGLYHUVLW\��/7��ELR��DQG�/DQG�2FFXSDWLRQ��ELRGLYHUVLW\��/2��
ELR��EHFDXVH�RI�WKH�KLJK�DPRXQW�RI�ODQG�RFFXSLHG�E\�$5��XQOLNH�WKH�,%:7��ZKLFK�LQYROYHV�D�EXULHG�
SLSHOLQH�� 7KHVH� UHVXOWV� KLJKOLJKW� WKH� ZDWHU�� HQHUJ\� DQG� LQIUDVWUXFWXUH� QH[XV� LQGXFHG� E\� WKH� WZR�
K\GUDXOLF�SURMHFWV��7KLV�QH[XV�LV�GHWHUPLQHG�E\�WZR�PDLQ�GHVLJQ�SDUDPHWHUV��L�H��L��WKH�OHQJWK�RI�WKH�
,%:7�SLSHOLQH��/,%:7��DQG�LL��WKH�DPRXQW�RI�ZDWHU�ZLWKGUDZQ�DW�VRXUFH�IRU�,%:7�DOORFDWHG�WR�WKH�
DJULFXOWXUDO�DUHD���DOORFDWLRQ,%:7��� 
)LJXUH���SUHVHQWV�WKH�HQYLURQPHQWDO�EUHDN�HYHQ�DUHDV�EHWZHHQ�WKH�,%:7�DQG�$5�ERUGHUHG�E\�WLSSLQJ�
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��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

OLQHV�DFFRUGLQJ�WR�GLIIHUHQW�LPSDFW�FDWHJRULHV��7KH�(FRV\VWHPV�EUHDN�HYHQ�DUHD�FDQ�RQO\�EH�DFKLHYHG�
ZLWK�XQUHDOLVWLF�YDOXHV�RI��/,%:7���DOORFDWLRQ,%:7���+HQFH��,%:7�DOZD\V�SHUIRUPV�EHWWHU�WKDQ�$5�
RQ�(FRV\VWHPV�GDPDJHV�DV�ZHOO�DV�IRU�ZDWHU�UHVRXUFHV�DV�LW�LPSRUWV�ZDWHU�IURP�DQ�XQVWUHVVHG�DUHD��WR�
D�ZDWHU�VWUHVVHG�DUHD��$�SURMHFW�EDVHG�RQ�LPSRUWHG�UHVRXUFHV�FDQ�SHUIRUP�EHWWHU�RQ�DOO�WKH�HQGSRLQW�
LQGLFDWRUV��LI�WKH�SDUDPHWHUV�DUH�ORFDWHG�LQ�=RQH����H�J��/,%:7� ����NP�DQG��DOORFDWLRQ,%:7� ��������
)RU�RWKHU�YDOXHV�RI��/,%:7��DOORFDWLRQ,%:7���WKHUH�LV�QR�EHWWHU�VFHQDULR�IRU�DOO�WKH�HQGSRLQW�LQGLFDWRUV� 

 
 

)LJXUH���(QYLURQPHQWDO�EUHDN�HYHQ�DUHD�IRU�ZKLFK�,%:7�ZDWHU�VXSSO\�LV�EHWWHU�WKDQ�$5 
 
&RQFOXVLRQ�DQG�SHUVSHFWLYHV 
7�/&$�ZDV� DSSOLHG� WR� D� WKHRUHWLFDO� DJULFXOWXUDO� DUHD� WR� FRPSDUH� WKH� HFR�HIILFLHQF\� RI� WKUHH� ODQG�
SODQQLQJ�VFHQDULRV�ZLWK�RU�ZLWKRXW�WKH�LPSOHPHQWDWLRQ�RI�K\GUDXOLF�SURMHFWV���7KHVH�PHWULFV��SURYLGH�
H[KDXVWLYH�LQIRUPDWLRQ�DERXW�WKH�HQYLURQPHQWDO�SHUIRUPDQFH�RI�ODQG�SODQQLQJ�VFHQDULRV�FRQVLGHULQJ�
WHUULWRULDO�PXOWLIXQFWLRQDOLW\��7KH�HQYLURQPHQWDO�SHUIRUPDQFH�RI�WKH�WKUHH�ODQG�SODQQLQJ�VFHQDULRV�FDQ�
YDU\�GHSHQGLQJ�RQ�WKH�VHOHFWHG�WHUULWRULDO�IXQFWLRQ��7KHVH�RXWSXWV�DOORZ�WKH�LGHQWLILFDWLRQ�RI�VFHQDULRV�
WKDW�OLPLW�WUDGH�RIIV�EHWZHHQ�GLIIHUHQW�IXQFWLRQV�DQG�LPSDFWV��7�/&$�UHVXOWV�DOVR�KLJKOLJKW�WUDGH�RIIV�
LQ� WKH� ZDWHU�HQHUJ\�LQIUDVWUXFWXUH� RI� K\GUDXOLF� SURMHFWV�� 7KHVH� WUDGH�RIIV� GHSHQG� RQ� GHVLJQ�
SDUDPHWHUV�VXFK�DV�WKH�VL]H�RI�WKH�ZDWHU�SLSHOLQH�RU�WKH�ZDWHU�IORZ��2QH�OLPLWDWLRQ�RI�WKLV�VWXG\�LV�WKH�
XVH�RI�D�VWDWLF�DSSURDFK�ZLWKRXW�FRQVLGHULQJ�SURVSHFWLYH�HOHPHQWV��H�J���FOLPDWH��K\GURORJ\�DQG�VRLO��
ZKLFK�DUH�H[SHFWHG�WR�IXUWKHU�LQWHQVLI\�GXULQJ�WKH�OLIHVSDQ�RI�WKH�K\GUDXOLF�LQIUDVWUXFWXUH��DQG�DIIHFW�
WKHLU�ORQJ�WHUP�HQYLURQPHQWDO�SHUIRUPDQFH�� 
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Introduction 
The ecotoxicity impacts of agricultural systems are driven by pesticides and heavy metals. We often 
see a dominance of heavy metals in the impact assessment. In the last years, the modelling of 
pesticide emissions has been revised in the frame of the pesticide consensus process (Nemecek et 
al., 2022). Among others, a tool to estimate emission fractions to the different compartments after 
application together with default factors are provided, so that we now have a more solid basis for 
the assessment. Heavy metals however, although highly relevant for the ecotoxicity impacts, are not 
well represented in many agricultural LCAs. Emissions and flows of heavy metals were included in 
the SALCA (Swiss Agricultural Life Cycle Assessment) method since many years (Freiermuth, 
2006). In the course of the new implementation in SALCAfuture, the model for the heavy metal 
balance and emission has been completely revised. A particular challenge was to represent the flows 
at crop, livestock and farm level to cover different application cases. Furthermore, the implications 
for the modelling of emissions and assessment of impacts over the whole value chain need to be 
considered.  
 
Methods 
Two separate versions are implemented in Freiermuth (2006): heavy metal balance at the farm level 
(used for farms and livestock production) and a balance at crop level (to calculate crop LCAs). The 
model has now been revised to cover all application cases in the same system in order to avoid 
redundancy (Fig. 1). As in the previous version, the model covers the elements Cadmium (Cd), 
Chromium (Cr), copper (Cu), mercury (Hg), nickel (Ni), lead (Pb), and zinc (Zn). Because the 
relevant emissions take place at crop and field level, it is not necessary to model the farm as a whole. 
First, the balance is calculated for the animal system, which includes the herd, housing and yard, 
and the manure management. Feed intake (purchased or produced on farm), animals and manure 
imported to the farm are counted as inputs, while animal products (milk, eggs, wool, etc.), live 
animals, and manure exports are counted as outputs. The balance follows the same principles as the 
nutrient balances of N, P, and K. The resulting balance represents the heavy metals contained in 
farmyard manure, which is used as an input for the crop system.  
Mexcr i  ��j(Mfeed j*cfeed j,i�� ���j(Manimin j*canimin j,i) - �j(Manimout j*canimout j,i) - �j(Manimgr j*canimgr j,i) 
���j(Mmanin j*cmanin j,i) - �j(Mmanout j*cmanout j,i) - �j(Manpr j*Canpr j,i)      (eq. 1) 
 
where Mexcr i [kg] are amounts of metal i excreted, Mfeed j, Manimin j, Manimout j, Manimgr j, Mmanin j, 
Mmanout j, Manpr j are the amounts in kg of feed intake, animals purchased, animals sold, animal 
growth (change of live weight of the herd), manure imports, manure exports, and animal products; 
cfeed j,i, canimin j,i, canimout j,i, canimgr j,i, cmanin j,i, cmanout j,i, canpr j,i are the respective metal concentrations 
[kg/kg]. Feed intake and excrement deposition during grazing are not counted, assuming that the 
corresponding heavy metal flows are of similar size. The metal excreted are partitioned between 
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solid and liquid manure and divided by the amounts of both manure types to derive the metal 
concentrations in solid and liquid manure. 
The agricultural inputs Magro i [kg] of metal i to the field are  
 
Magro i = �j(Mseed j*cseed j,i) + �j(Mpesti j*cpesti j,i)*(1-fair-fOFS) + �j(Mferti j*cferti j,i) + �j(Mman j*cman j,i)
            (eq. 2) 
where Mseed j, Mpesti j, Mferti j, Mman j are the amounts in kg of seed, metal-containing pesticides (e.g. 
copper fungicides), mineral and purchased organic fertilisers, and farmyard manure (calculated by 
eq. 1), cseed j,i, cpesti j,i, cferti j,i, and cman j,i are the respective concentrations of metal i in input j. fair and 
fOFS are the fractions of pesticide emitted after application to the air and off-field surfaces, 
respectively. The emissions to the off-field surfaces have to be split between agricultural soil, 
natural soil and water according to the share and land cover in the region. fair and fOFS can be 
calculated with the PestLCI Consensus model or taken from the default values (crop and target 
group specific) provided by Nemecek et al. (2022). For the concentrations values of the different 
inputs, we use several sources, mainly Desaules & Studer (1993, mineral fertilisers), Menzi & 
Kessler (1998) and Gross et al. (2021) for farmyard manure, and for biomass Koch & Salou (2015), 
Freiermuth (2006) and www.feedbase.ch.   
A further input to the system is the metal deposition, however, it is not caused by agricultural 
management, rather it stems from non-agricultural sources like industry or transports. To take this 
into account, an allocation factor Ai [-] is calculated as 
Ai = Magro i / (Magro i + mdepos i)         (eq. 3) 
where mdepos i is the total input of heavy metal from atmospheric deposition [kg]. The values for 
average deposition in Swiss agricultural areas are taken from BAFU & Empa (2015) for Cd, Cu, Zn, 
Pb, and Ni, and Thöni et al. (2008) for Cr, and Hg. Since deposition is caused by non-agricultural 
sources, the heavy metal flows due to exports with the harvest (eq. 4), to leaching (eq. 5), and 
erosion (eq. 6) are multiplied by the allocation factor Magro i. The outputs with the harvest Mharv i 
[kg] are calculated as  

Mharv i  ��j(Mmainpr j*cmainpr j,i)*Ai ���j(Mcopr j*ccopr j,i)*Ai ���j(Mpesti j*cpesti j,i)*(1-fair-fOFS)*Ap  
           (eq. 4) 

where Mmainpr j, Mcopr j, and Mpesti j are the amounts in kg of harvested main products, harvested co-
products and amount of pesticides applied, and cmainpr j,i, ccopr j,i, cpesti j,i the respective concentrations. 
Ap is the fraction of metals in pesticides exported with the harvest, which is set to 0.05 according to 
Audsley et al. (1997). In cases, where Magro i = 0, i.e. no agricultural inputs to the soil occur, Ai also 
becomes 0. Heavy metal leaching to groundwater (Mleach i [kg]) caused by agricultural management 
are calculated as 
Mleach i = mleach i * Ai           (eq. 5) 
Where mleach i is the average amount of metal leaching according to Wolfensberger & Dinkel (1997) 
[kg ha-1 a-1]. Heavy metal emissions through erosion of metal i [Meros i, kg ha-1 a-1] are calculated as: 

Meros i = Meros * csoil i * a *feros * Ai         (eq. 6) 
where Meros i is the amount of eroded soil [kg ha-1 a-1], csoil i is the heavy metal concentration in the 
soil ([kg/kg], values from Gubler et al., 2015 for three types of crops: arable land, horticultural 
crops, grassland), a is the accumulation factor 1.86 (according to Wilke & Schaub (1986) for P) [-], 
feros is the erosion factor considering the distance to river or lakes with an average value of 0.2 
(considers only the fraction of the soil that reaches the water body, the rest is deposited in the field) 
[-]. 
The resulting balance is counted as an emission to agricultural soil (Msoil i [kg]): 
Msoil i = Magro i - Mharv i - Mleach i - Meros i       (eq. 7) 
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Results 
The model allows calculating the relevant emission flows in agricultural LCA, namely leaching to 
ground water, erosion to surface water, and emissions to agricultural soil (Fig. 1). It can be used for 
the assessment of whole farms, for animal sources products like milk and meat as well as for crop 
LCAs in the same system. Note that the emissions to the agricultural soil, resulting from the balance 
at crop level can become negative. This means that the sum of outputs for a given metal exceeds the 
inputs. This is particularly the case, when fertiliser inputs are low and the harvested biomass is high. 
Often this is balanced out, when the calculation is done for a whole farm or a crop rotation.  
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Fig. 1: Heavy metal flows considered in the SALCAheavymetal model. GW = ground water, SW = 
surface water. 
 
Discussion 
It is often argued that heavy metal uptakes by the biomass should not be included in the balance. An 
alternative model would be to ignore the uptake by the plants and on the other hand to exclude 
animal manure and seed from the calculation, where most ± but not all ± of the heavy metals stem 
from previous agricultural plant uptake. This calculation would be simpler and negative values 
would not occur in most cases. We argue that the model proposed here is more accurate and allows 
flexible use. All heavy metal flows are accounted for, irrespective of the source, e.g. by treating 
mineral and organic fertilisers equally. Furthermore, ignoring plant uptake implicitly assumes that 
the final destination of the metals is in the agricultural soil. However, the biomass has different uses 
and leads to different final environmental compartments, as illustrated in Fig. 2. The pathways 
differ according to the use of the harvested goods as food, as animal feed, or as raw material for 
production of biofuels. The final destination can be agricultural soil, but also water, landfill or 
natural or forest soil (e.g. biomass deposited in a forest). According to the system, these paths need 
to be properly modelled and we cannot simply assume that the metals will be returned to the 
agricultural soil in the end. When the assessment is done over a whole supply chain, the fate of the 
heavy metals contained in the harvested products, needs to be properly accounted for, by 
considering the different pathways. 
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Fig. 2: Heavy metal flows in the post-agricultural phases. 
 
Modelling heavy metals emissions from pesticides needs to be consistent with pesticide emission 
modelling on the one hand (see Nemecek et al., 2022), and to heavy metal balancing on the other 
hand. The approach proposed here fulfils the requirements of both models by linking the pesticide 
inputs to the default emission fractions (eq. 4). 
Despite the progress made, the model has a number of limitations. In the SALCA heavy metal 
model, the metal concentrations in harvested goods and emissions by leaching are not dependent on 
the metal concentrations in the soil. At least for some metals, the concentration in the soil can 
influence heavy metal uptake and leaching. However, the relationships are highly non-linear and 
complex. They depend on the metal considered, chemical and physical properties of the soil (soil 
organic matter content, pH, etc.), and the crop species. We recommend to do sensitivity analyses to 
assess the sensitivity of toxicity impacts to the variation on leaching and concentrations in the 
harvested biomass. Another limitation of the method is that the speciation of the metals (i.e. its 
oxidation form) could not be considered due to a lack of data. However, it can play a major role for 
toxicity, as e.g. for Cr(III) and Cr(VI), with Cr(VI) showing considerably higher toxicity impacts.  
This results in a need for further development. 
 
Conclusions 
The revised SALCAheavymetal model, as implemented in SALCAfuture, enables a consistent 
modelling of heavy metal emissions to groundwater, surface water, and agricultural soil and 
calculates the metals contained in the harvested products. Their fate needs to be taken into account 
in the further modelling of the supply chain. 
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Cocoa is one of the main crops in Ecuador. The agricultural area dedicated to cocoa (601 954 ha in 
2019) represents the largest area dedicated to a permanent crop in Ecuador: 38% in the period 2014-
2019, followed by oil palm and banana with 18% and 12% respectively. The area dedicated to 
cocoa represents 4% of total land use. Dry bean production, which reached 283 680 t in 2019, has 
grown at an average annual rate of 15% since 2014. Several varieties of cocoa are grown in Ecuador, 
but production is dominated by two main varieties: "national" or Cacao Fino y de Aroma (CFA, 
43% of area and 28% of production in 2017) and the clone named CCN-51 (57% of area and 72% 
of production in 2017). Cocoa is mainly produced on the Ecuadorian coast and its value chain is 
highly complex. A thorough mapping of the value chain was performed (Figure 1) to better organise 
the LCA work, e.g. regarding typologies, following (Acosta-Alba et al., 2022). 
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Figure 1. Ecuadorian cocoa value chain flow diagram 
 
The LCA-based environmental assessment of the cocoa value chain and sub-chains in Ecuador aims 
at comparing the potential impacts of different types of actors and sub-chains (i.e. specific 
interlinkages of different types of actors across the value chain). The most important sub-chains, in 
terms of volume and potential, are: 

• An agro-industrial “Volume” sub-chain that seeks economies of scale on volumes: It is 
structured around collection centres of collectors/brokers (practicing thermal drying) 
supplied by small producers, focuses on large volumes of commodity cocoa (with industrial 
quality), makes blends, and supplies national agro-exporters and transnationals. 
Transnationals seek to integrate the supply of raw materials with their international links 
(value addition outside Ecuador), and in principle seek traceability. 

• A “Quality” sub-chain based on CFA: It is structured around private or corporate collection 
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centres, mostly provided by large producers who carry out fermentation in crates; it focuses 
on moderate volumes of CFA, for export in grain (national agro-exporters). Produces smaller 
quantities of semi-processed products. 

• A “Semi-processed” production sub-chain: It is structured around a small group of primary, 
industrial processors, which use cocoa blends to produce semi-processed products (i.e. 
liquor, butter, powder) mainly for the international market. They are mainly sourced from 
small producers. 

 
To estimate these impacts, LCIs representing the various types of systems in each link of the value 
chain (i.e. the various types of farming systems, artisanal and industrial processing and distribution), 
were constructed in terms of representative production units. To do so, primary and secondary data 
were collected for the most representative system types, as defined by the constructed actor 
typologies. Primary data were obtained via field visits and surveys. The life cycle impact 
assessment methods recommended by the European Community's Product Environmental Footprint 
(PEF) initiative (Zampori & Pant, 2019) were applied, complemented with complemented with 
ReCiPe endpoint indicators (2.2 Endpoint World H/A (Hierarchy/Average)). 
 
The identified sub-chains have different impact intensities (Figure 2), due to differences in yields 
between the different types of cocoa producers and varieties that feed the sub-chains. Transport 
contributes marginally to the impacts, as does primary processing in the case of the Semi-processed 
products sub-chain.  
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Figure 2. Cumulative sub-chain impacts (Pt/t) and contribution analysis (%), for cocoa products exported 
from the port of Guayaquil [EF 3.0 single score] 
 
The value chain is generally sustainable, as (except for large intensified producers, especially CCN-
51) it generally exhibits low input pressure, contributes to climate change mitigation through high C 
sequestration in biomass that exceeds C losses due to land use change (e.g. deforestation), and does 
not pose an immediate threat to biodiversity. For instance, a recent estimate of the impact of land-
use change associated with cocoa in Ecuador indicates that deforestation is minimal in the cocoa 
context compared to other countries (Table 1). In the Amazon, there are already areas of overlap 
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between different types of cocoa systems and protected areas. Nevertheless, native communities 
that produce via agro-forestry systems (e.g. Chakra) are key actors for the preservation of natural 
and cultivated biodiversity. 
 
Table 1. Estimated comparative midpoint impact on climate change (kg CO2/ha) of land use change related 
to cocoa cultivation, for Ecuador and other countries [EF 3.0 (Zampori & Pant, 2019), data from World 
Food LCA Database] 

Impact of land use change 
(e.g. deforestation) 

Brazil Côte  
d’Ivoire 

Cameroon Ecuador Ghana Indonesia 

GWP associated with LUC 
annualised over 20 years 

 23 486   35 473   20 636   83.4   15 786   28 781  

 
The impacts of Ecuadorian cocoa products (beans, semi-processed, chocolate) are considerably 
lower than those of products from other international cocoa value chains, as demonstrated by a 
comparison of the climate change impacts of cocoa beans and chocolate from different exporting 
countries (Avadí et al., 2021). 
 
A manuscript presenting this case study has been submitted to the International Journal of Life 
Cycle Assessment Special Issue associated with LCA Foods 2022 
(https://www.springer.com/journal/11367/updates/20266956). 
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In Cuba, policies are applied to meet economic needs with the efficient use of natural resources and 
the lower emission of waste to the environment. In the work, the environmental impact assessment 
of the production of tomato puree, guava jam and cabbage pickle in the UEB Álvaro Barba is 
carried out, using the Life Cycle Analysis (LCA), from the inventories they are qualitatively 
identified the main impacts that are generated, conclusions are reached and measures are proposed. 
The application of the LCA methodology is carried out on the basis of NC ISO 14040: 2006 and 
Sima Pro 9.1 software, ReCiPe method is used. The study showed that the greatest contributions to 
the total impact, for the three processes studied, correspond to the product system and the type of 
packaging, the categories of greatest impact are global warming and formation of particulate 
material. 
For the development of the work, descriptive research is used, based on the analysis of normative 
documents, review of the state of the art on the subject of research, previous studies on the subject 
of Life Cycle Analysis carried out in Cuba (Rosa D, E ( 2018) and Rosa et al, 2019) combined with 
the application of scientific methods of analysis such as mass and energy balances, and other 
techniques and tools necessary for the study. The SimaPro software (Goedkoop, M, 2004) was used 
through which the environmental profiles of each of the analyzed products were obtained 
considering different impact categories with a cradle-to-gate approach, which is limited by not 
considering of the agricultural stage of the products. One (1) ton of each analyzed product was 
considered as a functional unit. The data were collected in the entity, from the literature and from 
similar studies. For the impact evaluation, the ReCiPe end point and mid point methodology was 
used. With the ReCiPe mid point, the results of the impact of each category are obtained in kg of the 
corresponding reference substance and the characterization profile of the process that allows 
visualizing the contribution of each input and/or output to each of the impact categories. With the 
end point method it is possible to make comparisons between the categories and highlight the 
greatest impacts. For the conformation of the inventory it is necessary to express all the entrances 
and exits based on the functional unit. (NC ISO 14040:2009, NC ISO 14044:2009). 
Using the Recipe mid point method to compare the case studies (Figure 1) by category, it can be 
concluded that, in the categories of global warming, ionizing radiation, ozone formation, particulate 
matter formation, terrestrial acidification, ecotoxicity, carcinogenic toxicity and non-carcinogenic 
and scarcity of resources tomato puree has the greatest contribution, the reason being that during 
this process the highest consumption of electricity and fuel is reached. This leads to higher gas 
emissions. Although electricity apparently seems more friendly to the environment, it is not, 
because throughout the process of producing electricity, five of the greenhouse gases regulated in 
the Kyoto Protocol are emitted: methane, carbon dioxide, nitrous oxide, hydrofluorocarbons and 
sulfur hexafluoride (Garcia, 2007). 
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Figure 1 Comparison of the three production processes. Method: ReCiPe 2016 Endpoint (H) V1.03 / World (2010) H/A 

/ Single score. 
Figure 2 shows the results obtained when analyzing the category of single score or greatest 
contribution by the End point method, from which it can be concluded that the production process 
of tomato puree is the greatest contaminant of the three analyzed, which It leads to a gradual and 
silent deterioration of both the ecosystem and human life. Although guava jam is not the greatest 
contaminant, it is important to highlight the fact that it contaminates, only that compared to tomato 
puree it is not as significant. 

 
Figure 2 Comparison of the three production processes. Method: ReCiPe 2016 Endpoint (H) V1.03 / World (2010) H/A 

/ Single score. 
A set of measures aimed at solving the problems detected are proposed, which are proposed to be 
implemented in the short, medium and long term and are oriented based on recommendations for 
the efficient use of: water, energy and raw materials and supplies and for the reduction of waste and 
emissions in the production process of fruits and vegetables. The tomato puree production process is 
shown as an example, where very positive results are obtained, managing to reduce the 
environmental  impact by 75% (Figure 3). 

 
Figure 3 Comparison of the production process of tomato puree production before and after implementing CP measures. 

Method: ReCiPe 2016 Endpoint (H) V1.03 / World (2010) H/A / Single score. 
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ODERXU� GHPDQG� DQG� HFRQRPLF� FRQWULEXWLRQ��$W� WKH� VDPH� WLPH�� WKH� XVH� RI� HFRODEHOV� LV� RQ� WKH� ULVH�
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(QYLURQPHQWDO�3URGXFW�'HFODUDWLRQV�(3'V��(3'���������DQG�3URGXFW�(QYLURQPHQWDO�)RRWSULQW�3()�
�(&�� �������'HVSLWH� WKH� LPSRUWDQFH� RI� 8UXJXD\DQ� FLWUXV� IUXLWV� DQG� WKH� LQFUHDVLQJ� HQYLURQPHQWDO�
DZDUHQHVV�RI�ERWK�GLVWULEXWRUV�DQG�FRQVXPHUV��QRW�RQO\�LQ�LQWHUQDWLRQDO�PDUNHWV�EXW�DOVR�LQ�ORFDO�RQHV���
D�VFLHQWLILF�DQDO\VLV�RI�LWV�HQYLURQPHQWDO�LPSDFWV�LV�ODFNLQJ��7DNLQJ�DOVR�LQWR�FRQVLGHUDWLRQ�WKH�LQWHUHVW�
VKRZQ� E\� 8UXJXD\DQ� FRPSDQLHV� LQ� GLIIHUHQWLDWLQJ� WKHLU� SURGXFWV� WR� XQGHUSLQ� WKH� DFFHVV� WR� QHZ�
PDUNHWV�DQG�PDLQWDLQ�WKH�H[LVWLQJ�RQHV��WKLV�VWXG\�DLPV�WR�DVVHVV�WKH�FRQWULEXWLRQ�WR�FOLPDWH�FKDQJH�
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$SSURDFK�DQG�PHWKRGRORJ\� 
3ULPDU\�GDWD�FRUUHVSRQGLQJ�WR�WKH�VHDVRQV������WR������ZDV�FROOHFWHG�IURP�D������KD�OHPRQ�RUFKDUG�
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PDQDJHPHQW�ZDV� VLPLODU� LQ� WKH� VWXGLHG�\HDUV�� RQO\� FKDQJLQJ� WKH� LUULJDWLRQ�GRVH� DV� LW� GHSHQGV�RQ�
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SHVWLFLGHV��� WKHLU� WUDQVSRUW� WR� WKH� RUFKDUG�� WKHLU� DSSOLFDWLRQ�� WKH� XVH� RI� DJULFXOWXUDO� PDFKLQHU\�
�LQFOXGLQJ�IXHO�SURGXFWLRQ���DQG�WKH�LUULJDWLRQ��LQFOXGLQJ�HOHFWULFLW\�SURGXFWLRQ��� 
 
7R�HVWLPDWH�1�2�HPLVVLRQV�IURP�IHUWLOLVHUV�DSSOLFDWLRQ��7LHU���,3&&�*XLGHOLQHV��,3&&��������DQG�WKH�
VXEVHTXHQW�XSGDWH��,3&&��������ZHUH�IROORZHG��,Q�WKLV�XSGDWH��WKH�FOLPDWH�LQ�WKH�UHJLRQ�DQG�WKH�W\SH�
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UHVSHFWLYHO\��0RGHOOLQJ�LQGLUHFW�1�2�HPLVVLRQV�UHTXLUHV�PRGHOOLQJ�1+���12[�DQG�12�
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)RU�WKH�ILUVW�WZR��7LHU���DQG�7LHU��HPLVVLRQV�IDFWRUV�IURP�WKH�(0(3�(($�JXLGHERRN��(($��������
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WKH�KDUYHVW�VHDVRQ��� IROORZHG�E\� IHUWLOLVHUV�SURGXFWLRQ������RI� WKH� WRWDO� LPSDFW���$V� WR� WKH�UHVXOWV�
REWDLQHG�SHU�KHFWDUH��FRQVLGHULQJ�WKDW�WKH�LPSDFWV�IURP�WKH�SURGXFWLRQ�RI�IHUWLOLVHUV�DUH�WKH�VDPH�LQ�
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µLUULJDWLRQ�GRVH���UDLQIDOO¶��ZKLFK�LV�PD[LPXP�LQ�����������DQG�PLQLPXP�LQ������������7KXV��ZKHQ�
H[SUHVVLQJ�WKH�UHVXOWV�SHU�KHFWDUH��WKH�&&�ODUJHO\�GHSHQGV�RQ�WKH�WRWDO�DPRXQW�RI�ZDWHU�DGGHG�WR�WKH�
FURS��ZKLFK�LQ�WXUQ�LV�LQIOXHQFHG�E\�FOLPDWH�FRQGLWLRQV��$V�FDQ�EH�VHHQ�LQ�7DEOH����WKH�FRHIILFLHQW�RI�
YDULDWLRQ��&9��RI�1�2�HPLVVLRQV��FDOFXODWHG�DV�WKH�VWDQGDUG�GHYLDWLRQ�RI�WKH�IRXU�VHDVRQV�GLYLGHG�E\�
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RI�WKH����&9�RI�WKH�VXP�RI�LUULJDWLRQ�SOXV�SUHFLSLWDWLRQ� 
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:KHQ�H[SUHVVLQJ� WKH� UHVXOWV�SHU� WRQQH�RI�SURGXFW�� WKH\� DUH� VWURQJO\�GRPLQDWHG�E\� WKH�\LHOG��7KH�
PD[LPXP�&&�FRUUHVSRQGV�WR������������ZLWK�D�\LHOG�RI����WRQQHV�āKD����DQG�WKH�PLQLPXP�WR������
������ZLWK�D�\LHOG�RI����WRQQHVāKD����7KH�FRHIILFLHQWV�RI�YDULDWLRQ�RI�WKH�RQ�ILHOG�HPLVVLRQV�ULVH�WR����
������7DEOH�����HYLGHQFLQJ�WKH�VWURQJ�LQIOXHQFH�RI�WKH�\LHOG�LQ�WKH�ILQDO�UHVXOWV��ZKLFK�KDV�DQ�LQWHU�
VHDVRQ� YDULDELOLW\� RI� ����� 7KLV� YDULDELOLW\� FDQ� EH� H[SODLQHG� E\� WKH� KLJK� YDULDELOLW\� RI� FOLPDWLF�
YDULDEOHV� �SUHFLSLWDWLRQV�� WHPSHUDWXUH�IUHH]H�GDPDJH�� LUUDGLDQFH�� UHODWLYH� KXPLGLW\��� LQ� DGGLWLRQ� WR�
RWKHU�DJULFXOWXUDO�SUDFWLFHV�RU�GHFLVLRQV��SUXQLQJ��DOWHUQDQFH�PDQDJHPHQW��KDUYHVW�GDWH��� 
 
�7DEOH����5HVXOWV�RI�FOLPDWH�FKDQJH��&&��DQG�EOXH�ZDWHU�VFDUFLW\��%:6��LPSDFWV� 
 

 CC (&2��eq.) BWS (P� eq.) 

 
UF = 1 
tonne UF = 1 ha UF = 1 tonne UF = 1 ha 

2016-2017 103.62 4.87·103 267.98 1.26·104 

2017-2018 91.09 5.01·103 255.62 1.41·104 

2018-2019 102.76 5.04·103 234.75 1.15·104 

2019-2020 75.54 4.99·103 218.27 1.44·104 
Average 93.25 4.98·103 244.15 1.31·104 

Standard deviation 13.12 7.29·101 22.04 1.34·103 
Coefficient of variation (%) 14 1 9 10 

 
7KH�DYHUDJH�%:6�LQ�WKH�VWXGLHG�VHDVRQV�ZDV�����ā����������ā����P��HTāKD���DQG����������������P��
HTāWRQQH����7DEOH�����DQG�WKH�LUULJDWLRQ�UHTXLUHPHQWV�DUH�WKH�PDMRU�FRQWULEXWRU���������RI�WKH�WRWDO�
LPSDFW�GHSHQGLQJ�RQ� WKH�DVVHVVHG� VHDVRQ��� IROORZHG�E\� IHUWLOLVHUV¶�SURGXFWLRQ� �������RI� WKH� WRWDO�
LPSDFW�GHSHQGLQJ�RQ�WKH�VHDVRQ���7DNLQJ�WKHVH�UHODWLYH�FRQWULEXWLRQV�LQWR�DFFRXQW��LW�LV�LQWHUHVWLQJ�WR�
DQDO\VH�WKH�ZDWHU�FRQVXPHG�E\�WKH�FURS��:KHQ���KHFWDUH�LV�VHOHFWHG�DV�)8��WKH�KLJKHVW�EOXH�ZDWHU�
FRQVXPSWLRQ�FRUUHVSRQGV�WR�WKH�VHDVRQV�����������DQG������������VHH�7DEOH�����ZKLFK�LPSOLHV�WKDW��
LQ�WXUQ��WKH�%:6�YDOXHV�DUH�DOVR�PD[LPXP��:KHQ�REVHUYLQJ�LQ�GHWDLO�WKH�PRQWKO\�ZDWHU�FRQVXPSWLRQ��
WKH�KLJKHVW�YDOXHV�RI�WKH�DERYH�PHQWLRQHG�VHDVRQV��DSSUR[������RI�WKH�WRWDO�IRU�����������DQG������
������FRUUHVSRQG�WR�1RYHPEHU��'HFHPEHU��-DQXDU\��)HEUXDU\��DQG�0DUFK��ZKLFK�DUH�WKH�PRQWKV�ZLWK�
WKH�KLJKHVW�&)V��PDNLQJ�WKH�%:6�LPSDFW�JUHDWHU��7KHVH�KLJKHU�YDOXHV�DUH�FRQVLVWHQW�ZLWK�WKH�IDFW�WKDW�
WKH�PHQWLRQHG�PRQWKV�DUH�WKH�GULHVW�PRQWKV�RI�WKH�VHDVRQ��ZKHQ�WKHUH�LV�OHVV�SUHFLSLWDWLRQ��VLQFH�WKH\�
FRUUHVSRQG� WR� WKH� VXPPHU�PRQWKV��7KH� ORZHVW�%:6� LV� WKDW� IRU� �����������ZKHQ� WKH� WRWDO�ZDWHU�
FRQVXPSWLRQ�LV�WKH�ORZHVW��HVSHFLDOO\�LQ�WKH�DERYH�PHQWLRQHG�PRQWKV������RI�WKH�WRWDO���:KHQ�WKH�
FKRVHQ�IXQFWLRQDO�XQLW�LV���WRQQH��DJDLQ�WKH�\LHOG�GRPLQDWHV�WKH�%:6�UHVXOWV��7KH�PD[LPXP�%:6�
YDOXH�LV�REVHUYHG�LQ������������ZKHQ�WKH�ORZHVW�\LHOG�LV�REWDLQHG��ZKHUHDV�WKH�ORZHVW�%:6�YDOXH�
FRUUHVSRQGV�WR������������WKH�VHDVRQ�ZLWK�WKH�KLJKHVW�\LHOG��VKRZLQJ�WKH�KLJK�LQIOXHQFH�RI�\LHOG�RQ�
WKH�ILQDO�UHVXOWV��,W�VKRXOG�QRW�EH�RYHUORRNHG�WKDW�IRU�����������DQG������������WKLV�\LHOG�UHODWLRQVKLS�
GRHV�QRW�KROG��7KLV�FDQ�EH�H[SODLQHG�E\�WKH�IDFW�WKDW��IRU�WKRVH�VHDVRQV��ZDWHU�FRQVXPSWLRQ�KDV�PRUH�
ZHLJKW�LQ�WKH�ILQDO�UHVXOWV�WKDQ�WKH�\LHOG��VLQFH�WKH�ZDWHU�FRQVXPSWLRQ�LQ�����������ZDV�JUHDWHU�WKDQ�
LQ������������PDNLQJ�WKH�WRWDO�%:6�YDOXH�KLJKHU��GHVSLWH�WKH�KLJKHU�\LHOG�REWDLQHG�LQ�WKH�IRUPHU��
)RU� WKLV� FDWHJRU\�� D� YDULDWLRQ� FRHIILFLHQW� RI� ����DQG����DUH� REWDLQHG� SHU� KHFWDUH� DQG� SHU� WRQQH��
UHVSHFWLYHO\� �7DEOH� ���� 7KLV� YDULDELOLW\� FDQ� EH� H[SODLQHG�� DV� REVHUYHG� LQ� WKH� �DSSURDFK� DQG�
PHWKRGRORJ\�� VHFWLRQ�� E\� WKH� GHSHQGHQF\� RI� ZDWHU� FRQVXPSWLRQ� RQ� FOLPDWLF� YDULDEOHV� �PRVWO\�
SUHFLSLWDWLRQV��UHODWLYH�KXPLGLW\��ZLQG��DQG�WHPSHUDWXUH���,Q�WXUQ��WKH�%:6�LPSDFW�DOVR�GHSHQGV�RQ�
WKH�PRQWKO\�VFDUFLW\�&)�RI�WKH�EDVLQ��DOVR�LQIOXHQFLQJ�WKH�YDULDELOLW\�RI�WKH�UHVXOWV� 
 
 
 

���
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 � 

7DEOH����9DOXHV�RI�IHUWLOLVHU�RQ�ILHOG�HPLVVLRQV��DQG�EOXH�ZDWHU�VFDUFLW\�LQ�WKH�ILHOG�VWDJH�DQG�WKHLU�
UHVSHFWLYH�FRHIILFLHQW�RI�YDULDWLRQ� 
 

 FU = 1 ha·season-1 FU = 1 tonne 
 2016/17 2017/18 2018/19 2019/20 CV 

(%) ������� ������� ������� ������� CV 
(%) 

1�2�direct (kg) 5.11 5.11 5.11 5.11 0 0.11 0.09 0.10 0.08 15 
1�2�indirect, 
leached (kg) 3.49 3.95 4.04 3.84 6 0.07 0.07 0.08 0.06 14 

1�2�indirect, 
volatilized (kg) 0.30 0.30 0.30 0.30 0 0.01 0.01 0.01 0.00 15 

1�2�total (kg) 8.90 9.36 9.45 9.24 3 0.19 0.17 0.19 0.14 14 
1+� (kg) 13.61 13.61 13.61 13.61 0 0.29 0.25 0.28 0.21 15 
NO2 (kg) 8.12 8.12 8.12 8.12 0 0.17 0.15 0.17 0.12 15 
12�

��(kg) 894.73 1011.94 1035.71 982.60 6 19.04 18.40 21.14 14.89 14 
BWS (P� eq.) 1.19·104 1.33·104 1.08·104 1.37·104 11 252.40 242.30 219.80 207.16 9 

 
&RQFOXVLRQV 
7KH�UHVXOWV�RI�8UXJXD\DQ�OHPRQV¶�LPSDFW�DW�WKH�IDUP�OHYHO�VKRZ�WKH�JUHDW�LQIOXHQFH�RI�IHUWLOLVDWLRQ�RQ�
FOLPDWH�FKDQJH�LPSDFW�DQG�WKDW�RI�LUULJDWLRQ�UHTXLUHPHQWV�LQ�WHUPV�RI�EOXH�ZDWHU�VFDUFLW\��$V�UHJDUGV�
WKH�LQWHU�VHDVRQ�YDULDELOLW\��ZKHQ�H[SUHVVLQJ�WKH�UHVXOWV�SHU�DUHD�EDVLV��&9V�KDYH�ORZHU�YDOXHV��7KLV�
LV�GXH�WR�WKH�IDFW�WKDW�UHVXOWV�DUH�PDLQO\�GHSHQGHQW�RQ�WKH�LUULJDWLRQ�GRVH�DQG�FOLPDWLF�SDUDPHWHUV��
QDPHO\�WKH�SUHFLSLWDWLRQ��:KHQ�H[SUHVVLQJ�WKH�UHVXOWV�SHU�PDVV�EDVLV��WKHUH�LV�D�KLJK�\LHOG�GHSHQGHQF\�
�ZKLFK�LQ�WXUQ�GHSHQGV�RQ�FOLPDWLF�FRQGLWLRQV�EXW�DOVR�RQ�PDQDJHPHQW�SUDFWLFHV��DQG�WKH�YDULDELOLW\�
WHQGV� WR�EH�JUHDWHU��7KHUHIRUH��D�PXOWL�\HDU�DQDO\VLV� LV�HQFRXUDJHG�HVSHFLDOO\� LQ� WKH�VWXG\�RI�FURS�
SURGXFWLRQ�XQGHU�YDULDEOH�ZHDWKHU��VLQFH�DQ�HQYLURQPHQWDO�DVVHVVPHQW�EDVHG�RQ�RQO\�RQH�VHDVRQ�PD\�
QRW�EH�UHSUHVHQWDWLYH�RI�WKH�HQYLURQPHQWDO�LPSDFWV��HYHQ�ZKHQ�IROORZLQJ�WKH�VDPH�SUDFWLFHV� 
,PSURYLQJ�WKH�PDQDJHPHQW�SUDFWLFHV�RI�OHPRQ�FURSV�LV�FUXFLDO�IRU�ORZHULQJ�&&�DQG�%:6�LPSDFWV��
$FWLRQV�WR�UHGXFH�WKH�LPSDFW�RQ�&&�VKRXOG�LQFOXGH�WKH�RSWLPL]DWLRQ�RI�WKH�GRVH�RI�1�IHUWLOLVHUV��DV�
ZHOO�DV�WKH�VHOHFWLRQ�RI�PRUH�HQYLURQPHQWDOO\�IULHQGO\�DOWHUQDWLYHV�GXULQJ�WKHLU�PDQXIDFWXULQJ��7KH�
RSWLPL]DWLRQ�RI�FURS�QXWULWLRQ�PDQDJHPHQW��ZKLFK�LV�PDLQO\�EDVHG�RQ�ILWWLQJ�WKH�1�VXSSO\�WR�WKH�SODQW�
GHPDQG��LV�FULWLFDO��7R�WKLV�HQG��WRROV�VXFK�DV�WKH�1RUPDOL]HG�'LIIHUHQFH�9HJHWDWLYH�,QGH[��3HWWRUHOOL��
������RU� WKH�6LWH�6SHFLILF�1XWULHQW�0DQDJHPHQW� �%XUHVK� DQG�:LWW�� ������ DUH� UHFRPPHQGHG��7KH�
VHOHFWLRQ�RI�WKH�W\SH�RI�IHUWLOLVHU�LV�DOVR�UHOHYDQW�LQ�WHUPV�RI�PLWLJDWLQJ�QLWURJHQ�HPLVVLRQV��WKH�XVH�RI�
VORZ�UHOHDVH�IHUWLOLVHUV�VKRXOG�EH�HQFRXUDJHG� 
$OWKRXJK�8UXJXD\� LV� D� FRXQWU\�ZLWK� D� EDVHOLQH� ZDWHU� VWUHVV� RI� OHVV� WKDQ� ���� �:RUOG�5HVRXUFHV�
,QVWLWXWH�� �������ZKLFK�PHDQV� WKDW�� IRU� QRZ�� WKHUH� LV� HQRXJK�ZDWHU� DYDLODEOH� WR� VXSSO\� WKH� FURSV��
UHGXFLQJ�ZDWHU� FRQVXPSWLRQ� FDQ� DOZD\V� EHQHILW� WKH� HQYLURQPHQWDO� SURILOH� RI� 8UXJXD\DQ� OHPRQV�
DJDLQVW�VLPLODU�SURGXFWV�IURP�RWKHU�FRXQWULHV��7KXV��WKH�VWXG\�DQG�RSWLPL]DWLRQ�RI�WKH�UDWLR�³LUULJDWLRQ�
GRVH�FURS� \LHOG´� LQ� WKH� PRQWKV� RI� JUHDWHVW� ZDWHU� VFDUFLW\� LV� HQFRXUDJHG��$V� ZHOO�� WHFKQRORJLFDO�
RSWLPL]DWLRQ�RI�LUULJDWLRQ�LV�D�YHU\�LPSRUWDQW�VWUDWHJ\�WR�UHGXFH�WKH�%:6��8VLQJ�XS�WR�GDWH�WHFKQLTXHV�
FDQ�UHGXFH�XQSURGXFWLYH�VRLO�HYDSRUDWLRQ�WKXV�UHGXFLQJ�WKH�FRQVXPSWLRQ�RI�ZDWHU��2WKHU�VWUDWHJLHV��
VXFK� DV� DGYDQFHG� LUULJDWLRQ� VFKHGXOLQJ� DQG� GHILFLW� LUULJDWLRQ�� FDQ� DOVR� EH� XVHIXO� WR� GHFUHDVH� WKH�
LUULJDWLRQ� GRVH��$W� WKH� VDPH� WLPH�� ILWWLQJ� WKH� LUULJDWLRQ� GRVH� DOVR� FRQWULEXWHV� WR� UHGXFLQJ� QLWUDWH�
OHDFKLQJ��WKXV�ORZHULQJ�WKH�LPSDFW�RQ�&&�� 
 
5HIHUHQFHV� 
$OOHQ��5�*���3HUHLUD��/�6���5DHV��'���6PLWK��0��������&URS�HYDSRWUDVSLUDWLRQ�JXLGHOLQHV�IRU�FRPSXWLQJ�

FURS� ZDWHU� UHTXLUHPHQWV�� )$2� ,UULJDWLRQ�	� GUDLQDJH� 3DSHU� ���� )$2�� )RRG� DQG�$JULFXOWXUH�
2UJDQL]DWLRQ�RI�WKH�8QLWHG�1DWLRQV��5RPD� 

���
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 � 

%RXOD\��$�0���%DUH��-���%HQLQL��/���%HUJHU��0���/DWKXLOOLqUH��0�-���0DQ]DUGR��$���0DUJQL��0���0RWRV
KLWD��0���1~xH]��0���3DVWRU��$�9���5LGRXWW��%���2NL��7���:RUEH��6���3ILVWHU��6��������7KH�:8/&
$�FRQVHQVXV�FKDUDFWHUL]DWLRQ�PRGHO�IRU�ZDWHU�VFDUFLW\�IRRWSULQWV��DVVHVVLQJ�LPSDFWV�RI�ZDWHU�FR
QVXPSWLRQ�EDVHG�RQ�DYDLODEOH�ZDWHU�UHPDLQLQJ��$:$5(���,QW��-��/LIH�&\FOH�$VVHVV���������±
�����https://doi.org/10.1007/s11367-017-1333-8 

%XUHVK�� 5�� -��� 	�:LWW�� &�� �������� 6LWH�VSHFLILF� QXWULHQW� PDQDJHPHQW� )HUWLOL]HU� EHVW� PDQDJHPHQW�
SUDFWLFHV �SS���������� 
(&��������&RPPLVVLRQ�5HFRPPHQGDWLRQ�RQ�WKH�XVH�RI�WKH�(QYLURQPHQWDO�)RRWSULQW�PHWKRGV��&�������

�����)LQDO��±��� 
(($��������(0(3�(($�DLU�SROOXWDQW�HPLVVLRQ�LQYHQWRU\�JXLGHERRN�������(XURSHDQ�(QYLURQPHQW�

$JHQF\��(($���3XEOLFDWLRQV�2IILFH�RI�WKH�(XURSHDQ�8QLRQ��/X[HPERXUJ� 
(PPHQHJJHU��0���5HLQKDUG��-���=DK��5���=LHS��7���������6XVWDLQDELOLW\�4XLFN�&KHFN�IRU�%LRIXHOV� ��

LQWHUPHGLDWH�EDFNJURXQG�UHSRUW��5VE�(SIO�&K��±��� 
(3'�� ������ (QYLURQPHQWDO� 3URGXFW� 'HFODUDWLRQV� ,QWHUQDWLRQDO�� >RQOLQH@� $YDLODEOH� DW��

KWWSV���ZZZ�HQYLURQGHF�FRP�KRPH�>$FFHVVHG����-XQH�����@� 
*DPEHWWD��*���*XLPDUDHV��1���)HUQiQGH]��*��5DPRV��6���2FDPSRV��0���)HUUDQGR��0���*UDYLQD��$�����
���1RYHPEHU���������5HTXHULPLHQWRV�GH�1�\�.�HQ�SODQWDFLRQHV�GH�DOWR�UHQGLPLHQWR�GH�PDQGDULQD�
$IRXUHU� \� OLPyQ�� 9� 6LPSRVLR� 1DFLRQDO� GH� ,QYHVWLJDFLyQ� \� 'HVDUUROOR� 7HFQROyJLFR� HQ� &LWUXV��
8QLYHUVLGDG�GH�OD�5HS~EOLFD��8UXJXD\� 
*DUFtD�3HWLOOR��0���&DVWHO��-�5���������:DWHU�EDODQFH�DQG�FURS�FRHIILFLHQW�HVWLPDWLRQ�RI�D�FLWUXV�RUFKDUG�

LQ�8UXJXD\��6SDQLVK�-��$JULF��5HV��������±�����KWWSV���GRL�RUJ���������VMDU������������� 
*RxL��&���2WHUR��$���������5HGXFLHQGR�,QFHUWLGXPEUHVௗ��HO�ULHJR�HQ�OD�SURGXFWLYLGDG�GH�ORV�FtWULFRV��

5HGXFLHQGR�,QFHUW��HO�ULHJR�HQ�OD�3URGXFW��ORV�FtWULFRV�$Y��,QYHVWLJ���������±��� 
,1,$�*5$6��������6LVWHPD�GH�,QIRUPDFLyQ�*HRJUiILFD�6,*5$6��%DQFR�GDWRV�DJURFOLPDWLFR��>RQOLQH@�

$YDLODEOH� DW�� KWWS���ZZZ�LQLD�X\�JUDV�&OLPD�%DQFR�GDWRV�DJURFOLPDWLFR£(UURU�� 5HIHUHQFLD� GH�
KLSHUYtQFXOR�QR�YiOLGD��>$FFHVVHG����-XQH�����@� 

,3&&������� &OLPDWH�&KDQJH�������7KH�3K\VLFDO�6FLHQFH�%DVLV��&RQWULEXWLRQ�RI�:RUNLQJ�*URXS�,�WR�
WKH�)LIWK�$VVHVVPHQW�5HSRUW�RI�WKH�,QWHUJRYHUQPHQWDO�3DQHO�RQ�&OLPDWH�&KDQJH >6WRFNHU��7�)���
'��4LQ��*��.��3ODWWQHU��0��7LJQRU��6�.��$OOHQ��-��%RVFKXQJ��$��1DXHOV��<��;LD��9��%H[�DQG�3�0��
0LGJOH\��HGV��@��&DPEULGJH�8QLYHUVLW\�3UHVV��&DPEULGJH��8QLWHG�.LQJGRP�DQG�1HZ�<RUN��1<��
86$�������SS� 

,3&&��������&RQVLVWHQW�5HSUHVHQWDWLRQ�RI�/DQGV��FKDSWHU���������,3&&�*XLGHO��1DWO��*UHHQK��*DV�
,QYHQW����� 

,3&&��������WKH�5HILQHPHQW�7R�WKH������,3&&�*XLGHOLQHV�IRU�1DWLRQDO�*UHHQKRXVH�*DV�,QYHQWRULHV��
)XQGDPHQWDO� DQG�$SSOLHG�&OLPDWRORJ\�� ��� �±���� KWWSV���GRL�RUJ���������������������������
������ 

0RUHQR�5XL]��(���9DOVDVLQD��/���)LW]JHUDOG��'���%UXQQHU��)���9DGHQER��&���%DXHU��&���%RXUJDXOW��*���
6\PHRQLGLV��$���:HUQHW��*��� ������'RFXPHQWDWLRQ� RI� FKDQJHV� LPSOHPHQWHG� LQ� WKH� HFRLQYHQW�
GDWDEDVH�Y������HFRLQYHQW��(FRLQYHQW�2UJ������� 

3HWWRUHOOL��1��������� 7KH�QRUPDOL]HG�GLIIHUHQFH�YHJHWDWLRQ�LQGH[��2[IRUG�8QLYHUVLW\�3UHVV� 
6SKHUD�� ������ *D%L� 'DWDEDVHV� 	� 0RGHOOLQJ� 3ULQFLSOHV� �±���$YDLODEOH� DW�� ZZZ�VSKHUD�FRP�ZS�

FRQWHQW�XSORDGV���������0RGHOLQJ�3ULQFLSOHV�*D%L�'DWDEDVHV������SGI� >$FFHVVHG� ��� -XQH�
����@� 

:HUQHW��*���%DXHU��&���6WHXELQJ��%���5HLQKDUG��-���0RUHQR�5XL]��(���:HLGHPD��%���������7KH�HFRLQYHQW�
GDWDEDVH�YHUVLRQ����SDUW�,���RYHUYLHZ�DQG�PHWKRGRORJ\��,QW��-��/LIH�&\FOH�$VVHVV����������±������
KWWSV���GRL�RUJ���������V����������������� 

:RUOG� 5HVRXUFHV� ,QVWLWXWH�� ������ $TXHGXFW� ���� &RXQWU\� DQG� 3URYLQFH� 5DQNLQJV�� $YDLODEOH� DW��
KWWSV���ZZZ�ZUL�RUJ�GDWD�DTXHGXFW����FRXQWU\�UDQNLQJV�>$FFHVVHG����-XQH�����@� 

WULCA, 2022. AWARE Factors.  Sub Watershed level values (annual and monthly). Available at: 
https://wulca-waterlca.org/aware/download-aware-factors/ [Accessed 20 June 2022]. 
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6XVWDLQDEOH�&RQVXPSWLRQ�DQG�3URGXFWLRQ�LQ�WKH�)RRG�DQG�%HYHUDJH�VHFWRU�RI�
$UJHQWLQD��+RWVSRWV�$QDO\VLV 

 
$OHMDQGUR�3DEOR�$UHQD���
��%iUEDUD�0DUtD�&LYLW�����5R[DQD�3LDVWUHOOLQL��� 

)HUQDQGR�'DQLHO�0HOH�����6LOYLD�&XUDGHOOL���3DXOD�5RGUtJXH]�����*ORULD�5RWROR���5RGROIR�
%RQJLRYDQQL���3DXOD�$UDXMR���/HLOD�6FKHLQ���9HUyQLFD�&KDUOyQ� 

 
��&/,23(�*URXS��8QLYHUVLGDG�7HFQROyJLFD�1DFLRQDO��871�±�)50��0HQGR]D��$UJHQWLQD 
��&21,&(7��&RQVHMR�1DFLRQDO�GH�,QYHVWLJDFLRQHV�&LHQWtILFDV�\�7HFQROyJLFDV��$UJHQWLQD� 
��&\NORV��)$&(7��8QLYHUVLGDG�1DFLRQDO�GH�7XFXPiQ��817���7XFXPiQ�$UJHQWLQD� 
��,QVWLWXWR�1DFLRQDO�GH�7HFQRORJtD�$JURSHFXDULD��,17$���$UJHQWLQD� 
��8QLYHUVLGDG�1DFLRQDO�GH�/XMiQ��81/X���$UJHQWLQD� 
 
 
 
.H\ZRUGV��(QYLURQPHQWDO�,PSDFW��/LIH�&\FOH�$VVHVVPHQW��SURGXFWLYH�FKDLQV� 
 

&RUUHVSRQGLQJ�DXWKRU��7HO������������������ 
�(�PDLO�DGGUHVV�DSDUHQD#JPDLO�FRP� 
 
5DWLRQDOH�DQG�REMHFWLYH� 
7KH� ��� 6'*� LV� WR� HQVXUH� VXVWDLQDEOH� FRQVXPSWLRQ� DQG� SURGXFWLRQ� �6&3�� SDWWHUQV� E\� GHFRXSOLQJ�
HFRQRPLF� JURZWK� IURP� HQYLURQPHQWDO� GHJUDGDWLRQ�� LQFUHDVLQJ� UHVRXUFH� HIILFLHQF\� DQG� SURPRWLQJ�
VXVWDLQDEOH�OLIHVW\OHV��81(3��������� ,Q�RUGHU�WR�KHOS�FRXQWULHV� WR� LGHQWLI\�KRWVSRW�DUHDV�DQG�WR�VHW�
SROLFLHV�IRU�DFKLHYLQJ�WKDW�JRDO��WKH�/LIH�&\FOH�,QLWLDWLYH�FRPPLVVLRQHG�WKH�+RWVSRWV�$QDO\VLV�7RRO�
IRU�6XVWDLQDEOH�&RQVXPSWLRQ�DQG�3URGXFWLRQ��6&3�+$7���WRJHWKHU�ZLWK�WKH�2QH�3ODQHW�1HWZRUN�DQG�
WKH�,QWHUQDWLRQDO�5HVRXUFH�3DQHO��7KH�SLORW�DQDO\VLV�KHOG�LQ�$UJHQWLQD�GHOLYHUHG�WKDW�RQH�RI�WKH�PRVW�
YXOQHUDEOH�VHFWRUV�UHODWHG�WR�6&3�LV� WKH�)RRG�DQG�%HYHUDJH��)	%���ZKLFK�SOD\V�D�NH\�UROH�LQ� WKH�
HFRQRPLF� GHYHORSPHQW� RI� WKH� FRXQWU\�� WKURXJK� WKH� JHQHUDWLRQ� RI� DGGHG� YDOXH�� WD[� UHFRYHU\��
HPSOR\PHQW�DQG�IRUHLJQ�WUDGH��7KLV�SURPSWHG�WKH�GHYHORSPHQW�RI�DQ�LQ�GHSWK�VWXG\�WR�ILQG�WKH�FULWLFDO�
DVSHFWV�ZKHUH�/LIH�&\FOH�$VVHVVPHQW��/&$��FRXOG�KHOS�WR�LPSURYH�WKH�FRQVXPSWLRQ�DQG�SURGXFWLRQ�
SDWWHUQ�RI�WKLV�SDUWLFXODU�VHFWRU��7KH�SURMHFW¶V�DLP�ZDV�WR�LGHQWLI\�����ZKDW�DUH�WKH�PDLQ�KRWVSRWV�LQ�
WKH� GLIIHUHQW� SURGXFWLYH� FKDLQV� RI� WKH� )	%� VHFWRU� LQ�$UJHQWLQD�� ���ZKDW� DUH� WKH� EHVW� RSWLRQV� IRU�
LPSURYLQJ�WKH�HQYLURQPHQWDO�LPSDFWV�GHWHFWHG��DQG����ZKLFK�IDFWRUV�PD\�KLQGHU�WKH�LPSOHPHQWDWLRQ�
RI�WKH�LGHQWLILHG�LPSURYHPHQW�PHDVXUHV� 
$SSURDFK�DQG�PHWKRGRORJ\� 
7R�ILQG�WKH�DQVZHUV�WR�WKHVH�TXHVWLRQV��LQIRUPDWLRQ�DERXW����SURGXFWLYH�FKDLQV�ZDV�XVHG��LQ�DGGLWLRQ�
WR� WKH�PDLQ�SDFNDJLQJ�PDWHULDOV�XVHG��6LQFH�SULPDU\�SURGXFWV�IURP�WKH�DJULFXOWXUDO��DQG�OLYHVWRFN�
VHFWRUV�DUH�WUDQVIRUPHG�WKURXJK�LQGXVWULDO�SURFHVVHV�LQWR�IRRG�DQG�EHYHUDJHV��DOO�VWDJHV�RI�WKH�OLIH�
F\FOH�RI�WKH�SURGXFWLRQ�FKDLQV�LQYROYHG�PXVW�EH�FRQVLGHUHG� 
7KH�PHWKRGRORJ\�ZDV�VWUXFWXUHG�DV�IROORZV�����&RPSLODWLRQ�RI�/&$�VWXGLHV�LQ�WKH�$UJHQWLQLDQ�)	%�
VHFWRU�� ��� ,GHQWLILFDWLRQ� RI� DQ� LQLWLDO� VHW� RI� KRWVSRWV�� WKH� GRPLQDQW� LPSDFW� FDWHJRULHV�� WKH� PRVW�
VLJQLILFDQW�OLIH�F\FOH�VWDJHV��DQG�WKH�VRXUFHV�RI�LPSDFWV�SURFHVVHV�DQG�RU�VXEVWDQFHV�ZHUH�LGHQWLILHG��
���9DOLGDWLRQ� RI� WKH� LQLWLDO� VHW� RI� LGHQWLILHG�+RWVSRWV� WKURXJK� FRQVXOWDWLRQV�ZLWK� VWDNHKROGHUV�� ���
5HILQLQJ�WKH�/&$�LQIRUPDWLRQ�E\�GHHSHQLQJ�VRPH�H[LVWLQJ�/&$�VWXGLHV��DQG�GHYHORSLQJ�QHZ�RQHV��
���,GHQWLILFDWLRQ�RI�+RWVSRWV��LPSURYHPHQW�RSSRUWXQLWLHV��EDUULHUV��DQG�SROLF\�UHFRPPHQGDWLRQV�LQ�
WKH�EURDG�VHW�RI�)	%�GDWDVHWV�����)LQDO�VWDNHKROGHU�YDOLGDWLRQ��VL[�VHFWRU�VSHFLILF�ZRUNVKRSV�ZHUH�
KHOG��SUHVHQWLQJ�WKH�HQKDQFHG�UHVXOWV��DQG�FROOHFWLQJ�WKHLU�RSLQLRQV�DQG�VXJJHVWLRQV� 
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��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
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)RU� WKH�/&$�FDOFXODWLRQV��ZKHQHYHU� SRVVLEOH�� GLUHFW� LQIRUPDWLRQ� IURP�SURGXFHUV�ZDV� FRQVLGHUHG��
FRPSOHPHQWHG�ZLWK� VHFRQGDU\�GDWD�REWDLQHG� IURP� OLIH�F\FOH�GDWDEDVHV��PDLQO\�(FRLQYHQW�����DQG�
:RUOG� )RRG� /&$� 'DWDEDVH� ����� 'DWD� JDSV� ZHUH� ILOOHG� UHO\LQJ� RQ� SHHU�UHYLHZHG� SXEOLFDWLRQV��
FRPPHUFLDO�FDWDORJV��DQG�UHSRUWV�IURP�JRYHUQPHQW�DJHQFLHV�DQG�SULYDWH�VHFWRU��6LPD3UR��ZDV�XVHG�
IRU�/&$�FDOFXODWLRQV��$OO� WKH� LPSDFW�FDWHJRULHV� LQ� WKH�&0/�EDVHOLQH�PHWKRGRORJ\�ZHUH�DQDO\]HG�
ZLWK�DQ�HPSKDVLV�RQ�*OREDO�:DUPLQJ�3RWHQWLDO��*:3��� 
0DLQ�UHVXOWV�DQG�GLVFXVVLRQ 
���)	%�SURGXFWV� DQG� SDFNDJLQJ�PDWHULDOV�ZHUH� DVVHVVHG� WKDQNV� WR� WKH� JHQHURXV� SDUWLFLSDWLRQ� RI�
SURIHVVLRQDOV�IURP�GLIIHUHQW�LQVWLWXWLRQV��$OVR��GR]HQV�RI�FRPPRQO\�XVHG�LQSXWV�WR�WKH�)	%�VHFWRU�
ZHUH� UH�FRQWH[WXDOL]HG� WR� ILW�$UJHQWLQLDQ� FRQGLWLRQV�� &RQVLGHULQJ� WKH� *:3� FRQWULEXWLRQ� RI� WKH�
DQDO\]HG�SURGXFW�FKDLQV��LQFOXGLQJ�ERWK�WKH�LPSDFW�SURGXFHG�SHU�XQLW�RI�SURGXFW�DQG�WKHLU�WRWDO�DQQXDO�
SURGXFWLRQ��WKH�PDLQ�FRQWULEXWRUV�DUH�EHHI��SRUN��YHJHWDEOH�RLOV��GDLU\�SURGXFWV��ZLQH��DQG�VXJDU�� 
7KH�PRVW�UHFXUUHQW�KRWVSRWV�LGHQWLILHG�DUH� 
Ɣ SULPDU\�SURGXFWLRQ��SURGXFWLRQ�DQG�DSSOLFDWLRQ�RI�IHUWLOL]HUV��H[FHSW�IRU�PHDW�SURGXFWLRQ�� 
Ɣ SURFHVVLQJ�DQG�PDQXIDFWXUH��XVH�RI�IRVVLO�HQHUJ\�HOHFWULFLW\� 
Ɣ GLVWULEXWLRQ��LQWHUQDO�WUDQVSRUWDWLRQ�XVLQJ�IRVVLO�IXHOV� 
Ɣ FRQVXPSWLRQ��ZDVWH�DQG�IRRG�ORVVHV� 
Ɣ HQG�RI�OLIH��ORJLVWLFV�DQG�SRRUO\�UHF\FOHG�PDWHULDOV� 
6RPH�RI�WKH�PRVW�UHFXUUHQW�SROLF\�UHFRPPHQGDWLRQV�GHULYHG�IURP�WKH�VWXG\�DUH��WR�SURPRWH�VRIW�ORDQV��
FUHGLW�OLQHV�RU�WD[�LQFHQWLYHV�IRU�WKH�LQFRUSRUDWLRQ�RI�SUHFLVLRQ�DJULFXOWXUH�WHFKQRORJLHV��WR�VXSSRUW�
FDSDFLW\�EXLOGLQJ�DFWLRQV� WR� UHGXFH� WKH�FRQVXPSWLRQ�RI� WUDGLWLRQDO� IHUWLOL]HUV�� WR�FRQWLQXH�ZLWK� WKH�
SURPRWLRQ�RI�ELRIXHO�SURGXFWLRQ�DQG�XVH��WR�IRVWHU�WKH�LPSOHPHQWDWLRQ�RI�VHFWRUDO�HQHUJ\�HIILFLHQF\�
SURJUDPV��WR�SURPRWH�SXEOLF�FDPSDLJQV�WR�HQFRXUDJH�FKDQJH�LQ�FRQVXPSWLRQ�KDELWV��WR�VWLPXODWH�WKH�
DGRSWLRQ�RI�FLUFXODU�HFRQRP\�VWUDWHJLHV�LQ�WKH�VHFWRUV�LQYROYHG��$OVR��D�ILUVW�HVWLPDWLRQ�RI�IRRG�ORVV�
DQG�ZDVWH��)/	:��DQG�LWV�UHODWHG�FOLPDWH�FKDQJH�SRWHQWLDO�LV�SHUIRUPHG�IRU�WKH�FRQVLGHUHG�SURGXFWV��
XVLQJ�ZDVWH�ORVV�SHUFHQWDJHV�HVWLPDWHG�IRU�$UJHQWLQD� �/HyQ�HW�DO����������5HVXOWV�VKRZ�WKDW�PHDW��
YHJHWDEOH�RLOV�DQG�GDLU\�SURGXFWV�DUH�WKH�ELJJHVW�FRQWULEXWRUV�LQ�WHUPV�RI�*:3�LQ�$UJHQWLQD� 
&RQFOXVLRQ 
7KH�LGHQWLILFDWLRQ�RI�KRWVSRWV�LQ�WKH�)	%�VHFWRU�LQ�$UJHQWLQD�ZDV�SHUIRUPHG�GXULQJ�D�KLJKO\�GDWD�
LQWHQVLYH�VKRUW�WHUP�SURMHFW��7KLV�FRQVWLWXWHV�WKH�PRVW�H[WHQVLYH�FRPSLODWLRQ�DQG�DQDO\VLV� WKDW�KDV�
EHHQ�FDUULHG�RXW�LQ�WKH�FRXQWU\�WR�GDWH�IRU�KRWVSRWV�LGHQWLILFDWLRQ��ZKLFK�PD\�WULJJHU�QHZ�VWXGLHV�WKDW�
FRXOG�LPSURYH�WKH�UHVXOWV�REWDLQHG�DQG�H[SDQG�WKH�OLVW�RI�SURGXFWV�DQDO\]HG��0RUH�UHVHDUFK�LV�QHHGHG��
FRYHULQJ�RWKHU�UHJLRQV�DQG�SURGXFWLRQ�V\VWHPV��LQ�RUGHU�WR�REWDLQ�D�PRUH�UHSUHVHQWDWLYH�SLFWXUH�RI�WKH�
LPSDFW�DVVRFLDWHG�ZLWK�WKH�$UJHQWLQLDQ�)	%�VHFWRU��7KH�UHVXOWV�SUHVHQWHG�LQ�WKLV�VWXG\�FDQ�EH�KHOSIXO�
IRU� WKH� GHILQLWLRQ� RI� SROLFLHV� E\� JRYHUQPHQW� ERGLHV� DQG� IRU� HVWDEOLVKLQJ� SULRULWLHV� RQ� UHVHDUFK�
DFWLYLWLHV�E\�VFLHQWLILF�DQG�WHFKQRORJLFDO�LQVWLWXWLRQV�� 
5HIHUHQFHV 
/HyQ��3���0DUFDULDQ�/���5RVDWWL��5��������,QWURGXFFLyQ�DO�$QiOLVLV�GH�ODV�3pUGLGDV�\�'HVSHUGLFLRV�GH�
$OLPHQWRV�HQ�$UJHQWLQD��352&$/ 
8QLWHG�1DWLRQV�(QYLURQPHQW�3URJUDPPH��81(3���������6XVWDLQDEOH�&RQVXPSWLRQ�DQG�3URGXFWLRQ�
*OREDO� HGLWLRQ�� >2QOLQH�� DFFHVVHG� RQ� ��� )HEUXDU\� ����@�� $YDLODEOH� DW��
KWWSV���VXVWDLQDEOHGHYHORSPHQW�XQ�RUJ�FRQWHQW�GRFXPHQWV�����6XVWDLQDEOH���&RQVXPSWLRQ�SGI�� 
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Globalization and the worldwide need to nourish human communities have led to increasing trading 
flows of natural resources among nations in recent decades. Thus, when countries cannot supply 
their demand for certain foods, they import from others with higher production levels, becoming 
trade a fundamental piece in the global food supply and security systems (Dalin and Rodríguez-
Iturbe, 2016; Gephart and Pace, 2015). Considering that food production and consumption are 
linked to environmental impacts and high reliance on biodiversity and ecosystem services (Crenna 
et al., 2019; Cucurachi et al., 2019), international food trade may generate serious environmental 
UHSHUFXVVLRQV�RXWVLGH�WKH�FRXQWULHV¶�ERUGHUV�(Khan et al., 2020). 

 
In this context, the European Union (EU) has traditionally been a net importer of multiple food 
products, especially fishing and aquaculture products, due to the incapability of European waters to 
provide sufficient seafood for the local demand. Thus, 64% of European demand for fishing and 
aquaculture products was covered by imports in 2018, mainly from developing countries as 
Morocco, China, India, Vietnam, Ecuador, and Argentina  (EUMOFA, 2019; FAO, 2020; Guillen et 
al., 2019). Interestingly, Spain is the main importer of these products (EUMOFA, 2019). Therefore, 
the environmental sustainability of this sector depends, to a great extent, on the production beyond 
continental boundaries (Guillen et al., 2019). 
 
The environmental burdens linked to international trade and consumption of diverse products and 
services has been extensively assessed using bottom-up and top-down approach (Heinonen et al., 
2020; Marques et al., 2017; Notarnicola et al., 2017; Sala and Castellani, 2019). The top-down 
approach is based in Environmentally Extended Input-Output (EEIO) Tables and statistical data of 
KRXVHKROGV¶� H[SHQGLWXUH� (Sala et al., 2020, 2019b, 2019a). This approach allows assessing the 
environmental burdens related to a wide range of economic sectors at a macro scale (Beylot et al., 
2019; Castellani et al., 2019; Heinonen et al., 2020; Sala et al., 2020). On the other hand, bottom-up 
approaches consider Life Cycle Assessment (LCA) studies of specific products, prioritizing those 
that are considered relevant based on their mass and economic value (Notarnicola et al., 2017; Sala 
et al., 2020, 2019b, 2019a).  
 
In this sense, the present study aims to estimate the greenhouse gas (GHG) emissions linked to the 
trade of aquaculture and fishery products between Spain, the main producer and consumer of 
seafood in the EU, and South America, using a bottom-up approach. This approach was adopted due 
to the limitation of top-down approach linked with the high aggregation level by sectors (Beylot et 
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al., 2019; Castellani et al., 2019; Heinonen et al., 2020; Sala et al., 2020). Meanwhile process 
based-LCA allows analyzing the environmental impacts of products and services with higher level 
of granularity (i.e., high level of detail) ) (Beylot et al., 2020; Corrado et al., 2020; Huysman et al., 
2016; Sala and Castellani, 2019). As far as we were able to ascertain, this study is the first attempt 
to estimate the global warming potential (GWP) of trade of aquaculture and fishery products 
between Spain and South America. 

 
The estimation of the environmental burdens of the different products from fisheries and 
aquaculture was carried out in three main steps. Firstly, the data of imports and exports (2019) of 
aquaculture and fishery products were gathered from the European Market Observatory for Fishery 
and Aquaculture Products-EUMOFA (European Commission (EC), 2022a). This database contains 
detailed information on aquaculture and fishery products imported and exported between the EU 
and the rest of the world, from 2004 to 2021, with amounts expressed in weight (kg) and economic 
revenue (¼�, and classified according to species, commodity group, type of presentation and 
conservation (South American countries were considered based on the grouping proposed by FAO). 
Thereafter, the transport mode (by sea and/or air) of seafood products was obtained from the 
database of the statistical office of the European Union-EUROSTAT (European Commission (EC), 
2022b). Finally, the GWP values of the products assessed were obtained from LCA studies in the 
scientific literature, considering the origin of each product and excluding studies from grey 
literature.  
 
A total of 50 scientific papers were used, containing data of 163 aquaculture and fishery products. 
Thus, when data from LCA studies were not found for a product according to its geographical area, 
studies from closer regions or with a similar production system were used. In addition, for the case 
of products in which it was not possible to obtain reliable GWP values, the global mean values 
reported by Gephart et al. (2021) were used. However, due the differences linked to system 
boundaries across LCA studies, and in order to standardize the different results used, this study only 
considered the GWP contributions of aquafeed and electricity for aquaculture products, whereas 
diesel production and combustion contributions were considered for fishery products, as 
recommended by Gephart et al. (2021). In parallel, the GWP values linked to the processing phases 
of aquaculture and fisheries products were obtained from recent review papers about the 
environment performance of processing and packaging of seafood (Almeida et al., 2021; Avadí and 
Vázquez-Rowe, 2019; Ruiz-Salmón et al., 2021). 

 
Preliminary results reveal that Ecuador is the main exporter of aquaculture and fishery products 
from South America to Spain, followed by Peru and the Falklands Islands, with exports in terms of 
mass of 114, 88 and 86 thousand metric tons, respectively. These represent roughly 63% of all 
Spanish seafood imports from South America. The main commodities exported from South America 
include cephalopods (37%), crustaceans (25%), and tuna and tuna-like species (19%). These 
products are mainly traded as frozen (72%) and prepared/preserved (21%). In contrast, Spain 
mainly exports to Chile, which represents 83% of all Spanish exports to South America, followed 
by exports to Brazil and Peru: 68.3, 3.8 and 3.6 thousand metric tons, respectively. Regarding the 
main commodities exported from Spain, tuna and tuna-like species represented 91% of all exports 
(96% as frozen products). Previous studies have highlighted that the EU is the main importer of raw 
material and intermediate products, and exporter of products with high value-added (Corrado et al., 
2020). However, according to these results, Spain exports high amounts of raw and intermediate 
aquaculture and fishery products (frozen products), and imports large amounts of both raw (frozen) 
and manufactured products (prepared/preserved). 

 
On-going activities of this study include the quantification of GHG linked with the international 
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trade, which will be obtained in the upcoming months, after the collection of the Life Cycle 
Inventory (LCI) data from LCA studies through email requests to authors who have not reported 
contributions from aquafeed, electricity, and fuel.  

 
In this sense, considering that changes toward more responsible patterns of production and 
consumption are needed, as established within the Sustainability Development Goals (SDG 12) 
(UN, 2015), and taking into account  that projections for the next decade predict growth in global 
fishing and aquaculture production, consumption and trade (FAO, 2020), the sustainability 
assessment and better production practices of this sector are pertinent and urgent. Therefore, 
according to the preliminary results of this study, we conclude that there is a relevant flow of 
seafood trade between South America and Spain, a key seafood producer and consumer in the EU, 
that could contribute significantly to the GWP of this sector. Thus, more efficient practices should 
be adopted in all phases of production chain, in order to reduce emissions from international trade 
of aquaculture and fishery species.  
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The application of LCA for environmental assessment in the context of developing and emerging 
economies (i.e. countries, regions and economies that are not fully industrialized, generally showing 
an average low to middle income and high inequality of income distribution) is still very limited 
(Hou et al., 2015), especially in Africa (Karkour et al., 2021). The scarce existing studies were 
generally commissioned by international or developed country-based institutions, or were carried 
out in the context of research activities financed from abroad. Political and social conditions 
influence the capacity of agri-food stakeholders –i.e. in agriculture (including livestock), 
aquaculture, fisheries and food processing– to adopt new social or technical innovations. Such 
conditions may affect both the implementation of LCA and the use of final LCA results. Developing 
and emerging contexts feature some specificities, embedding potential consequences on LCA 
implementation and uptake: land tenure issues, prioritisation of development concerns, tropical 
conditions complexifying the modelling of direct emissions, efficiency issues, and research and 
development priorities and capacities (Basset-Mens et al., 2021). The practice of agri-food LCA 
under these conditions faces additional challenges than in developed countries. Reasons for this 
include the greater diversity of agri-food systems (e.g. due to specific natural conditions and 
combined socio-economic constraints), the paucity of data to inform LCIs, and even the varying 
awareness, capacities and priorities of stakeholders.  
 
Based on the cumulated scientific and field experience of a dozen researchers over more than 10 
years, we proposed recommendations to overcoming the challenges for robust agri-food LCA in 
developing and emerging economies, in the recently released book “An operational guide to LCA 
of agri-food systems within developing and emerging economies” (Basset-Mens et al., 2021). 
The e-book version is freely available at https://www.quae.com/produit/1734/9782759234677/life-
cycle-assessment-of-agri-food-systems. We provide advice on co-designing the study with the 
stakeholders making up the “community” of the study, building LCIs (including foreground and 
background data collection, direct field emissions modelling, and quality management), performing 
LCIA, and interpreting the results for each stakeholder category. We propose, moreover, best 
practices for agri-food LCAs, at the system level (e.g. Table 1). 
 
The most important recommendations of the guide are summarised below: 

• Design and validate the goal and scope of the study with the commissioner; clarify the study 
purpose and constraints; never accept a poorly designed or under-resourced study. 

• Co-design and perform the study with all associated stakeholders, and present the results 
adapting the message to the target public. 

• Analyse the community of the study as well as each stakeholder’s expectations and potential 

���

mailto:angel.avadi@cirad.fr
https://www.quae.com/produit/1734/9782759234677/life-cycle-assessment-of-agri-food-systems
https://www.quae.com/produit/1734/9782759234677/life-cycle-assessment-of-agri-food-systems


13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On “The role of emerging economies in global food security” 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 2 

fears; take time to explain, build trust, protect interests, and always give something back! 
• Work on the field as a team with local experts and partners, other experts, and producers. 
• Take care when developing typology, the sampling strategy and the survey of data providers 

since this constitutes the foundation for the quality of your results. 
 
Table 1. Best practices for agricultural LCAs 

Challenges Best practices 

Inclusion of 
management-
related 
indicators 

Land use change Model land use change associated with the studied system, as 
carbon losses and impact on biodiversity could be significant 

Changes in soil 
quality 

Consider at least changes in soil organic carbon associated 
with land use change and management changes  

Effect of the 
crop rotation on 
emissions 

Consider the whole crop rotation (or at least the previous and 
next crops) regarding the allocation of direct emissions  

Methodological 
LCA 
challenges in 
the agriculture 
context 

Selection of 
functional units 

Contrast mass- and area-based functional units, especially in 
cases where the multifunctionality of complex 
agroecosystems cannot be properly accounted for with LCA 

Delimitation of 
system 
boundaries 

Ɣ Include key agricultural infrastructure and equipment 
(e.g. irrigation), and their maintenance 

Ɣ Include on-farm manure management and organic 
fertiliser storage 

Ɣ Include ad minima inventories: fertilisers and 
phytosanitary inputs, irrigation, soil work, energy 
carriers, equipment and infrastructure, direct field 
emissions, yields of products and co-products. 

Allocation 
strategy 

Contrast mass-, economic- and some density-based (e.g. 
nutrients, digestible energy) allocation 

Selection of 
impact 
categories 

Ɣ Select ad minima lists of impact categories: climate 
change, eutrophication, acidification, etc. 

Ɣ Include an assessment of impacts on biodiversity  
Ɣ Include water footprints  

Direct emissions 
Use models adapted to the specificities of the agricultural 
situation under study (pedoclimatic conditions, type of crop, 
fertilisation strategies) 

Data 
availability and 
data 
management 

Data gaps Use data from reports, technical institutes, statistics, etc. 

Uncertainty 
management 

Ɣ Data variability: create a typology of systems 
Ɣ Data uncertainty: Horizontal averaging of unit process 

data including estimates for uncertainty 
Ɣ For comparative purposes, perform dependent sampling 

and pair-wise comparisons 
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Rationale and objective 
Aruba is an island in the Dutch Caribbean that is nearly import-dependent for their food supply. We 
aim to give insight into low-carbon vegetable import strategies for Aruba by modelling the carbon 
footprint of a selection of vegetables imported to Aruba. As islands are not situated on main 
maritime transport routes, we calculated the maritime transport phase with a high level of detail. We 
first made an overview of the carbon footprint of a selection of vegetables imported to Aruba. Then, 
we explored the carbon footprint of one package of tomatoes from Mexico more in-depth. We aim 
to give insight into the contribution of different life cycle stages, and the changes in the carbon 
footprint of Mexican tomatoes when more accurate data is used. 
 
Approach and methodology 
Selection of vegetables. Vegetables were selected by their weight contribution to the total vegetable 
category in Trademap import statistics from 2017 ± 2019 (International Trade Center, 2020). 
Countries of origin were determined via Trademap and by visiting two large supermarkets in Aruba. 
 
LCA methodology. The functional unit is one kg product at the supermarket in Aruba. The system 
boundaries are from farm in country of origin until arrival at the supermarket in Aruba. This 
includes agriculture (incl. land use change), processing, packaging, losses (post-harvest and 
distribution) and chilled road/sea/air transport. Greenhouse gas emissions (GHGs) were calculated 
using the characterization method IPCC 2013 (100a). We used three different LCA databases: the 
meta-analysis ³LCA of food & drink products´ from Poore (2018) as the basis, Agri-footprint 
version 4.0 for data on sea transport, and Ecoinvent version 3 for data on cooling during transport. 
 
Agriculture. When data from a specific country of origin was not available in Poore (2018), all 
neighboring or the most nearby countries were selected as a proxy. For example, there was no data 
on tomatoes from Mexico and we selected the United States as a proxy. We did not consider 
differences in climate or agricultural practices. We used the proxy to calculate agriculture, 
processing, and packaging. Losses and transport were determined based on the country of origin. 
 
Road transport. Road transport in the countries of origin was determined for each combination of 
vegetable and country of origin. The locations were determined by the geographic locations 
mentioned in Poore (2018). When no geographic location was mentioned, we assumed the location 
of other studies of the same product and country combination. When this was not possible, we 
assumed that the geographic location was similar to that of all other vegetables from the country of 
origin. Upon lack of data, we calculated the distance from the center of the country. Distances for 
road transport were determined with Google Maps, based on the fastest route. We assumed that all 
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countries used cooled road transport. We multiplied the time needed for cooling with two to account 
for the driver¶s rest periods. Cooled road transport in Aruba was assumed to be 15 km. 
 
Sea transport. Sea transport was mostly determined via the schedule of CMA CGM, one of the 
largest container shipping companies (AXSMarine, 2022). Their schedule shows duration, place(s) 
of transshipment, shipping lines, and vessel names (CMA CGM, 2022b). Data on distances between 
ports was obtained via the CMA CGM Eco Calculator (CMA CGM, 2022a). Data on the size of the 
ships was obtained via www.marinetraffic.com, expressed as summer deadweight tonnage (DWT). 
Often at least one transshipment was required to import products to Aruba. We assumed that larger 
container ships (> 13,000 DWT) were sailing at a load factor of 100% and smaller container ships 
used for the last transshipment to Aruba at a load factor of 80%. For these smaller ships we also 
assumed µHPSW\� UHWXUQ¶�� DV� $UXED� KDV� OLPLWHG� exports. The transport routes from Cartagena and 
Barranquilla in Colombia were based on a schedule from Caribbean Feeder Services (2022). GHGs 
were determined based on the DWT, load factor, distance sailed, and possible empty return. 
 
Air transport. Distances were determined with www.airmilescalculator.com. No distinction was 
made between freight airplanes and freight transported by passenger airplanes. We assumed that no 
cooling was needed, according to the methodology of Poore (2018). 
 
Losses. We assumed losses for post-harvest handling and for distribution. We assumed that post-
harvest losses occurred at the farm, and that products were packaged afterwards. To determine the 
quantity of post-harvest losses we used an average of 2009-2011 from FAOSTAT, as provided in 
Poore (2018). For losses during distribution we used data from Gustavsson et al. (2013), as 
provided in (Poore, 2018). This data was based on FAO¶s Food Balance Sheets from 2007. We 
assumed that half of the losses during distribution occurred during road transport and half of the 
losses during sea or air transport. We accounted for the weight of the losses and of the packaging of 
the losses. We did not include the end-of-life treatment of losses.  
 
In-depth analysis of Grape tomatoes from Mexico. During one of the supermarket visits we 
observed a package of Mexican Grape tomatoes from a brand from the United States, from now on 
referred to as brand A. The traceability code and information on the package allowed us to calculate 
the carbon footprint of this package in more detail, compared to the overview of the different 
vegetables. We will now describe how we adjusted the data from the overview. Proxies: In the 
overview we selected six data points from Poore (2018) for tomatoes grown in the United States. 
Now we only selected data points that reflected the production characteristics of these specific 
tomatoes: non-organic and open field. We also only used data points from California, as this state is 
situated adjacent to Mexico. We used two data points, from Brodt et al. (2013) and Nemecek et al. 
(2011). Road transport: We based the road transport on specific addresses. The tomatoes came from 
a farm in Sinaloa (Mexico) and were transported uncooled to the packaging facility in Sinaloa. At 
the packaging facility they were sorted, cleaned, packaged, and cooled. One or two days later the 
tomatoes were transported to the distribution center in Arizona (United States), this takes a bit less 
than one day (brand A, personal communication, June 7, 2022). The traceability code showed that 
the tomatoes were transported to the distribution center in a container, by a company from the 
United States. Therefore we assumed that the truck complied with fuel emission standards EURO6 
of the United States (TransportPolicy.net, n.d.). Then, the tomatoes were transported for about three 
days to a consolidator in Florida (Consolidator, personal communication, June 7, 2022), and finally 
shipped to Aruba. Storage: The traceability code showed that the tomatoes were available to 
consumers in Aruba five weeks after packaging. We estimated that all cooled road transport took 
about one week. Sea transport also took approximately one week. Therefore, the tomatoes were 
stored in distribution centra in the United States for a duration of three weeks. We used the 
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methodology as described in Asselin-Balençon et al. (2020) to take this into account.   
 
Results and discussion 
Selection of vegetables. We selected the following vegetables: potatoes (18% weight contribution), 
lettuce (10%), onions (10%), and tomatoes (8%). This is ~47 wt% of all vegetable imports to Aruba 
in 2017-2019. We also selected green beans as an interesting case study, as we noticed that they can 
be flown in from Kenya via the Netherlands or shipped to Aruba by sea from the United States. We 
identified 12 different countries of origins for all vegetables. Origins of selected products, proxies 
used, and carbon footprints are shown in Figure 1. We used proxies for eight out of 22 product-
country combinations. Mostly, we used proxies for countries in Latin America. Although proxies 
were also used for green beans from the United States and onions from Canada. 
 

 
 
Figure 1 Greenhouse gas emissions of products from different countries of origin imported to Aruba. Losses during 
distribution and packaging of losses are included in the respective life cycle phases. All results from flown-in products 
did not fit on the y-axis and are depicted by a number. Mexico_A depicts results from the in-depth analysis of Mexican 
tomatoes from brand A. The 2 letter codes represent the proxies: California [CA, (US)], Colombia [CO], Spain [ES], 
Peru [PE], United Kingdom [UK], and the United States [US].  
 
GHGs. Products imported by air transport had significantly higher GHGs (4.8 ± 18.1 kg CO2eq per 
kg) than products imported by sea (0.3 ± 2.0 kg CO2eq per kg), due to the relatively high GHGs 
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emitted during airfreight. This was also found by Frankowska et al. (2019) who conducted an LCA 
on imported vegetables to the United Kingdom. Sim et al. (2007) found that air transport 
contributed for 89% to the carbon footprint of importing French beans from Kenya to England. In 
our study the air transport of green beans from Kenya contributed for 99% to the total GHGs. 
Although sea transport was calculated with detailed information on maritime transport routes and 
ship characteristics, it usually was not one of the life cycle stages that contributed most to the 
overall GHGs. Except for onions and potatoes from the Netherlands, which were shipped in chilled 
reefer containers for about one month. For most products that were not flown in, the road transport 
contributed mostly to the GHGs. Except when GHGs from agriculture were relatively high, such as 
for potatoes from Peru, the Dominican Republic, and Colombia. GHGs due to road transport were 
especially high for products from the United States, Morocco, Mexico, Guatemala, and Canada. For 
vegetables from these countries the fastest shipping route to Aruba was via Port Everglades in 
Miami, which resulted in a long road transport.  
 
Lessons learned from the in-depth analysis of Grape tomatoes from Mexico. We drafted three 
lessons learned from the in-depth analysis of Grape tomatoes from Mexico. First, calculating actual 
road transport routes did not significantly increase the carbon footprint due to road transport for 
these tomatoes, even when the road transport increased with about 1400 km. However, it is still 
important to calculate road transport as accurately as possible for vegetable imports to Aruba, as this 
life cycle stage contributes a lot to the carbon footprint. Globally, transport was estimated to 
contribute for 9% to the carbon footprint of tomatoes (Poore & Nemecek, 2018). While for Mexican 
tomatoes from brand A transport contributed for 78%. Second, it is important to consider cooled 
storage, even when storage contributed only for 6% to the carbon footprint of Mexican tomatoes 
from brand A, which were stored for about three weeks. GHGs due to storage can increase a lot for 
products which are stored for a longer time, such as potatoes and onions. This might be even more 
important for cooled storage in Latin American countries due to the warmer outside temperature. 
Finally, for the tomatoes from brand A, the GHGs in the agricultural phase did not change a lot 
upon more accurate information. However, we need to see how this would affect the in-depth 
analysis of other product and country combinations to know how significant this step is. 
 
Planning future research. To give insight into low-carbon vegetable import strategies for Aruba we 
have the following recommendation in terms of scope and methodology. We recommend 
broadening the scope by assessing several impact indicators and by extending the countries of 
origin included in the research, if applicable. We expect that by visiting more supermarkets more 
frequently, more countries of origin can be observed. Pictures of products should be taken to gain 
more information about production methods, brands and related locations, and possible traceability 
codes. We envisage to improve the methodology by including the following aspects: 1. Make a 
distinction between the use of passenger airplanes and freight airplanes. As nearly all foods 
imported to Aruba are imported by passenger airplanes. 2. Gaining more insight into GHGs emitted 
in the agricultural stage by finding more recent articles and by gaining insight in land use change 
per country and when possible, per region. Current articles used in this analysis ranged from 2006 ± 
2015. These also did not include the seasonality of the carbon footprint which is especially 
important for products produced in heated greenhouses. 3. Introduce Data Quality Indicators to 
compare the reliability of different results. 4. Add cooled storage for all products. 
 
Conclusion 
Vegetables that were imported to Aruba by sea rather than air have the lowest carbon footprint, due 
to the relatively high GHGs of airfreight. The carbon footprint was even lower when significantly 
less road transport was required. To give insight into low-carbon vegetable import strategies for 
Aruba we plan to further expand the scope and methodology of this research. 
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Introduction and Rationale 

Dietary choices have important implications for both human and planetary health (Garnett, 2011). 
While multiple dietary patterns may equally meet nutrition requirements, their environmental 
impacts may differ substantially. Specifically, animal-based diets tend to have higher environmental 
impacts compared to that of plant-based diets (Veeramani et al., 2017). In particular, among animal-
based foods, beef has the highest carbon-intensity of any food (Poore and Nemecek, 2018). 
However, to ensure dietary shifts to sustainable consumption are successful, one important 
consideration is that they be affordable for all consumers (Barosh et al., 2014).  Although many 
studies have looked at the environmental impacts of actual and hypothetical diets, few have 
considered affordability of more sustainable dietary patterns, particularly for low-income 
households.  

Objective 

The objectives of this study are: to evaluate the cost and Global Warming Potential (GWP) of a 
range of dietary patterns (omnivorous, vegetarian, no red meat and pescetarian), based on 
Representative food consumption from 2015, in the province of Ontario, Canada; and to compare 
the affordability of dietary patterns that were modified to be nutritionally-balanced and have lower 
life cycle carbon emissions.  

Methodology 

GWP of dietary patterns: We quantified global warming potential (GWP100, IPCC 2007 method) 
of the dietary patterns by life cycle assessment (LCA) following ISO standards (ISO 14040, 2006; 
ISO 14044, 2006). We used a Canadianized cradle-to-consumption life cycle inventory database 
(Topcu et al., 2022), which was based on various published LCA studies of food products 
Veeramani et al. (2017). The functional unit was 985,500 kcal based on a weighted average annual 
caloric intake for an individual in Ontario. We formulated Representative dietary patterns (DP) 
(Topcu et al., 2022) using actual food intake data for about 4,200 Ontarian residents, provided in 
the Government of Canada’s 2015 Canadian Community Health Survey (Health Canada, 2017). To 
formulate nutritionally-balanced and low-carbon (NBLC) DPs, we adjusted the amounts of foods in 
the Representative DPs following the 2007 Canada’s Food Guide(Health Canada, 2007), to provide 
the ideal annual energy intake of 837,435 kcal, as described by Veeramani et al. (2016). 
Affordability: We applied average food prices (in Canadian dollars (CAD)/kg) from the 
measurement tool developed by (Mollaei et al., 2021) (based on 50 grocery stores in various 
regions in Ontario, representing discount (68%) and regular (32%) priced stores) to Representative 
and NBLC DPs to yield annual costs. To evaluate affordability, we considered two annual one-adult 
household income scenarios for 2015: a gross median income of CAD 40,830, and a minimum-
wage income of CAD 19,288.80 (Statistics Canada, 2015). For incomes less than CAD 50,197, the 
Canadian tax rate is 15% (Canada Revenue Agency, 2022) leaving a disposable income of CAD 

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On “The role of emerging economies in global food security” 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 2 

34,705 and 16,395, for median and minimum income, respectively.   The affordability of the DPs 
was determined by calculating the percentage of income spent on food.   

Results 

Cost and GWP of Dietary Patterns 

For the Representative DPs, the ‘Pescetarian’ DP has the highest cost, followed by ‘No Red Meat’, 
‘Vegetarian’, and ‘Omnivorous’ DPs (Figure 1). For the NBLC DPs, the ‘Vegetarian’ DP is the 
most expensive, followed by ‘No Red Meat’, ‘Pescatarian’, and ‘Omnivorous’ DPs. The biggest 
change in cost is for the ‘Pescatarian’ DP, which decreased by about CAD 650 per year. The 
‘Vegetarian’ DP increased by almost CAD 400 per year. 

The biggest contribution to the costs in the Representative DPs are Meat and eggs / Fish, followed 
by Beverages, which include sodas, tea, and coffee (Figure 1). The largest contribution to the costs 
in the NBLC DPs are Cereals and Wheat flour products, Beverages, and Vegetables & vegetable 
juices. Canadians tend to have too much protein in their diets, and therefore, the Meat and eggs / 
Fish foods were greatly reduced in the NBLC DP. In contrast, there tends to be low intake of cereals 
and vegetables, so the amount of these foods increased in the NBLC DPs, increasing their total cost. 

 

Figure 1 - Cost contributions of various food groups for DPs. R=Representative, N=NBLC 

(Omniv=Omnivorous, No RM=No read meat, Pesc=Pescetarian, Veg=Vegetarian) 

The GWP for each DP is presented in Figure 2. For Representative DPs, the highest GWP is 
associated with the ‘Omnivorous’ DP, followed by the ‘Pescetarian’, ‘No Red Meat’, and 
‘Vegetarian’ DP. For the NBLC DPs, the highest GWP is associated with the ‘Omnivorous’, 
followed by the ‘No Red Meat’, the ‘Pescetarian’, and the ‘Vegetarian’ DP. The biggest change in 
GWP is observed in the ‘Pescetarian’ DP, which decreases by 961 kg CO2e/FU). In contrast to the 
cost contributions, GWP contributions are mostly due to Meat and eggs / Fish, and Dairy (Figure 2). 

A comparison between the cost of each diet and their GWP shows that for Representative food 
baskets, the omnivorous diet has the lowest price (CAD 3,537/year) and the highest GWP (2,203 kg 
CO2e/FU). Figure 3 shows the relationship between cost and GWP for Realistic (R) and NBLC (N) 
DPs. 
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Figure 2 - GWP contributions of various food groups for DPs. R=Representative, N=NBLC 
 

 

Figure 3 - Relationship between cost and GWP for Realistic (R) and NBLC (N) DPs. 

Affordability of Dietary Patterns 

On average, median-income households would spend of their 10.0 and 10.2% of disposable income 
for Representative and NBLC DPs, respectively. In contrast, low-income households would spend 
20.4 and 20.7% of their disposable income for Representative and NBLC DPs, respectively.  
Nevertheless, the difference between Representative and NBLC food expenditures as a percentage 
of disposable income is very small, and does not affect affordability. According to Statistics 
Canada, the average annual food expenditure (food purchased from stores) for Canadians was CAD 
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6,126 in 2015 (Statistics Canada, 2022), that is 17% of income for median income and 37% for 
minimum wage. 
 
Table 1 – Affordability of DPs, based on percentage of income spent on food purchases 

Dietary Pattern 
Food expenditures as Percentage of 

 Median Disposable Income         
(CAD 34,705) 

Minimum-Wage Disposable Income  
(CAD 16,395) 

Omnivorous 
Representative 10% 18% 

NBLC 11% 20% 

No Red Meat 
Representative 9% 20% 

NBLC 10% 21% 

Pescetarian 
Representative  11% 24% 

NBLC  10% 20% 

Vegetarian 
Representative  9% 19% 

NBLC 10% 21% 

 

Discussion 

This study looks at the cost, GWP, and affordability of four Representative and NBLC DPs. Overall 
there was a general trend that the Representative DPs with the highest GWP had lower costs, except 
for the Pescatarian DP. For the NBLC diets, the same trend was observed, but there was a smaller 
difference between the lower and higher costs and GWP of various diets. Other studies also show 
that a healthy and nutritious DP is more expensive than the average DP and there is a need for price 
incentives, such as discounts and promotions, to encourage people to choose nutritious and healthy 
food options (Aggarwal et al., 2011; Cassady et al., 2007; van Dooren et al., 2015; Waterlander et 
al., 2013). However, the cost difference is not significant in all food groups (Mhurchu and Ogra, 
2007; Turner-McGrievy et al., 2016). Therefore, small improvements in some food groups will not 
necessarily increase the price but will enhance the quality of eating (Katz et al., 2011). 

Despite the higher costs of some of the NBLC DPs, they are still affordable for those with Median 
disposable income. Comparing it to the average Canadian expenditures on food, of 9.1% of 
disposable income for 2015 (Gray, 2016) and around 11% in 2020 (CFA, 2021), both the 
Representative and NBLC DPs are not much different than average expenditures. However, neither 
Representative or NBLC DPs are affordable for minimum-wage earners in Canada. This indicates a 
much larger issue regarding food affordability in general.  

Conclusion 

Providing affordable food choices for consumers that will meet their nutritional needs, while 
minimizing negative environmental impacts is significant with respect to food and nutritional 
security, human health, and the planet. The results provide more insights to the field of healthy and 
low impact diets for food security. Although no food was completely eliminated from any DP, high 
GWP foods were reduced by up to 75%. Further research is needed on the social acceptability of 
such reductions, as well as on looking at the cost and affordability of NBLC based on the updated 
Canada’s Food Guide of 2019.  
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Objective. Food consumption in Germany causes high environmental impacts (Eberle and Fels, 
2016, Meier, 2014; Schmidt et al., 2019, Eberle and Mumm, 2022) as it is doing worldwide (Willet 
et al., 2019). Moreover, some of the planetary boundaries are already exceeded (Steffen et al., 2015; 
Campbell et al., 2017; Persson et al., 2022). However, a nutrition within the planetary boundaries is 
possible, if the recommendations of the Eat Lancet-Commission on a planetary health diet (Willett 
et al., 2019) will be followed. 
Aim of this paper is to build scenarios for a German planetary health diet��FRPSDUH�LW�ZLWK�WRGD\¶V�
intakes, and assess the related environmental impacts. 
Methods. The analysis has been conducted using Life Cycle Assessment (LCA) according to ISO 
14040 series (2006). The approach and underlying statistical data are described in Mumm and 
Eberle (2022). The following impact indicators were assessed: climate change including land use 
(LU) and direct land use change (dLUC), land occupation and the related terrestrial biodiversity 
impacts, as well as blue water consumption and water scarcity footprint. Based on the current diet 
('status quo'), three scenarios for Germany were created following the recommendations for a 
planetary health diet for a flexitarian, a vegetarian and a vegan diet. The scenarios were kept as 
close as possible to the current diet in Germany, framed by a set of rules. First, the three scenarios 
each correspond to an intake of around 2,500 kilocalories as recommended by Willet et al. (2019). 
Second, for each food group (e. g. fruits) the caloric intake limits were respected. Third, the stated 
maximum intake was not exceeded. Fourth, for the vegetarian and vegan food basket, after 
distribution to the other product groups, the remaining calories were allocated to fruit and 
vegetables. Finally, the distribution within a food group is maintained as in the status quo whenever 
possible. 
Results. The results show, that today, each person in Germany consumes on average about 2,650 
kilocalories per day and thus six percent more than the recommended 2,500 kcal. Furthermore, the 
comparison shows that compared to a diet according to the recommendations of the Eat Lancet 
Commission in Germany today (i) too few vegetables are eaten, (ii) too many dairy products are 
eaten, (iii) the protein requirement is mainly met from animal sources (meat, eggs, fish) and to a 
significantly too low extent from vegetable protein sources such as pulses and nuts, (iv) that far too 
much meat is consumed, and (v) far too much added sugar is used (Table 1). 
Regarding the environmental impacts, results show, that today¶s food consumption causes for all 
analyzed environmental impact categories higher impacts than the Eat Lancet-scenarios apart from 
water consumption and the scarcity-adjusted water footprint. Thus, following the recommendations 
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of a planetary health diet could significantly reduce the environmental impacts of German food 
consumption: 
x A flexitarian diet - a diet in which no more than the amount of meat recommended by Willet et 

al. (2019) is consumed - could reduce land use by almost 20 percent, greenhouse gas emissions 
could even be reduced by more than a quarter, and biodiversity impacts by 18 percent. On the 
other hand, water consumption and water scarcity footprint would increase by a third and 45 
percent, respectively. 

x A vegetarian diet - a diet without meat and fish that follows the recommendations of the 
planetary health diet - could reduce land use by 45 per cent, greenhouse gas emissions by 47 per 
cent and biodiversity impacts by 46 per cent. However, water use and the water scarcity 
footprint would increase by 35 and 53 per cent, respectively. 

x A vegan diet - a diet without animal products that follows the recommendations by Willet et al. 
(2019) - could nearly halve land use (-49%), greenhouse gas emissions (-48%) and biodiversity 
impacts (-49%). Water use and the water scarcity footprint, on the other hand, would increase 
by 55 and 78 per cent, respectively. 

 
Figure 1 illustrates the relative differences between the status quo and the three scenarios. Table 2 
shows the absolute environmental impacts for the status quo and the three scenarios for Germany. 
 

 
Figure 1: Relative changes of the three scenarios to the status quo for the environmental 
impacts of food in Germany 
 
The results show that animal products in particular are associated with high environmental impacts: 
x For instance, half (54%) of the greenhouse gas emissions from today's diet are caused by five 

products: sausages and cold cuts, beef, cheese, pork and poultry. 
x Almost two-thirds (64%) of the land use is due to five agricultural products that are mainly 

produced for animal feed (wheat, soy, maize, grass, barley). 
x This is even more evident in the case of biodiversity impacts. A good two thirds (69%) of the 

impacts are caused by the five agricultural products soy, wheat, maize, barley and rapeseed.  
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In terms of water consumption and water scarcity footprint, however, plant-based foods are worse. 
More than half of the water scarcity footprint is caused by three products: citrus fruits, almonds and 
peaches. Therefore, all Eat Lancet scenarios perform worse than the status quo in terms of water 
scarcity footprint (Figure 2). 
 

  
Figure 2: Water scarcity footprint for selected foods per person and year 
 
Discussion and Conclusion. First of all, the study showed clearly that Germans in average eat too 
much. An average consumption of 2,650 kilocalories per day is about six percent higher than 
recommended in the planetary health diet. This finding correlates with the fact that over 50 % of 
German inhabitants are overweight and almost a fifth (18.5 %) is obese (EUROSTAT, 2019). 
However, this is particularly alarming in view of the fact that an average intake of 2,500 kcal for 
Germans can and should certainly also be discussed, since the required caloric intake depends on 
age, gender and activity and should thus certainly be lower on average in service societies such as 
the German society. For example, the German Society for Nutrition recommends consuming 
between 1,600 and 2,400 kcal per day and person (Breidenassel et al., 2022). If an average of 2,000 
kcal is taken as the recommended amount, this means that (i) Germany consumes far too much 
(about one third) and that (ii) the environmental footprint of the German diet could also be reduced 
by about another fifth if the recommendations of the Eat Lancet Commission were combined with 
the daily recommended energy intakes of the German for Nutrition.  
Furthermore, it could be clearly shown that with a decreasing share of animal products in the diet, 
the environmental impacts considered decrease, with the exception of water use and the resulting 
water scarcity impacts. A look at the foods that cause the high water use and the resulting water 
scarcity footprint shows that this could also be easily addressed if the consumption of citrus fruits 
and almonds were reduced and other fruits and nuts from regions less threatened by water scarcity 
were used instead. 
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Table 1: Daily intake in Germany for the status quo and the three Eat Lancet scenarios 
 Status Quo Scenario: flexitarian 

diet 
Scenario: vegetarian 

diet 
Scenario: vegan diet 

 intake per 
day [g] 

kcal per 
day 

intake per 
day [g] 

kcal per 
day 

intake per 
day [g] 

kcal per 
day 

intake per 
day [g] 

kcal per 
day 

Cereals 253.70 857.51 240.81 811.00 232.00 781.33 232.00 781.33 

rice 12.44 34.46 11.81 32.71 11.38 31.51 11.38 31.51 

wheat flour 23.03 78.99 21.86 74.97 21.06 72.23 21.06 72.23 

bakery products 
wheat 

151.99 521.33 144.27 494.83 138.99 476.73 138.99 476.73 

pasta from wheat 19.03 65.28 18.06 61.96 17.40 59.70 17.40 59.70 

rye flour 2.91 9.41 2.76 8.93 2.66 8.61 2.66 8.61 

bakery products 
rye 

20.54 69.65 19.50 63.18 18.79 60.87 18.79 60.87 

oats 7.56 25.61 7.17 24.31 6.91 23.42 6.91 23.42 

maize 6.82 22.64 6.47 21.49 6.24 20.71 6.24 20.71 

potato starch* 9.39 30.13 8.91 28.59 8.58 27.55 8.58 27.55 

Roots or starchy 
vegetables 

72.44 52.88 53.42 39.00 57.72 42.13 92.90 67.82 

potatoes 72.44 52.88 53.42 39.00 57.72 42.13 92.90 67.82 

Vegetables 212.78 55.20 320.71 78.00 346.49 84.27 600.00 161.73 

green vegetables 35.03 6.47 124.57 23.00 134.58 24.85 200.00 46.22 

broccoli 6.97 2.37 24.77 8.42 26.76 9.10 73.24 24.90 

spinach 4.88 1.32 17.35 4.68 18.74 5.06 40.73 11.00 

cucumber 23.19 2.78 82.44 9.89 89.07 10.69 86.03 10.32 

red & orange 
vegetables 

131.08 33.81 117.76 30.00 127.22 32.41 200.00 51.59 

tomatoes 97.45 23.39 92.93 22.30 100.40 24.10 148.69 35.69 

carots 33.63 10.42 24.83 7.70 26.82 8.31 51.31 15.91 

other vegetables 46.66 14.91 78.39 25.00 84.69 27.01 200.00 63.92 

cabbage 16.20 4.86 28.93 8.68 31.25 9.38 69.43 20.83 

onions 30.46 10.05 49.46 16.32 53.43 17.63 130.57 43.09 

Fruit 211.45 136.11 217.71 126.00 235.20 136.13 300.00 193.10 

apples 67.46 35.08 77.30 40.20 83.51 43.43 95.70 49.77 

peaches 13.26 6.36 16.45 7.90 17.78 8.53 18.81 9.03 

grapes 18.62 13.22 15.62 11.09 16.88 11.98 26.41 18.75 

banana 41.42 37.28 27.42 24.68 29.63 26.66 58.76 52.88 

oranges 67.35 33.67 80.26 40.13 86.71 43.36 95.55 47.78 

raisins 2.79 8.98 0.52 1.66 0.56 1.80 3.96 12.74 

dates 0.57 1.52 0.13 0.34 0.14 0.37 0.81 2.16 
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 Status Quo Scenario: flexitarian 

diet 
Scenario: vegetarian 

diet 
Scenario: vegan diet 

Dairy products 294.03 535.04 192.66 153.00 208.14 165.30 0.00 0.00 

milk 122.57 78.45 99.66 63.78 107.67 68.91 0.00 0.00 

yoghurt 71.12 33.43 78.74 37.01 85.07 39.98 0.00 0.00 

cream 13.87 40.50 2.47 7.22 2.67 7.80 0.00 0.00 

butter 14.13 104.86 0.99 7.35 1.07 7.94 0.00 0.00 

cheese 57.65 216.75 7.98 30.00 8.62 32.41 0.00 0.00 

milk powder 11.77 58.25 1.24 6.12 1.34 6.62 0.00 0.00 

condensed milk 2.91 2.80 1.58 1.52 1.71 1.64 0.00 0.00 

Protein sources 173.15 337.79 281.89 739.95 236.35 710.63 247.17 703.14 

Meat & sausages 116.66 211.97 66.87 128.00 0.00 0.00 0.00 0.00 

beef 15.84 19.81 14.00 17.50 0.00 0.00 0.00 0.00 

pork 23.63 75.63 14.00 21.42 0.00 0.00 0.00 0.00 

poultry 17.33 26.16 22.20 35.75 0.00 0.00 0.00 0.00 

sausage (incl. 
lard/bacon)** 

59.85 90.38 16.67 53.33 0.00 0.00 0.00 0.00 

Eggs 27.24 41.13 12.58 19.00 13.00 19.63 0.00 0.00 

eggs 27.24 41.13 12.58 19.00 13.00 19.63 0.00 0.00 

Fish 13.64 12.41 20.88 19.00 0.00 0.00 0.00 0.00 

fish 13.64 12.41 20.88 19.00 0.00 0.00 0.00 0.00 

Legumes 8.13 25.72 157.75 426.00 198.35 535.60 222.17 547.75 

peas 3.72 3.13 85.00 71.40 85.00 71.40 85.00 71.40 

beans 0.66 0.83 15.00 19.05 15.00 19.05 15.00 19.05 

tofu 0.00 0.00 0.00 0.00 25.00 19.00 50.00 38.00 

peanuts 3.74 21.75 57.75 335.55 73.35 426.15 72.17 419.30 

Nuts 7.49 46.55 23.80 147.95 25.00 155.39 25.00 155.39 

almond 2.82 17.21 8.95 54.71 9.40 57.46 9.40 57.46 

hazelnuts 1.95 12.40 6.21 39.43 6.52 41.41 6.52 41.41 

cashew nuts 1.45 8.36 4.62 26.58 4.86 27.92 4.86 27.92 

walnuts 1.26 8.57 4.02 27.24 4.22 28.61 4.22 28.61 

Added fats 42.96 385.09 46.12 414.00 50.13 450.11 50.13 450.11 

palm oil 9.48 83.76 6.80 60.11 6.80 60.11 6.80 60.11 

olive oil 1.81 16.30 2.13 19.15 2.34 21.10 2.34 21.10 

rape seed oil 12.33 110.96 14.48 130.31 15.96 143.61 15.96 143.61 

sunflower oil 8.65 77.83 10.16 91.41 11.19 100.73 11.19 100.73 

soy oil 10.69 96.24 12.56 113.02 13.84 124.55 13.84 124.55 

Added sugar 73.11 292.43 30.00 120.00 30.00 120.00 30.00 120.00 

sugar 73.11 292.43 30.00 120.00 30.00 120.00 30.00 120.00 

Others*** 7.06 23.80 7.06 23.80 7.06 23.80 7.06 23.80 

cocoa 7.06 23.80 7.06 23.80 7.06 23.80 7.06 23.80 

TOTAL 1340.69 2675.83 1390.38 2504.74 1403.10 2513.69 1559.27 2501.03 

* Potato starch is counted as a cereal due to its use; ** Sausage incl. bacon/lard, kcal bacon/lard in sausage also added; *** this 
category lists consumed foods that play a role in Germany but could not be assigned to any of the categories 
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Table 2: Environmental impacts of nutrition in Germany for status quo and three scenarios 

 
Unit 

Status quo 
Scenario: 

flexitarian diet 
Scenario: 

vegetarian diet 
Scenario: vegan 

diet 

Climate change* kt CO2 eq. 2553.8 1874.5 1359.1 1314.8 

Land use Mio. ha*a 2021.5 1658.0 1098.1 1030.0 

Terrestrial biodiversity impacts BVI*Mio.ha*a 149.3 122.4 81.2 76.1 

Water consumption Mio. m³ 1443.2 2075.3 2176.2 2535.4 

Water scarcity footprint Mio. m³ worldeq. 29.2 38.9 39.4 45.4 
* incl. LULUC 
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Introduction 
Over two-hundred comparisons of the environmental footprints of dietary choices have been 
published in peer-reviewed journals to date using results from food item specific life cycle 
assessments (LCAs) and related methods. The range of environmental impact estimates compiled 
within commodity groups across these diet studies range widely due to inconsistent data choices, 
models, assumptions, impact assessment methods, aggregation approaches, and other factors. To 
assess the extent to which factors that influence primary study LCIA outcomes have been considered, 
we evaluated how food-item specific studies were selected and combined among 218 dietary footprint 
studies. 
 
Methods 
Literature was selected based upon the search phrase: “+Diet +Food +Sustainable +"food 
consumption" +"Greenhouse gas emissions" +LCA” in Google Scholar, yielding 1,690 results up to 
31-Dec-2019. From the search results, only peer-reviewed journal articles specifically focused on the 
dietary environmental impacts derived from LCA results were considered. Book chapters and reports, 
studies relying on I/O analysis or national IPCC inventories were excluded, as were studies that only 
looked at one type of food commodity. The remaining studies were screened against a set of criteria 
that we deemed should have been scrutinized during harmonization of individual LCAs, such as 
whether the results were from attributional or consequential LCA studies, co-product allocation 
approach used, system boundary setting, land use and land-use change considerations, weighting 
averages according to production volumes, and impact assessment methodology. Other notable 
practices that could influence conclusions were also documented. 
 
In order to make more elaborate comparisons between the studies and our expertise, we have chosen 
to focus on how blue foods have been treated in the different studies. Blue foods refer to all foods 
that originate from aquatic environments, including finfish, crustaceans, bivalves, and aquatic plants. 
It is a commonly consumed food commodity group, but also a highly diverse food group with diverse 
environmental impacts depending on the commodity in focus (Gephart et al. 2021). More specifically, 
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we set out to explore how apples compared to oysters in terms of global warming, as they are two 
food commodities with very different origins and characteristics (e.g. edible yields), and global 
warming being the most frequently reported impact category. We also included salmon in the 
comparison, as it was the most widely reported blue food commodity in the material being reviewed. 
 
Results 
Of the 1,690 results, 218 fit our criteria. These were published in 76 different journals, 39 (142 articles) 
with focus on environmental sciences, 15 (41 articles) on medical sciences, and 21 in more general 
journals. Many of the articles published in medical journals focus on relationships between nutritional 
and environmental aspects. Most studies (27) are published in the Journal of Cleaner Production, but 
articles published in Nature, Science, and PNAS are also represented. 
 

 
Figure 1: Number of environmental dietary studies published per year in environmental, medical, and 
general/other types of journals. 
Extracting emission results on individual food commodities proved difficult due to poor data 
reporting, paywalls, different levels of aggregation of food commodities, cross-referencing across 
studies, confidentiality, and different reporting formats. Where underlying emissions data are reported, 
they are presented as different central values (e.g. mean, median, or point-value) and at different 
levels of aggregation (e.g. seafood, fish, herring, or oysters). We subsequently treated all central 
values reported and tried to avoid cross-references to make comparisons at comparable levels of 
aggregation (e.g. fruit vs. seafood, and apples vs. oysters). Nonetheless, across the studies we only 
managed to detail two unique global warming estimates for oysters, ten for shellfish, nine for salmon, 
and 23 for fish/seafood more generically. As for apples, 19 studies reported global warming impacts 
for apples and 11 for ‘fruits’ more generally (Figure 2a&b). The inconsistent ways of aggregation 
food commodities has been highlighted by Ziegler et al. (2022), but interestingly the relative 
discrepancies (measured as coefficients of variation; CV) among the fruits (CV=0.82), fish/seafood 
(C=0.65), salmon (CV=0.67), and shellfish (CV=0.95) categories remain in a similar range, while the 
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two estimates for oysters were widely different (CV=1.36). 

 
Figure 2a&b: Reported global warming impacts per tonne of apples (n=19), fruits (n=11), fish/seafood (n=23), 
salmon (n=9), shellfish (n=10) and oysters (n=2). Figure a presents all values as a bar chart with standard 
deviations, and Figure b presents the same results as a box-and-whisker plot excluding oysters, given the small 
sample size and higher average. 

 
The large discrepancies could be explained by many of the diet-level studies mixing results from 
attributional and consequential LCAs, as well as results derived from other environmental accounting 
frameworks. Inconsistent considerations of whole and edible yield, as well as land use and land-use 
change (LULUC), also resulted in large discrepancies. Several dietary studies also included LCIA 
results from private or commercial databases owned by consultancy groups, which are not publicly 
available for scrutiny or to reproduce results. 
 
Of the two global warming estimates for oysters, the higher one (65.8 kg CO2-eq. t-1) is from the 
Sharp-ID database (Mertens et al. 2019a) which is the foundation for both (Mertens et al. 2019b; 
Mertens et al. 2019c), and the second one is from (Esteve-Llorens et al. 2019). The Sharp-ID database, 
unfortunately only refers to ‘Other publications’ for fish and fish products, with no detail record, 
while (Esteve-Llorens et al. 2019) refers to a consultancy report from 2011 assessing oyster farming 
in Scotland (Fry 2011). 
 
In terms of food commodities covered, inventory data and LCIA results remain fragmented or non-
existent for many farming practices, which motivated many studies to use proxy impact values. For 
example, paddy rice, the world’s third most produced crop (tied with wheat) (FAO 2018), was only 
represented by a handful of LCAs up to 2010. Of these, many dietary studies extrapolated impacts 
from trivial farming systems having trivial production volumes relative to global production volumes, 
such as Vercelli (risotto) rice and US rice. While progress has been made over the last decade to 
characterize more farming regions, many authors still fail to weight production volumes when 
generating global averages (Ziegler et al. 2022). There is also a persistent overrepresentation of food 
production in the Global North, which might compromise global dietary recommendations. 
 
Other questionable practices include: the use of impacts of whole crop or animal at farm-gate as 
proxies for impacts at consumption (excluding the conversion to edible yield and processing); 
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disregard of uncertainty and variability; exclusive focus on global warming; and reporting too many 
significant digits. 
 
Discussion and Recommendations 
Large discrepancies among environmental proxies for individual food commodities and limited 
reporting on their origins were commonplace across the dietary footprint studies reviewed. For 
example, the discrepancies across global warming estimates for oysters and shellfish ranged by an 
order of magnitude. Shellfish also performed fairly poorly in terms of global warming compared to 
other blue foods, which is in contradiction to several studies with a more narrow focus on blue foods 
(Aubin et al. 2018; Parodi et al. 2018; Gephart et al. 2021). This could partially be explained by the 
scope of the limited number of available shellfish LCA studies, but also underlying modeling choices 
related to edible yield, transportation, processing and packaging, the inclusion of infrastructure, and 
carbon dioxide sequestration and emissions from shell formation (Iribarren et al. 2010; Aubin et al. 
2018; Ray et al. 2018). 
 
In many instances, none of the authors had ever published any LCA studies of their own. This could 
in part explain why many fundamental methodological choices of LCAs were overlooked or 
unexplained. Our research highlights several issues that need to be considered when comparing and 
potentially combining LCIA results of different food commodities in diet-level studies, including: 

• The representativeness of primary LCA results, including production volumes, geographical, 
technological, and temporal aspects. 

• Methods used by primary LCA study authors, including co-product allocation, LULUC, and 
system boundaries. 

• Edible yields, by-product utilization, and emissions from processing and distribution. 
• Defining logical bins when assigning commodities into certain food groups. 

 
The strong influence of modeling choices on LCA results, however, challenge the usefulness of 
assembling LCIA datasets from independently created LCA models. Even if great efforts have been 
made to provide harmonized methods for LCAs, including the Product Environmental Footprint 
(PEF), the sheer number of case specific choices that LCA modelers are faced with suggests that LCA 
data should first be assembled as LCI data before being characterized. This would, in turn, require 
more elaborate LCA models and platforms, and motivate the full disclosure of inventory data. To 
support frontrunner corporations to develop such public datasets, governments should develop 
policies creating a level playing field for this and promote standardized reporting formats. To promote 
higher resolution in sustainable dietary recommendations and more consistent reporting, future efforts 
are conclusively better invested in supporting collective efforts to assemble unit process and LCI data, 
than to repeat the redundant practice of assembling LCIA datasets from individual LCA studies. 
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Rationale and objective 

Improving diet quality while decreasing environmental impacts is an important challenge for the 

food system (Canales Holzeis et al. 2019; Willett et al. 2019). Few studies so far have investigated 

diet quality in Vietnam and its potential impact on the environment (Heller et al. 2020; Trinh et al. 

2021). Therefore, this study aims to analyse the most common dietary patterns of Vietnamese 

women and explore the diet quality and environmental impacts of these patterns. 

Methodology 

The nationally representative General Nutrition Survey of 2009-2010 was used to analyse the 

dietary patterns. Dietary patterns were derived using principal component analysis (PCA) by using 

18 food groups as input variables. Nutrient adequacy and dietary diversity scores were applied to 

measure diet quality, and greenhouse gas emissions (GHGE) and blue water use were selected as 

environmental impact indicators.  

Main results and discussion 

With PCA, three dietary patterns were identified: An Omnivorous, Traditional, and Pescatarian 

pattern. All three patterns were associated with better diet quality compared to the average diet 

although not substantial. The average diet-related GHGE was 4.51 kg CO2-eq. and blue water use 

was 0.12 m3. The analysis revealed the consumption of rice, meat, and meat products contributed 

most to the GHGE in this population, and rice was the largest contributor to BW use. 

Environmental impact was considerably higher in all three patterns compared to the general 
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population.  

Conclusions 

Despite that diet quality was slightly better in all three patterns compared to the average diet, 

environmental impact was also higher. It is important to explore the trade-offs between diet quality 

and environmental impact. Therefore, future research is needed to develop the optimal diet that 

considers both diet quality and environmental impact.  
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Context: The actual food system is a major threat to sustainable development by driving the global 
earth system toward or over planetary boundaries (Willett et al., 2019). Thus, reducing animal 
protein in the diet is a key target of sustainable food policies to address current health and 
environmental issues. However, adopting a plant-based diet limits intake of important animal-driven 
micronutrients, especially vitamin B12, vitamin D, riboflavin, calcium, iron and zinc and may 
compromise diet acceptability and affordability (Fehér et al., 2020). Therefore, we conceived this 
study to evaluate the environmental impacts of reducing protein share contributed by animal-based 
foods in nutritionally adequate diets that respects consumption and cost constraints. 
Methods: From observed dietary intakes in the general French population (INCA2) and a database 
of 207 foods compiling nutritional and cost data (Gazan et al, 2018) new diets minimizing deviation 
from observed diets (in term of food quantity) were modeled by mathematical optimization for 5 
sub-populations: women < 50 years old, women between 50 and 64 years old, women ˀ 65 years 

old, men < 65 years old and men ˀ 65 years. All modeled diets met nutritional recommendations 
(for fiber, amino acids, fatty acids, minerals, vitamins, sugar, sodium and saturated fatty acids), 
eating habits and cost constraints of the sub-populations. For each subpopulation, the share of 
protein contributed by animal-based foods was progressively reduced by steps of 5% until 
constraints FRXOGQ¶W�EH no longer met. The recommended intake of total protein was estimated from 
the average body weight of the corresponding subpopulation observed in the general French 
population. For each subpopulation, the modeled diet with the lowest achievable animal-protein 
share, but meeting recommended total protein intake was selected. The five selected modeled diets 
were then aggregated applying weights of representativity of each sub-population leading to one 
modeled diet for the whole population (LAP diet). The LAP diet was compared to the mean 
observed diet in the whole population (Ref diet). Potential environmental impacts of LAP and Ref 
diets were estimated by Life Cycle Assessment (LCA) using eight midpoint environmental impact 
categories, provided by ReCiPe mid-point method (Huijbregts et al. 2016): climate change (CC), 
acidification (AC), freshwater eutrophication (FE), marine eutrophication (ME); by CML-IA 
method (Guinée et al. 2002): water use (WU), land occupation (LO); cumulative energy demand 
(CED ± Frischknecht et al 2004) and biodiversity damage potential (BDP - Knudsen et al. 2017). 
The life cycle inventory data were extracted from Agribalyse© 3.0 (Asselin-Balençon et al., 2020; 
Koch and Salou, 2020), and adapted to allow the use of the characterization factors of the Knudsen 
method.  
Results: The animal-protein share in the LAP diets varied depending on the subpopulation: 45 % 
for men < 65 years, 50 % for women between 50 and 64 years, 55 % for women < 50 and ��65 years, 
and 60 % for PHQ������\HDUV. Total protein content of the LAP diets was similar to the one in Ref 
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diets for women < 50 and �����\ears, and decrease for other subpopulations (from -7 % for women 
between 50 and 64 years, to -29 % for men < 65 years). At the whole population level (weighted 
average of sub-populations), starting from an animal protein share of 70% in the Ref diet, it was 
possible to reduce that share up to 50% while still fulfilling nutritional, cost and consumption 
constraints (LAP diet). Compared to Ref diet, LAP diet contained (g/d) more plant-based products 
including fruits, vegetables, grains, potatoes and pulses (987 vs 570), less meat, fish & eggs (95 vs 
156), less sweets & added fats (103 vs 146) and less mixed dishes & sandwiches (65 vs 123). 
Regarding dairy products, their quantity increased (350 vs 200) but the calories they provided 
slightly decreased due to a shift from cheese to liquid milk. Changes in environmental impacts were 
relatively similar across the subpopulations. Compared to the Ref diet, 5 out of 8 environmental 
categories were improved in the LAP diet (Fig.1): AC (-39.5 %), LO (-35.6 %), CC (-29.8 %), ME 
(-12.8 %), and CED (-6.5 %). Impacts related to FE, WU and BDP were increased by respectively 
36.1 %, 41.2 % and 71.3 %. For all impact categories, except for AC and BDP, the food groups 
³0HDW�)LVK�(JJV´� DQG� ³)UXLW� DQG� YHJHWDEOHV´� ZHUH� WKH� PDLQ� FRQWULEXWRUV� RI� WKH� HQYLURQPHQWDO�
impacts of the LAP diet, and were responsible together for 43.6 % (for CC) to 74.9 % (for WU) of 
the total environmental impact of the diet. For AC, the two main contributing food groups were 
³0HDW�)LVK�(JJV´� DQG� ³:DWHU� DQG� GULQNV´� DQG� IRU�%'3�� ³)UXLW� DQG� YHJHWDEOHV´� DQG� ³Grains and 
other starchy productV´��The reduction of CC, AC, LO, ME and CED in the LAP diet was mainly 
driven by the strong decrease of red meat whose environmental impact was reduced by almost two 
thirds. The decrease in CED attributed to red meat (-25.8 MJ) was offset by the increase in dried 
fruits in the diet (+21.3 MJ), resulting in a slight overall improvement for this indicator. 
Conversely freshwater eutrophication, water use and biodiversity damage potential were 
deteriorated. The higher environmental impact of the LAP diet on WU and FE were mostly 
explained by the increase of fresh fruits which includes irrigated production and fatty fish 
(exclusively salmon from aquaculture), respectively. Increased BDP was caused by a sharp decrease 
in permanent pasture acreage due to lower red meat consumption and clearing of additional land to 
meet the higher demand for vegetables. 
Discussion: The current study highlighted that lowering animal protein share below 50% would be 
unlikely in the French general population without compromising nutritional adequacy and 
acceptability, and would have mixed effects on the environment. An important reduction of bovine 
meat was observed in the LAP diet, inducing a reduction in several impacts such as CC and LO, but 
also an increase in BDP, due to the high level of biodiversity associated to permanent pasture used 
by the beef sector, in opposition to the intensive crop cultures. Indeed, greenhouse gas emission and 
land use of cattle (corresponding to approximately 60 % of red meat in our data) are much higher 
than other livestock products such as dairy beef, pig and poultry (Poore and Nemecek, 2018). A 
large increase in WU associated with the LAP diet is due to the increase of irrigated fruit and 
vegetable products in the diet. The adverse effect on WU (blue water) is consistent with previous 
global modeling analyzing of sustainable diets that showed that increased consumption of water-
intensive fruits, vegetables, and nuts was likely to overcompensate lower WU from decreased 
animal product consumption (Springmann et al., 2018; Willett et al., 2019). The increase in FE was 
mainly due to the higher emission of phosphorus to water due to the culture fertilization and to the 
direct emission of effluent of the aquaculture fish to water where there is no recycling possibilities. 
It should be noted that in the Agribalyse method (Koch and Salou, 2020), the impacts associated 
with the application of livestock manure on crops for fertilization are associated with crops, not 
with livestock. 
Different points have to be kept in mind when looking at these results. They are sensitive to the 
database of products. Our study benefits from the use of the most exhaustive database of the French 
agri-food products LCIs (Agribalyse® 3.0), which allowed to consider a large set of products in the 
analysis while ensuring a good representativeness of environmental impacts of agricultural and food 
products consumed in France. However, this database is built on averages of French agriculture 

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On ³The role of emerging economies in global food security´ 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 3 

practices which may induces some limitations. Here, the Agribalyse data are the main stream of 
French agriculture products and do not take into account particular practices (e.g. organic 
production). Moreover, several flows were not taken into account such as carbon sequestration in 
soil without land use change in France, or particulate emissions from on farm activities (Koch and 
Salou, 2020), which will be improved in the future versions. The results are also sensitive to the 
characterization methods. For instance, the biodiversity damage is only associated to specific land 
use whatever the practices (the differentiation of organic products was not used here). This study 
uses the approach proposed by Knudsen et al. (2017) that estimates the potentially disappeared 
IUDFWLRQ�RI� VSHFLHV�RI� D� JLYHQ� ODQG�XVH� FRPSDUHG� WR� D� UHIHUHQFH� �µWHPSHUDWH�EURDGOHDI� DQG�PL[HG�
IRUHVW¶� IRU� (XURSH��� ,Q� SDUWLFXODU�� LW� GLIIHUHQWLDWHV� WKH�PDMRU� FURS� FDWHJRULHV� DQG� SDVWXUe, and we 
added the impact of imported culture from tropical areas. Some limitations of this approach have 
been presented among which the non-consideration of advantages of mixed landscapes and the 
focus made on plant species (Kok et al., 2020). Based on the average of observed performances, this 
method considers the land use but not the direct relations between agriculture practices and 
biodiversity as proposed by other methods (Lindner et al., 2019). This method has however been 
judged as relevant to assess the biodiversity impacts of livestock and crop systems, and had been 
used in previous studies to compare organic and conventional agriculture practices (Nitschelm et al., 
2021). The influence of the reduction of red meat on biodiversity observed in our study is mainly 
driven by the use of pasture in French dairy and beef productions, as proposed by the Agribalyse® 
3.0 database, which is not the general trend at world scale. The reduction in meat consumption led 
to a very strong reduction in LO, but since permanent grassland is a biotope much richer in 
biodiversity than any other agricultural land use (including replanted forest) (Alkemade et al., 2009) 
the gain in LO translates into an equivalent loss on BDP. 
Conclusion 
The objective of this study was not to design a low environmental impact diet but rather to assess 
the environmental impacts of diets modeled to contain the minimum share of animal protein, 
compatible with the fulfilment of all nutrient-based recommendations at no cost increase. In our 
study, the models were unable to lower the animal-protein share below about 50 % (except for men 
< 65 years where a threshold of 45 % was reached) without compromising nutritional adequacy, 
eating habits and at no additional cost. It has already been shown that going below this 50 % 
threshold will not ensure protein and indispensable amino acid adequacy in the French population 
(de Gavelle et al., 2017). The tradeoffs between several environmental impacts highlight the 
importance of considering the consumption of resources and pollutant emissions as diverse as 
energy use, water use, air pollution, nutrient flows, and biodiversity when designing sustainable 
diets. Achieving a more balanced plant and animal-based diet may require major transformations in 
agriculture and food systems, as well as food practices, in order to meet the three major concern of 
the planet: climate change, water consumption and biodiversity preservation. This objective cannot 
be reached without taking into account the specificity of the territories and the availability of their 
resources, but also the food habits of the inhabitants. This will require also the evolution of 
evaluation methods that will have to better take into account the cause and effect relationships 
between practices (agricultural, food) and the environmental, economic and health consequences. In 
particular, specific objectives such as the protection of biodiversity will have to be studied in depth, 
in order to move from injunctions to practical solutions. 
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The causes of a disease can be very complex. At the same time, it has been shown that dietary 
habits can increase the risk of the onset of a number of diseases, such as the consumption of 
processed red meat in connection with colorectal cancer (WCRF 2018).  In times of climate change, 
our dietary preferences take on another dimension. Enormous environmental impacts are associated 
with food production, and the transition to more sustainable food systems is inevitable (Poore and 
Nemecek 2018).  

Animal products in particular have the highest environmental impacts (Poore and Nemecek 2018). 
Plant-based diets are generally more environmentally friendly, especially if they consist of local and 
seasonal foods  (Van Kernebeek, Oosting et al. 2014). From the point of view of health, the 
consumption of vegetables and fruits can for example reduce the risk of the onset of certain diseases, 
while the consumption of red meat increases the probability of the occurrence of some types of 
cancer (WCRF 2018). The World Health Organization (WHO 2021) and the EAT-Lancet 
Commission �:LOOHWW�� 5RFNVWU|P� HW� DO�� ����� have published recommendations on healthy diets 
within the planetary boundaries.  

This project develops the issue of diseases that are the result of lifestyle; also called diseases of 
affluence (Huryk, Drury et al. 2021). These first occurred mainly in developed countries �ĩyáWDV]HN�
and Olejnik 2018), probably due to lack of exercise, excessive consumption of food (especially of 
highly processed, fatty and salty foods), and exposure to stress (Sachs 2017). 

Here, we studied eating habits of patients in terms of environmental impacts. Moreover, the health 
and environmental risks and benefits associated with the consumption of certain foods were mapped. 
When we juxtapose the diets of patients before diagnosis, the average diet in the country, and the 
nutritional plan recommended by the doctor; where do they stand in terms of environmental 
impacts? Throughout this project, the above-mentioned scenarios were modelled and compared 
based on the life cycle assessment (LCA) methodology (sphera 2020) in openLCA software using 
EF 3.0 characterization factors. 

To the best of our knowledge, no comparison has yet been made of the environmental impacts of 
the diets of patients diagnosed with a disease of affluence. This is, however, not only a matter of 
scientific interest. At a time when sustainability becomes a hot topic, the environmental benefits of 
a dietary change may represent a great motivation for many while considering a switch to diets 
healthier for both humans and the planet; possibly leading to more effort being spent on disease 
prevention. At the same time, the health crisis caused by the covid-19 pandemic could lead to the 
promotion and development of preventive measures and increase the popularity of healthy lifestyles 
in general (Sabetkish and Rahmani 2021). 
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7KH�06$�ORVV�PHWKRG� LV�RSHUDWLRQDOL]HG� IRU� WKH�'XWFK�5,90�/&,�GDWDEDVH� �5,90���������7KLV�
UHTXLUHG�WKH�IROORZLQJ�DFWLRQV� 

1. $GDSWLQJ�WKH�06$�ORVV�IDFWRUV�IURP�*/2%,2�IRU�KDELWDW�GLVWXUEDQFH�DQG�IUDJPHQWDWLRQ�RI�
URDGV�IURP�µSHU�NP�URDG¶�WR�µSHU�WRQ�NP�URDG�WUDQVSRUW¶�WKURXJK�QDWLRQDO�WRWDO�IXHO�XVH�DQG�
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URDG�OHQJWK�IRU�DOO�UHOHYDQW�FRXQWULHV� 
2. �5HJLRQDOL]DWLRQ�RI� IORZV� LQ� WKH�5,90�/&,�GDWDEDVH� �DPPRQLD�DQG�12[�HPLVVLRQV�� ODQG�

XVH���WKURXJK�D�FRGH�ZKLFK�H[WUDFWV�WKH�FRXQWU\�ZKHUH�WKH�SUHVVXUH�WDNHV�SODFH�� 
3. &UHDWLRQ�RI�QHZ�IORZV�LQ�WKH�5,90�/&,�GDWDEDVH�UHODWHG�WR�URDG�GLVWXUEDQFH��PHDVXUHG�LQ�

WNP� URDG� WUDQVSRUW� SHU� FRXQWU\�� DQG� DVVHVVLQJ�PDJQLWXGH� RI� WKH� SUHVVXUH� UHODWHG� WR� HDFK�
WUDQVSRUW� GLVWDQFH�� 7KH� FUHDWHG� FRGH� UHFRJQL]HV� WKH� VRXUFH� FRXQWU\� IRU� HDFK� LQSXW� LQ� DQ�
LQYHQWRU\� DQG� VSOLWV� RXW� WKH� WRWDO� WNP� WUDQVSRUW� RYHU� DOO� LQWHUPHGLDWH� FRXQWULHV� EDVHG� RQ�
WUDQVSRUWDWLRQ�PRGH�DQG�FRXQWU\�VL]HV�� 

4. /LQNLQJ�WKH�06$�ORVV�IDFWRUV�WR�WKH�UHJLRQDOL]HG��QHZ��LPSDFW�IORZV�LQ�D�VWDQGDUG�LPSDFW�
DVVHVVPHQW�PHWKRG�IRUPDW� 

 
$�GHWDLOHG�KRWVSRW�DQDO\VLV�LV�PDGH�IRU�HDFK�RI� WKH�IRRG�SURGXFWV�LQ�WKH�'XWFK�GLHW�XVLQJ�ERWK�WKH�
5H&L3H�DQG�WKH�06$�ORVV�LPSDFW�DVVHVVPHQW�PHWKRG��7KH�RULJLQDO�5,90�/&,�GDWDEDVH�LV�XVHG�LQ�
FRPELQDWLRQ�ZLWK�WKH�5H&L3H�PHWKRG��WKH�UHJLRQDOL]HG�DQG�DGDSWHG�5,90�/&,�GDWDEDVH�LV�XVHG�LQ�
FRPELQDWLRQ� ZLWK� WKH� 06$�ORVV� PHWKRG�� 5HVXOWV� VKRZ� WKH� LPSDFW� RI� GLIIHUHQW� OLIHF\FOH� VWDJHV�
�FXOWLYDWLRQ�RI�IRRG�DQG�RU�IHHG��DQLPDO�KXVEDQGU\��SURFHVVLQJ��GLVWULEXWLRQ�DQG�UHWDLO�DQG�FRQVXPHU���
WKH�UHODWLYH�FRQWULEXWLRQ�RI�GLIIHUHQW�LPSDFW�SDWKZD\V��H�J��ELRGLYHUVLW\�ORVV�IURP�ODQG�XVH�DQG�IURP�
JOREDO� ZDUPLQJ�� DQG� IRU� 06$�ORVV� UHVXOWV� DUH� VSOLW� RXW� SHU� FRQWLQHQW� �GLIIHUHQWLDWLQJ� EHWZHHQ�
ELRGLYHUVLW\�ORVV�LQ�WKH�1HWKHUODQGV��(XURSH��$VLD��$IULFD��1RUWK�$PHULFD��6RXWK�$PHULFD��2FHDQLD�
DQG�LQ�WKH�ZRUOG�LQ�JHQHUDO�� 
7KH�LPSDFW�RI�HDFK�IRRG�LWHP�LV�PXOWLSOLHG�ZLWK�WKH�FRQVXPHG�TXDQWLW\�LQ�WKH�DYHUDJH�'XWFK�GDLO\�
GLHW��ZKLFK�LV�EDVHG�RQ�WKH�'XWFK�)RRG�&RQVXPSWLRQ�6XUYH\������������YDQ�5RVVXP�HW�DO��������� 
 
5HVXOWV� 
)RU�ERWK�ELRGLYHUVLW\�PHWULFV��LQVLJKWV�DUH�JDWKHUHG�RQ�WKH�PRVW�LPSDFWIXO�SURGXFWV�LQ�WKH�GLHW��EDVHG�
RQ�GDLO\�FRQVXPHG�TXDQWLW\��DQG�WKH�PRVW�SUHGRPLQDQW�LPSDFW�SDWKZD\V��$V�WKH�VDPH�LQYHQWRU\�GDWD�
DQG�GLHW� LV�XVHG�� WKLV� VWXG\�JLYHV� LQVLJKWV�RQ�KRZ� WKH�RXWFRPHV�GLIIHU�EHWZHHQ�ERWK�PHWULFV��7KH�
DEVROXWH�UHVXOWV�RI�WKH�WZR�PHWULFV�UHSUHVHQW�RWKHU�SKHQRPHQD�DQG�DUH�WKXV�QRW�GLUHFWO\�FRPSDUDEOH��
5H&L3H�UHVXOWV�DUH�H[SUHVVHG�DV�WKH�QXPEHU�RI�ORVW��H[WLQFW��VSHFLHV��06$�ORVV�UHSUHVHQW�WKH�ORVV�RI�
QXPEHU�RI�DQLPDOV��DEXQGDQFH��ZLWKLQJ�WKH�VSHFLHV��)RU�WKLV�UHDVRQ��RQO\�UHODWLYH�FRQWULEXWLRQV�RI�
SURGXFW�JURXSV�DQG�LPSDFW�SDWKZD\V�WR�WRWDO�ELRGLYHUVLW\�LPSDFW�DUH�FRPSDUHG�� 
 
%DVHG�RQ�5H&L3H��PDLQ�UHVXOWV�VKRZ�WKDW�PHDW��HVSHFLDOO\�EHHI��EXW�DOVR�SRUN�DQG�FKLFNHQ���GDLU\�DQG�
WR�D�OHVVHU�H[WHQG�FRIIHH�DQG�WHD�DUH�PDLQ�FRQWULEXWRUV�WR�ELRGLYHUVLW\�ORVV�RI�WKH�'XWFK�GDLO\�GLHW��7R�
EH�VSHFLILF��EHHI�DQG�SRUN�UHSUHVHQW�����RI�ELRGLYHUVLW\�LPSDFW��PLON�DQG�GDLU\�SURGXFWV�UHSUHVHQW�
�����QRQ�DOFRKROLF�EHYHUDJHV��PDLQO\�FRIIHH�DQG�WHD��UHSUHVHQW�����FKLFNHQ�UHSUHVHQW�����,Q�WHUPV�
RI�LPSDFW�SDWKZD\V��ODQG�XVH��������JOREDO�ZDUPLQJ��H[FO��HPLVVLRQV�IURP�ODQG�XVH�FKDQJH�������
HPLVVLRQV�IURP�ODQG�XVH�FKDQJH������DQG�DFLGLILFDWLRQ�������DUH�PDLQ�GULYHUV�RI�ELRGLYHUVLW\�ORVV�RI�
WKH�'XWFK�GLHW�� 
 
$VVHVVPHQW�RI�WKH�'XWFK�GLHW�ZLWK�WKH�06$�ORVV�PHWKRG�UHVXOWV�LQ�FRPSDUDEOH�FRQFOXVLRQV��)RRG�
LWHPV�LQ�WKH�'XWFK�GLHW�FRQWULEXWLQJ�PRVW�WR�06$�ORVV�DUH�EHHI�PHDW��PLON�DQG�PLON�SURGXFWV��FKLFNHQ��
FKHHVH�� SRUN�� IDWV� DQG� RLOV� DQG� FRIIHH�� 2Q� D� IRRG� JURXS� OHYHO� EHHI� DQG� SRUN� UHSUHVHQW� ���� RI�
ELRGLYHUVLW\�LPSDFW��PLON�DQG�GDLU\�SURGXFWV�UHSUHVHQW������FKLFNHQ�UHSUHVHQWV����DQG�QRQ�DOFRKROLF�
EHYHUDJHV��PDLQO\�FRIIHH�DQG�WHD��UHSUHVHQW�����0DLQ�GULYHUV�IRU�ELRGLYHUVLW\�ORVV�DUH�LGHQWLILHG�WR�
EH�ODQG�XVH�������DQG�JOREDO�ZDUPLQJ��H[FO��HPLVVLRQV�IURP�ODQG�XVH�FKDQJH�������HPLVVLRQV�IURP�
ODQG�XVH�FKDQJH�������+DELWDW�GLVWXUEDQFH�LV�WKH�FDXVH�IRU�����RI�WKH�06$�ORVV�UHODWHG�WR�WKH�'XWFK�
GLHW��QLWURJHQ�GHSRVLWLRQ�IRU����DQG�KDELWDW�IUDJPHQWDWLRQ�IRU�����7KH�*/2%,2�PRGHO�DQG�GHULYHG�
06$�ORVV�IDFWRUV�DUH�XQGHU�FRQVWDQW�GHYHORSPHQW��DQG�WKLV�LV�WKH�ILUVW�LPSOHPHQWDWLRQ�RI�WKHVH�IDFWRUV�
LQ�DQ�/&$�FRQWH[W��)RU� WKHVH� UHDVRQV�� WKH�SUHVHQWHG� UHVXOWV� VKRXOG�EH�FRQVLGHUHG�DV�GUDIW� UHVXOWV��
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ZKLFK�PLJKW�FKDQJH�ZLWK�DGGLWLRQDO�LQVLJKWV� 
 
7KH�UHODWLYH�FRQWULEXWLRQ�RI�GLIIHUHQW�LPSDFW�SDWKZD\V�WR�ELRGLYHUVLW\�ORVV�IRXQG�ZLWK�5H&L3H�DQG�
06$�ORVV�PHWKRG�DUH�VLPLODU�IRU�RYHUODSSLQJ�LQGLFDWRUV��2I�WKH�WZR�PDLQ�LPSDFW�SDWKZD\V��5H&L3H�
FKDUDFWHUL]HV� ODQG� XVH� VWURQJHU�� ZKHUHDV� 06$�ORVV� FKDUDFWHUL]HV� JOREDO� ZDUPLQJ� VWURQJHU�� 7KH�
GLIIHUHQW�QDWXUH�RI�WKH�PHWULFV��DFFRXQWLQJ�IRU�VSHFLHV�ORVV�DQG�VSHFLHV�DEXQGDQFH�ORVV��PDNHV�WKDW�
WKH�PHWULFV�SURYLGH�FRPSOHPHQWDU\�LQIRUPDWLRQ�RQ�WKH�VDPH�SUHVVXUH�LQGLFDWRUV��PRUH�UHVHDUFK�LV�
QHHGHG�WR�H[DFWO\�LGHQWLI\�ZKDW�GULYHV�WKH�GLIIHUHQFHV��5HVXOWV�DUH�LQ�OLQH�ZLWK�WKH�FXUUHQW�VFLHQWLILF�
ILQGLQJV�IRU�IRRG�FRQVXPSWLRQ�LQ�WKH�(8�����SXEOLVKHG�E\�&UHQQD�HW�DO���&UHQQD�HW�DO��������� 
 
6HYHUDO� LQWHUYHQWLRQV� LQ� VXSSO\�FKDLQV�DUH�SRVVLEOH� WR� UHGXFH� WKH�SUHVVXUHV��DQG�FDQ� LQ�JHQHUDO�EH�
GHVFULEHG�DV�SURGXFLQJ�PRUH�VXVWDLQDEOH�F�T��UHVSRQVLEOH��PRUH�HIILFLHQW��RU�FRQVXPLQJ�GLIIHUHQWO\�
�:HVWKRHN�� ������� 7KH� UHVXOWV� VXJJHVW� WKDW� WR� UHGXFH� WKH� LPSDFW� RQ� ELRGLYHUVLW\� RI� 'XWFK� IRRG�
FRQVXPSWLRQ��LQWHUYHQWLRQV�RQ�VHYHUDO�OHYHOV�FDQ�EH�HIIHFWLYH� 

1. 2Q�D�GLHW�OHYHO��UHSODFLQJ�FRQVXPSWLRQ�RI�KLJK�LPSDFW�SURGXFWV�VXFK�DV�PHDW��GDLU\��FRIIHH�
DQG�WHD�IRU�ORZ�HU��LPSDFW�DOWHUQDWLYHV��ZKLOH�HQVXULQJ�DOO�QXWULWLRQDO�UHTXLUHPHQWV�LQ�WKH�GLHW�
DUH� PHW�� LV� DQ� HIIHFWLYH� DQG� TXLFN� ZD\� WR� UHGXFH� WKH� ELRGLYHUVLW\� LPSDFW� RI� 'XWFK� IRRG�
FRQVXPSWLRQ��:LGHVSUHDG�DZDUHQHVV�DQG�HQJDJHPHQW�DUH�UHTXLUHG�WR�UHDOL]H�QDWLRQDO�GLHWDU\�
FKDQJH�DQG�FRQVXPHU�DFFHSWDQFH�VKRXOG�EH�FRQVLGHUHG�WR�IDFLOLWDWH�WKH�SURFHVV� 

2. 2Q�D�SURGXFW�OHYHO��VWUDWHJLHV�WR�UHGXFH�WKH�ELRGLYHUVLW\�LPSDFW�RI�LQGLYLGXDO�IRRG�SURGXFWV�
FDQ�EH�EDVHG�RQ�WKH�KRWVSRWV�LQ�WKH�FKDLQ��H�J���FXOWLYDWLRQ�RI�IHHG��RU�HQHUJ\�XVH�LQ�SUHSDUDWLRQ��
DQG�WKH�NH\�GULYHUV�RI�ELRGLYHUVLW\�ORVV��H�J���JOREDO�ZDUPLQJ��RU�ODQG�XVH���,QWHUYHQWLRQV�FDQ�
EH�VSHFLILF�WR�WKH�SURGXFWLRQ�FKDLQ�RI�D�FHUWDLQ�SURGXFW��H�J���PRUH�HIILFLHQW�FXOWLYDWLRQ���RU�
FDQ�EHQHILW�PXOWLSOH�SURGXFWLRQ�FKDLQV��H�J���UHGXFLQJ�WKH�LPSDFW�RI�HOHFWULFLW\�SURGXFWLRQ�� 

 
 
'LVFXVVLRQ 
7KH�RSHUDWLRQDOL]DWLRQ�RI�06$�ORVV�LQ�/&$�HQDEOHV�FRPSOHPHQWDWLRQ�RI�LQVLJKWV�IURP�H[LVWLQJ�/&,$�
PHWKRGV��VXFK�DV�5H&L3H��ZLWK�QRYHO�LQVLJKWV�RQ�ELRGLYHUVLW\�ORVV��5H&L3H�DVVHVVHV�WKH�ELRGLYHUVLW\�
ORVV�LQ�WHUPV�RI�ORVV�RI�VSHFLHV�ULFKQHVV��ZKHUHDV�06$�ORVV�LV�DQ�LQGLFDWRU�IRU�VSHFLHV�DEXQGDQFH��
7KLV� PDNHV� 06$�ORVV� VXLWDEOH� WR� DFFRXQW� IRU� ELRGLYHUVLW\� LPSDFWV� UHJDUGLQJ� HFRV\VWHP�
PXOWLIXQFWLRQDOLW\��0DUTXHV�HW�DO����������$�VWUHQJWK�RI�WKH�*/2%,2�PHWKRG�WR�GHULYH�06$�ORVV�LV�
WKH� DFFRXQWLQJ� RI� ELRGLYHUVLW\� ORVVHV� RQ� D� FRXQWU\� OHYHO�� 7KLV� SURYLGHV� PRUH� LQVLJKW� LQWR� ZKHUH�
ELRGLYHUVLW\� LV� ORVW�� DQG� EHWWHU� UHSUHVHQWV� WKH� VSDWLDO� GLVWULEXWLRQ� RI� VSHFLHV�� 7KLV� FRPSOHPHQWV�
5H&L3H��ZKLFK�GRHV�QRW�DFFRXQW� IRU� WKH�GLVWULEXWLRQ�RI�VSHFLHV� �&UHQQD�HW�DO����������7KH�5H&L3H�
PHWKRG�DQG�WKH�06$�ORVV�PHWKRG�ERWK�DFFRXQW�IRU�WKH�LPSDFW�RI�ODQG�XVH�DQG�JOREDO�ZDUPLQJ�RQ�
ELRGLYHUVLW\��DOWKRXJK�UHVXOWV�SURYLGH�GLIIHUHQW�LQVLJKWV�GXH�WR�WKH�GLIIHUHQW�XQLW��,Q�DGGLWLRQ��5H&L3H�
FRQVLGHUV�WKH�LPSDFW�RQ�ELRGLYHUVLW\�WKURXJK�D�EURDG�VSHFWUXP�RI�PLGSRLQW�LQGLFDWRUV��KRZHYHU��GLUHFW�
IDFWRUV��VXFK�DV�KDELWDW�GLVWXUEDQFH��DUH�QRW�DFFRXQWHG�IRU��7KH�06$�ORVV�IDFWRUV�GR�QRW�FRYHU�DOO�
WKHVH� PLGSRLQW� LQGLFDWRUV�� OLNH� DFLGLILFDWLRQ�� KRZHYHU�� HIIHFWV� RI� KDELWDW� IUDJPHQWDWLRQ� DQG�
GLVWXUEDQFH�DUH�UHIOHFWHG�LQ�WKH�06$�ORVV�IDFWRUV��1LWURJHQ�HPLVVLRQV��RU�OHDNDJHV��DUH�DFFRXQWHG�IRU�
LQ�ERWK�PHWKRGV��DOWKRXJK�LQ�06$�ORVV�RQO\�WKH�HIIHFW�RQ�WHUUHVWULDO�HFRV\VWHPV�LV�FRQVLGHUHG�DQG�LQ�
5H&L3H� RQO\� HIIHFWV� RQ� IUHVKZDWHU� DQG� PDULQH� HFRV\VWHPV� DUH� FRQVLGHUHG�� 7KH� HIIHFW� RI� ODQG�
WUDQVIRUPDWLRQ�LV�H[SOLFLWO\�LQFOXGHG�LQ�WKH�5H&L3H�PHWKRG��DQG�VHSDUDWHO\�QRWHG�IURP�WKH�ODQG�XVH�
FDWHJRU\�LQ�WKLV�VWXG\���ZKHUHDV�WKLV�HIIHFW�LV�RQO\�LPSOLFLWO\�LQFOXGHG�LQ�WKH�ODQG�XVH�SUHVVXUH�LQ�WKH�
06$�ORVV�PHWKRG��2WKHU�GLUHFW�HIIHFWV�RQ�ELRGLYHUVLW\�VXFK�DV�FRPSHWLWLYH�HIIHFWV�RI�LQYDVLYH�VSHFLHV��
EXW� DOVR�SRVLWLYH� HIIHFWV� VXFK�DV�QDWXUH�LQFOXVLYH� DJULFXOWXUH�RU� DJURHFRORJ\�PHDVXUHV� DUH�QRW� \HW�
DFFRXQWHG�IRU�LQ�HLWKHU�RI�WKH�PHWKRGV��PDLQO\�GXH�WR�NQRZOHGJH�JDVS�RQ�WKH�H[DFW�LPSDFWV�RI�WKHVH�
PRGHV�RI�SURGXFWLRQ� 
 

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

7KH�06$�ORVV�IDFWRUV�FXUUHQWO\�RQO\�DVVHVV�LPSDFWV�RQ�SODQWV�DQG�ZDUP�EORRGHG�YHUWHEUDWHV��GXH�WR�
OLPLWHG�GDWD�DYDLODELOLW\��,Q�DGGLWLRQ�WR�WKHVH�VSHFLHV�JURXSV��5H&L3H�DOVR�DFFRXQWV�IRU�LQYHUWHEUDWHV�
DQG�ILVK�DOWKRXJK�RQO\�D�VPDOO�QXPEHU�RI�VSHFLHV�LV�FRQVLGHUHG�IRU�WKH�LPSDFW�SDWKZD\V��&UHQQD�HW�
DO����������$FFRXQWLQJ�RI�ELRGLYHUVLW\�ORVVHV�RI�PDULQH�VSHFLHV�FDQ�EH�LPSURYHG�LQ�ERWK�PHWKRGV��7KH�
FRQVLGHUDWLRQ� RI�PDULQH� KDELWDW� GLVWXUEDQFH� IURP� ILVKHU\� DQG� VHD� WUDQVSRUW�� DQG� HIIHFWV� RI� RFHDQ�
DFLGLILFDWLRQ� GXH� WR� JOREDO� ZDUPLQJ� PLJKW� LPSURYH� WKLV�� DOWKRXJK� GDWD� DYDLODELOLW\� UHPDLQV� D�
OLPLWDWLRQ� 
 
6ROXWLRQV� WR� UHGXFH� ELRGLYHUVLW\� ORVV� GLIIHU� IRU� HDFK� GLHW� DQG� SURGXFW� OLIHF\FOH�� VWUHVVLQJ� WKH�
LPSRUWDQFH�RI�PRUH�UHVHDUFK�WR�WDLORUHG�LPSDFW�FDOFXODWLRQ�DQG�VROXWLRQV��,PSDFW�DVVHVVPHQW�VWXGLHV�
DUH�SHUIRUPHG�PRUH�DQG�PRUH��KRZHYHU��HQYLURQPHQWDO�LPSURYHPHQWV�DUH�FXUUHQWO\�RIWHQ�IRFXVHG�RQ�
UHGXFWLRQ�RI�WKH�FDUERQ�IRRWSULQW��,QFOXGLQJ�D�ELRGLYHUVLW\�LQGLFDWRU�LQ�WKH�UHVHDUFK�DQG�UHVXOWV�FDQ�
KHOS�WR�DOVR�LGHQWLI\�VSHFLILF�PHDVXUHV�DQG�JRYHUQPHQW�SROLFLHV� WKDW�ZLOO�UHGXFH�ELRGLYHUVLW\� ORVV��
,QFOXGLQJ� JXLGDQFH� RQ� ELRGLYHUVLW\� DFFRXQWLQJ� LQ� OHDGLQJ� /&$� JXLGHOLQHV� �VXFK� DV� WKH� 3URGXFW�
(QYLURQPHQWDO� )RRWSULQW� JXLGHOLQHV� �=DPSRUL� DQG� 3DQW�� ������� PLJKW� KHOS� WR� DFFHOHUDWH� LWV�
LPSOHPHQWDWLRQ��7R�EHWWHU�XQGHUVWDQG�GULYHUV�RI�ELRGLYHUVLW\�ORVV�UHODWHG�WR�RXU�GLHW��D�ZLGHU�YDULHW\�
RI�PHWULFV�VKRXOG�EH�RSHUDWLRQDOL]HG�LQ�/&$��0DUTXHV�HW�DO���������=KRQJPLQJ�HW�DO����������0HWULFV�
FDQ�FRPSOHPHQW�HDFK�RWKHU��SURYLGLQJ�D�PRUH�FRPSOHWH� LPDJH�RI�ELRGLYHUVLW\� LPSDFW��'LVFXVVLRQ�
ZLWKLQ�WKH�/&$�FRPPXQLW\�FDQ�KHOS�WR�LGHQWLI\�WKH�PRVW�VXLWDEOH�PHWULFV�IRU�HDFK�VWXG\� 
 
'HVSLWH� WKH� OLPLWDWLRQV� RI� WKH� XVHG� ELRGLYHUVLW\� ORVV� PHWKRG� DV� GHVFULEHG� LQ� WKH� GLVFXVVLRQ�� WKLV�
UHVHDUFK� LV� D� ILUVW� DQG� UHOHYDQW� VWHS� LQ� LGHQWLI\LQJ� WKH� ELRGLYHUVLW\� LPSDFW� RI� RXU� GLHW�� DQG� DV� DQ�
H[WHQVLRQ� RI� IRRWSULQW� DQDO\VHV� RQ� PLG�SRLQW� SUHVVXUHV� OLNH� FDUERQ� HPLVVLRQ� DQG� ODQG�XVH�� 7KH�
SUHVHQWHG�UHVXOWV�DUH�VXIILFLHQW�WR�LGHQWLI\�FULWLFDO�SURGXFWV�DQG�LPSDFW�SDWKZD\V�RI�ELRGLYHUVLW\�ORVV�
DQG�FDQ�KHOS�WR�HIIHFWLYHO\�UHGXFH�WKH�LPSDFW��)XUWKHU�GHYHORSPHQW�RI�ELRGLYHUVLW\�LPSDFW�VWXGLHV�RQ�
IRRG� SURGXFWLRQ� V\VWHPV�� DQG� FRPSOHPHQWDU\� ELRGLYHUVLW\� LQGLFDWRUV� DQG� FDOFXODWLRQ� PHWKRGV� LV�
UHTXLUHG�WR�FRYHU�DOO�UHOHYDQW�DVSHFWV��EXW�UHJDUGLQJ�WKH�XUJHQF\�RI�WKH�SUREOHP�DW�KDQG��LW�LV�MXVW�DV�
LPSRUWDQW�WR�VWDUW�GRLQJ�DVVHVVPHQWV�ZLWK�WKH�DYDLODEOH�PHWULFV�DQG�DFW�DFFRUGLQJO\� 
 
 
5HIHUHQFHV� 
 
%HQWRQ��7�*���%LHJ��&���+DUZDWW��+��� 3XGDVDLQL��5���:HOOHVOH\��/��� ������ )RRG� V\VWHP� LPSDFWV� RQ�
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Introduction 
More sustainable food systems are required in order to counter climate change while safely feeding 
the growing population. The EAT-Lancet commission developed a planetary health diet (PH diet) 
that would allow humanity to stay within planetary limits while being healthy (Willet et al., 2019). 
According to these guidelines, our diet should be considerably reduced in animal-based products 
and increased in plant-based products. This suggested change in consumption will require a 
profound rearrangement of our agricultural system.  
Although not so commonly used, consequential LCA (C-LCA) appears to be an interesting tool to 
assess repercussions of a decision and help policies in making decisions. On the opposite of 
attributional LCA (A-LCA), which assumes a fully elastic market where goods are always available 
to be supplied, C-LCA is considering revenue maximization and market constraints as well as 
indirect effects induced by changes in consumption and production. A tool to help identifying 
marginal crop production is economic model (Brandao et al., 2017). Thus, C-LCA can be seen as a 
combination between LCA and economic methods.  
This combination has been largely applied in the bioenergy sector to assess increase in production 
of crops intended for biogas (Roos et al., 2018). To a lesser extent in the agricultural sector, C-LCA 
was applied to ruminants (Salou et al., 2019) or milk production (Thomassen et al., 2008). 
Kløverpris et al. (2008) developed a methodology for land use, applied to an increase in wheat 
consumption in Denmark (Kløverpris et al., 2010) while Nguyen et al. (2013) evaluated the 
consequences of switching from a maize-based silage to a grass-based silage dairy system, due to an 
increase preference by consumers for grass-based milk in France. Although giving precious 
information for the C-LCA methodology, diets and consumption changes from one crop to another 
has not yet been studied.  
Therefore, the aim of this study is to evaluate environmental impacts of a shift from meat to 
legumes, based on the PH diet, using a C-LCA approach. This approach was applied to Slovenia. 
Firstly, a partial equilibrium (PE) model was created in order to detect changes in land use for crops, 
based on revenue maximization. Secondly, outputs of this model were used to build the LCA model. 
Assessing impact categories with Environmental Footprint 3.0, results intend to deliver information 
regarding a shifting of diets towards less meat and more legumes. With such environmental 
assessment, it will be possible to analyze to which extent this scenario is feasible and frame tools 
for changes. We hope to bring new knowledge to take action in this challenge as well as bringing 
dialogues among decisions-makers and consumers. 
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Methodology 
Goal and scope 
The aim of this study is to evaluate environmental consequences of switching from animal proteins 
to legumes, following the PH diet recommendations. For this, a PE model was combined with LCA. 
Different scenarios were created such as decreasing meat consumption on one hand and increasing 
legume consumption on the other hand. The functional unit is the change in the Slovenian diet from 
2015 to PH diet from animal proteins (beef and pork) to plant-based proteins (legumes). 
The results of this study are intended to engage discussions among policymakers and governments 
on the possibilities that can be implemented in order to switch consumption towards more plant-
based products. 
Context 
Slovenia was chosen as a case study as it has one of the highest consumptions of meat in Europe, 
according to EU Menu surveys (EFSA). The area occupied by livestock (permanent grassland and 
feed production) is about 80% of the utilized agricultural area. Furthermore, 64% of agricultural 
area was evaluated at risk of soil loss by water erosion in 2016 (agri-food data portal), while the 
average in Europe is 9%. The consequences for farming are loss of fertility, increased risk of flood 
and surface. In 2015, the consumption of all meat in Slovenia was 192.38 g/day/capita (FAOSTAT). 
According to the PH diet, meat should represent up to 6% of the diet or up to 86 g/day/person 
(Willet et al., 2009). Thus, meat consumption should be about halved. The consumption of legumes 
is 7.26 g/capita/day and thus should be increased by about seven.  
In contrary to A-LCA, C-LCA allows to capture indirect changes caused by a change in the life 
cycle of the system under evaluation. This is important in order to know which suppliers or 
producers will be affected by a change in demand within the system and is possible thanks to 
economic modelling methods. Here, we use a PE model based on positive mathematical 
programming approach, developed by Howitt (1995), and aiming at profit maximization for farmers. 
The PE model is detailed in Rege et al. (2015). 
Scenarios 
Different scenarios were created. The first scenario assumes a decrease in the total area used for 
fodder crops as a result of a decrease in meat consumption. According to the PH diet, this decrease 
should be by 50% (scenario 1A) but a decrease by 30% was also tested (scenario 1B). The second 
scenario focuses on area used for legume crops. According to the PH diet, it should be increased by 
14 to compensate for imports (scenario 2B), an increase by seven was also added (scenario 2A).  

Table 1: description of the scenarios evaluated 
Scenario Description 
Scenario 1: cut in fodder crops  
1A Total fodder crops area reduced by 50% 
1B Total fodder crops area reduced by 30% 
Scenario 2: increase in legumes  
2A Total legume crops area increased by 7  
2B Total legume crops area increased by 14 

 
System boundaries 
The analysis is from cradle-to-gate and considers production at the country level. The processes 
included in LCA are those of fodder crops, permanent grassland and legumes as well as crops that 
are subject to change after the shock. 
Material and impact assessment 
GAMS software was used for the PE model and environmental analysis were performed under 
OpenLCA 1.10.3. The method used to assess environmental impacts is Environmental Footprint 3.0 
(EF 3.0). 
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Results and discussion 
PE model 
Tables 2 shows the results from the PE model with revenue maximization for the different scenarios 
when simulating the respective shock.  

Table 2: land use change after the shock in the PE model for the different scenarios compared to the 
base case 

Area (ha) Base  S1A S1B S2A S2B 
Barley 20110 20110 20110 20110 20110 
Beans 396 409.497 409.497 2778.414 5557.897 
Maize 37743 37743 37743 37743 37743 
Wheat (human) 23051 47538.21 47538.21 23051 23051 
Wheat (feed) 7684 7684 7684 7684 7684 
Grass mixture 31031 31031 31031 31031 31031 
Green maize 28734 28734 28734 28734 28734 
Dry pulses 4 4.1 4.1 21.586 42.103 
Fodder peas 447 447 447 447 447 
Permanent grassland 278678 76464.5 157349.9 276278 273478 
Total: 427878 250165.3 331050.7 427878 427878 

For scenario 1, the total area for fodder crops is reduced by 50% or 30%, but for both 1A and 1B, 
only permanent grassland is decreased, all other crops stay the same. Beans and pulses are slightly 
increased, interestingly at the same area for both. It is similar for wheat for human, although the 
area is more than doubled. However, the total area is reduced compared to the base case, which 
means there will be available land potentially transformed for other use or left fallow. For scenario 
2, the total area for legumes is increased by 7 or 14. It doHVQ¶W�KDYH�DQ\�LQIOXHQFe on wheat or other 
fodder crops, only permanent grassland is reduced accordingly, and the total area stays equal. 
For all scenarios, the total profit is positive, except for the scenario 2B. When increasing area for 
beans and pulses, profit per hectare for these two crops becomes negative. Production costs for 
WKHVH�WZR�FURSV�LV�UDLVLQJ�H[SRQHQWLDOO\��DFFRUGLQJ�WR�WKH�3(�PRGHO��DQG�WKDW¶V�DOVR�WKH�UHDVRQ�ZK\�
these two crops are not increased in scenario 1. 
LCA 
In Figure 1, the environmental impacts for all scenarios and impact categories are shown. Climate 
change, ecotoxicity and land use are the categories most impacted for all the scenarios, representing 
between 55% and 61% of the total impact, and especially climate change from 30 to 40% of the 
total. If the area for fodder crop is reduced by 30% or 50%, the total environmental impact can be 
reduced from 15% up to 29%, respectively. On the contrary, if the area for legume crops is 
increased by 7 or 14, the total environmental impact is almost not changed (reduced by 0.01%).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 1: Environmental impacts of a switch in protein consumption following PH diet for all scenarios using 
EF 3.0 normalized and weighted 
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(a) 

(b) (a) 

 
Regarding process contributions to the main impact categories, for all scenarios, livestock are 
contributing the most to greenhouse gases due to emissions from enteric fermentation and manure. 
Potassium chloride used as fertilizer as well as maize and green maize are the main responsible for 
ecotoxicity to freshwater, due to the use of herbicides and insecticides and their high land use.  
Most of the impact categories are decreased up to 43% for climate change in S1A where total 
fodder crops area decrease is more important than in S1B. Human toxicity is increased, even though 
this category has only a minor contribution to the overall impact. Interestingly, we can observe that 
the percentage of total area decrease is not a linear function of impact categories changes. For 
example, no matter if the total area is reduced by 50% or 30%, human toxicity (cancer) is increase 
by about 30%. On the opposite, there are differences in reduction or increase for other categories. 
When looking at Figure 1, we observed that the total environmental impact for S2A and S2B is 
similar to the one from the base case. In Figure 2b, we see nuanced changes but there are too small, 
just a few percentages, to be relevant. The categories the most increased are the one having only a 
small share in the overall impact. Beans and pulses have only a low contribution to the overall 
impact, even when their surface is significantly increased, their land use stays small in comparison 
to fodder crops. 

 
 
 
Conclusion 
We evaluated environmental impacts of changing diets, in particular proteins from animals towards 
more plant-based ones. A combination of an economic model and LCA was carried out in order to 
capture indirect changes. Even though the displacements of crops will also be constrained by 
climate conditions, crop rotations schemes or soil properties, the PE model allows to take into 
account market conditions. On one hand, it was found that decreasing fodder crops area leads to an 
increase in wheat production while environmental impacts are significantly reduced and profit for 
all crops stays high. It also generates a relevant part of free land. The question on what type of use 
this land could serve has not been explored but we could imagine that it could be a way for Slovenia 
to become more self-sufficient by using this land for crops that are now imported. On the other hand, 
increasing legume crops area to meet protein intake from the PH diHW�GRHVQ¶W�FKDQJH�environmental 
impacts to a big extent. Consequently, there are positive impacts to be gained in reducing meat 
consumption while meeting protein intake¶s recommendations. Nonetheless, the profit for legumes 
becomes negative and this will need to be investigated further to find how it could be improved. 
Furthermore, decreasing or increasing demand for meat or legumes is only theoretical and will need 
to be translated in terms of policy decisions.  

Figure 2: environmental consequences of a switch from animal proteins to legumes following PH diet, using EF 
3.0 normalized and weighted, for: (a) scenario 1; (b) scenario 2 
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8WRPR�HW�DO���������6KDUPD�HW�DO��������+HLGDUL�HW�DO���������7KLV� LQWURGXFWRU\� WDON�WR�WKH� VSHFLDO�
VHVVLRQ�RQ�WKH�XVH�RI�SUHGLFWLYH�DQDO\WLFV�DQG�0&'$�LQ�IRRG�OLIH�F\FOH�PDQDJHPHQW�ZLOO�SURYLGH�DQ�
RYHUYLHZ� RI� NH\� WHFKQLTXHV� DQG� HPHUJLQJ� DSSOLFDWLRQV� LQ� WKLV� GRPDLQ�� DV� DSSOLHG� WR� IRRG� DQG�
DJULFXOWXUH�� DQG� LQWURGXFH� D� GHFLVLRQ� WUHH� IRU� FKRLFH� RI� FRQWH[W�DSSURSULDWH� WHFKQLTXHV� DQG�
DVVRFLDWHG� PHWKRGRORJLFDO� FKRLFHV�� ([DPSOHV� IURP� RQ�JRLQJ� UHVHDUFK� RI� &DQDGLDQ� HJJ� VXSSO\�
FKDLQV�ZLOO�EH�SURYLGHG��
�
$SSURDFK�DQG�0HWKRGRORJ\�
�
$� 3UHIHUUHG� 5HSRUWLQJ� ,WHPV� IRU� 6\VWHPDWLF� UHYLHZV� DQG� 0HWD�$QDO\VHV� �35,60$�� V\VWHPDWLF�
UHYLHZ�ZDV�XVHG�WR��
�
����LGHQWLI\�DQG�FKDUDFWHUL]H�WUHQGV�LQ�WKH�LQWHJUDWHG�DSSOLFDWLRQ�RI�/&$�DQG�PHWKRGV�IRU�RSWLPL]LQJ�
HQYLURQPHQWDO�RXWFRPHV�LQ�DJULFXOWXUDO�FURS�DQG�OLYHVWRFN�SURGXFWLRQ�V\VWHPV�
�
����GHVFULEH�WKH�VWUHQJWKV�DQG�OLPLWDWLRQV�RI�H[LVWLQJ�PHWKRGV�EDVHG�RQ�GHFLVLRQ�W\SH�
�
����GHULYH�D�GHFLVLRQ�WUHH�IRU�VHOHFWLRQ�RI�EHVW�ILW�PHWKRGV�IRU�GLIIHUHQW�DSSOLFDWLRQ�FRQWH[WV�IRU�OLIH�
F\FOH�EDVHG�RSWLPL]DWLRQ�RI�HQYLURQPHQWDO�RXWFRPHV� LQ�DJULFXOWXUDO�FURS�DQG�OLYHVWRFN�SURGXFWLRQ�
V\VWHPV��
�
0DLQ�5HVXOWV�DQG�'LVFXVVLRQ�
�
7KH� WKUHH� SULPDU\� GHFLVLRQ� W\SHV� IRU� HQYLURQPHQWDO� PDQDJHPHQW� RI� DJULFXOWXUDO� V\VWHPV� DUH�
VWUDWHJLF� �XVXDOO\�PDGH�E\�JRYHUQPHQWV�RU�RWKHU�QDWLRQDO�RU�JOREDO�GHFLVLRQ�PDNHUV��� WDFWLFDO�DQG�
RSHUDWLRQDO� �XVXDOO\�PDGH� E\� IDUPHUV�� �&DUUDYLOOD� DQG�2OLYHLUD�� �������:LWKLQ� WKLV� FRQWH[W�� IDUP�
EHQFKPDUNLQJ�� RXWSXW� SUHGLFWLRQ� DQG� UHVRXUFH� XVH� PDQDJHPHQW� DUH� WKH� WKUHH� PRVW� FRPPRQO\�
FRQVLGHUHG�DSSOLFDWLRQV�RI�SUHGLFWLYH�DQDO\WLF�PHWKRGV�LQ�LQWHJUDWHG�/&$�RSWLPL]DWLRQ�UHVHDUFK�RI�

���
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� �

FURS�OLYHVWRFN� SURGXFWLRQ� V\VWHPV�� %HQFKPDUNLQJ� UHIHUV� WR� LGHQWLI\LQJ� WKH� PRVW� HIILFLHQW�
DJULFXOWXUDO�RSHUDWLRQV�ZLWKLQ�D�JLYHQ�SRSXODWLRQ�DV�D�UHIHUHQFH�SRLQW�IRU�HIILFLHQF\�LPSURYHPHQWV�
�.DKDQ��������'DWD�HQYHORSPHQW�DQDO\VLV��ZKLFK�W\SLFDOO\�VXSSRUWV�VKRUW�WR�PLG�WHUP�WDFWLFDO�DQG�
RSHUDWLRQDO� GHFLVLRQV� �IRU� H[DPSOH�� WKH� WLPLQJ� RI� IDUP� RSHUDWLRQV� VXFK� DV� VRZLQJ�� LUULJDWLRQ� DQG�
KDUYHVWLQJ��� LV� WKH�PRVW�FRPPRQ�EHQFKPDUNLQJ� WHFKQLTXH�� ,W� KDV� DOUHDG\�EHHQ�DSSOLHG� LQ�FRQFHUW�
ZLWK� /&$� E\� D� YDULHW\� RI� UHVHDUFKHUV� �IRU� H[DPSOH�� VHH� *UDGRV� DQG� 6KUHYHQV� ������� 1HXUDO�
QHWZRUNV�DUH�PRVW�FRQGXFLYH�WR�SUHGLFWLQJ�IDUP�RXWSXWV�RU�HQYLURQPHQWDO�LPSDFWV��IRU�H[DPSOH��VHH�
(ODKL� HW� DO�� ������� 7KH\� DUH� W\SLFDOO\� XVHG� WR� VXSSRUW� VWUDWHJLF� RU� WDFWLFDO� GHFLVLRQ� PDNLQJ��
0DWKHPDWLFDO� SURJUDPPLQJ� �LQFOXGLQJ� OLQHDU�� QRQ�OLQHDU� DQG� PL[HG�LQWHJHU� SURJUDPLQJ�� DQG�
HYROXWLRQDU\�DOJRULWKPV�FDQ�EH�XVHG�WR�VXSSRUW�DOO�GHFLVLRQ�W\SHV��EXW�DUH�PRVW�FRPPRQO\�DSSOLHG�
WR�WDFWLFDO�DQG�RSHUDWLRQDO�GHFLVLRQV��5HVRXUFH�XVH�PDQDJHPHQW��IRU�H[DPSOH��RSWLPL]LQJ�WKH�W\SH�
DQG�DPRXQW�RI�VHHG��FURS�SURWHFWLRQ�SURGXFWV��IHUWLOL]HUV��IXHO��DQG�ZDWHU�XVH��LV�WKH�PRVW�FRPPRQO\�
UHSRUWHG� DSSOLFDWLRQ� �IRU� H[DPSOH�� VHH� %UHHQ� HW� DO�� ����� RU� 3LVKJDU�.RPOHK� HW� DO�� ������� $�
JHQHUDOL]HG� GHFLVLRQ� GHJUHH� IRU� VHOHFWLQJ� EHVW�ILW� PHWKRGV�� DORQJ� ZLWK� UHTXLUHG� PHWKRGRORJLFDO�
FKRLFHV��IRU�VSHFLILF�RSWLPL]DWLRQ�REMHFWLYHV�LQ�FURS�OLYHVWRFN�V\VWHPV�LV�SUHVHQWHG�LQ�)LJXUH����
�
�

�
�
)LJXUH� ��� $� JHQHUDOL]HG� GHFLVLRQ� WUHH� IRU� VHOHFWLQJ� EHVW� PHWKRGV� IRU� RSWLPL]LQJ� HQYLURQPHQWDO�
RXWFRPHV�LQ�FURS�OLYHVWRFN�SURGXFWLRQ��IURP�+HLGDUL�HW�DO���������
�
&RQFOXVLRQ�
�
6XVWDLQDELOLW\� GHFLVLRQ� PDNLQJ� LQ� FURS�OLYHVWRFN� SURGXFWLRQ� V\VWHPV� FDQ� EH� VXSSRUWHG� WKURXJK�
LQWHJUDWHG�DSSOLFDWLRQ�RI�/&$�DQG�ERWK�WUDGLWLRQDO�DQG�HPHUJLQJ��0/�EDVHG�RSWLPL]DWLRQ�PHWKRGV��
7KHVH� LQFOXGH� '($� IRU� EHQFKPDUNLQJ�� QHXUDO� QHWZRUNV� IRU� SUHGLFWLRQ�� DQG� PDWKHPDWLFDO�
SURJUDPPLQJ�RU� HYROXWLRQDU\� DOJRULWKPV� IRU� UHVRXUFH�PDQDJHPHQW��2XU�JHQHUDOL]HG�GHFLVLRQ� WUHH�
SURYLGHV�JXLGDQFH�IRU�SUDFWLWLRQHUV�ZLWK�UHVSHFW�WR�EHVW�ILW�PHWKRGV�DQG�DVVRFLDWHG�PHWKRGRORJLFDO�
FKRLFHV� IRU� OLIH� F\FOH�EDVHG� DJULFXOWXUDO� VXVWDLQDELOLW\� UHVHDUFK� LQ� WKLV� HPHUJHQW�� LQWHUGLVFLSOLQDU\�
GRPDLQ���
�
5HIHUHQFHV��
�
%UHHQ��0���0XUSK\��0�'���DQG�8SWRQ��-��������'HYHORSPHQW�RI�D�GDLU\�PXOWL�REMHFWLYH�
RSWLPL]DWLRQ��'$,5<022��PHWKRG�IRU�HFRQRPLF�DQG�HQYLURQPHQWDO�RSWLPL]DWLRQ�RI�
GDLU\�IDUPV��$SSO��(QHUJ\����������±������
�
&DUUDYLOOD��0�$��DQG�2OLYHLUD��-�)��������2SHUDWLRQV�UHVHDUFK�LQ�DJULFXOWXUH��EHWWHU�GHFLVLRQV�
IRU�D�VFDUFH�DQG�XQFHUWDLQ�ZRUOG��$JULV�2Q�OLQH�3DSHUV�LQ�(FRQRPLFV�DQG�,QIRUPDWLFV�

���
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� �

�����±����
�
(ODKL��(���:HLMXQ��&���-KD��6�.���DQG�=KDQJ��+��������(VWLPDWLRQ�RI�UHDOLVWLF�UHQHZDEOH�DQG�
QRQ�UHQHZDEOH�HQHUJ\�XVH�WDUJHWV�IRU�OLYHVWRFN�SURGXFWLRQ�V\VWHPV�XWLOLVLQJ�DQ�
DUWLILFLDO�QHXUDO�QHWZRUN�PHWKRG��D�VWHS�WRZDUGV�OLYHVWRFN�VXVWDLQDELOLW\��(QHUJ\������
���±�����
�
*UDGRV��'��DQG�6FKUHYHQV��(��������0XOWLGLPHQVLRQDO�DQDO\VLV�RI�HQYLURQPHQWDO�LPSDFWV�
IURP�SRWDWR�DJULFXOWXUDO�SURGXFWLRQ�LQ�WKH�3HUXYLDQ�&HQWUDO�$QGHV��6FL��7RWDO�
(QYLURQ����������±�����
�
+HLGDUL�� '��� 7XUQHU�� ,��� $UGHVWDQL�-DDIDUL�� $��� DQG� 3HOOHWLHU�� 1�� ������ 2SHUDWLRQV� UHVHDUFK� IRU�
HQYLURQPHQWDO�DVVHVVPHQW�RI�FURS�OLYHVWRFN�SURGXFWLRQ�V\VWHPV��$JULFXOWXUDO�6\VWHPV��������������
�
.DKDQ��'��������)$50�0DQDJHPHQW�([WHQVLRQ�*XLGH��)DUP�%XVLQHVV�$QDO\VLV�8VLQJ�
%HQFKPDUNLQJ��8QLWHG�1DWLRQV�)RRG�DQG�$JULFXOWXUH�2UJDQL]DWLRQ��5RPH��
�
.DLP��$���&RUG��$�)���DQG�9RON��0��������$�UHYLHZ�RI�PXOWL�FULWHULD�RSWLPL]DWLRQ�WHFKQLTXHV�
IRU�DJULFXOWXUDO�ODQG�XVH�DOORFDWLRQ��(QYLURQ��0RGHO��6RIWZ���������±����
�
3LVKJDU�.RPOHK��6�+���$NUDP��$���.H\KDQL��$���6HIHHGSDUL��3���6KLQH��3���%UDQGDR��0���
������,QWHJUDWLRQ�RI�OLIH�F\FOH�DVVHVVPHQW��DUWLILFLDO�QHXUDO�QHWZRUNV��DQG�
PHWDKHXULVWLF�RSWLPL]DWLRQ� DOJRULWKPV� IRU�RSWLPL]DWLRQ�RI� WRPDWR�EDVHG�FURSSLQJ� V\VWHPV� LQ� ,UDQ��
,QW��-��/LIH�&\FOH�$VVHVV����������������
�
6KDUPD��5���.DPEOH��6�6���*XQDVHNDUDQ��$���.XPDU��9���DQG�.XPDU��$��������$�V\VWHPDWLF�
OLWHUDWXUH�UHYLHZ�RQ�PDFKLQH�OHDUQLQJ�DSSOLFDWLRQV�IRU�VXVWDLQDEOH�DJULFXOWXUH�VXSSO\�
FKDLQ�SHUIRUPDQFH��&RPSXW��2SHU��5HV���������������
�
6RODQR��1�(�&���*DUFtD�/OLQ�DV��*�$���DQG�0RQWR\D�7RUUHV��-�5��������7RZDUGV�WKH�LQWHJUDWLRQ�
RI�OHDQ�SULQFLSOHV�DQG�RSWLPL]DWLRQ�IRU�DJULFXOWXUDO�SURGXFWLRQ�V\VWHPV��D�FRQFHSWXDO�
UHYLHZ�SURSRVLWLRQ��-��6FL��)RRG�$JULF����������±�����
�
8WRPR��'�6���2QJJR��%�6���DQG�(OGULGJH��6��������$SSOLFDWLRQV�RI�DJHQW�EDVHG�PRGHOOLQJ�DQG�
VLPXODWLRQ�LQ�WKH�$JUL�IRRG�VXSSO\�FKDLQV��(XU��-��2SHU��5HV�������������������
�
�
�
�
�

���
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0XOWL�REMHFWLYH�LQWHJUDWHG�GHFLVLRQ�VXSSRUW�V\VWHP�RI�LQVHFW�SURGXFWLRQ� 

$QLWD�%KDWLD���
��1LVULQH�0RXKULP���$OEHUWR�7RQGD���$OH[DQGHU�0DWK\V���$VKOH\�*UHHQ���'DQLHOD�$��
3HJXHUR���6HUJL\�6PHWDQD� 

 
��*HUPDQ�,QVWLWXWH�RI�)RRG�7HFKQRORJLHV��',/�H�9����4XDNHQEU�FN��*HUPDQ\ 

��8QLYHUVLW\�RI�2VQDEU�FN��2VQDEU�FN��*HUPDQ\ 
��805�����0,$�3DULV��,15$(��8QLYHUVLWp�3DULV�6DFOD\��3DULV��)UDQFH 
��/DERUDWRU\�RI�6XVWDLQDEOH�)RRG�3URFHVVLQJ��(7+�=XULFK��=XULFK��6ZLW]HUODQG 

 
.H\ZRUGV��/LIH�F\FOH�DVVHVVPHQW��(FRORJLFDO�HFRQRPLF�PRGHOOLQJ��'HFLVLRQ�VXSSRUW�WRRO��0XOWL�REMHFWLYH�RSWLPLVDWLRQ 
 

&RUUHVSRQGLQJ�DXWKRU��$QLWD�%KDWLD�7HO���������������� 
�(�PDLO�DGGUHVV��D�EKDLWD#GLO�HY�GH 
 
$EVWUDFW 
 
3XUSRVH 
/LIH�F\FOH�DVVHVVPHQW��/&$��RI�LQVHFW�SURGXFWLRQ�FDQ�HVWLPDWH�VRFLDO��HFRQRPLF��DQG�HQYLURQPHQWDO�
LPSDFWV��:KHQ�LQVHFWV�DUH�XVHG�DV�IHHG�DQG�IRRG��PXOWLSOH�VXVWDLQDELOLW\�IDFHWV�PXVW�EH�FRQVLGHUHG��
LQFOXGLQJ�IRRG�DQG�IHHG�SURGXFWLRQ�UHJXODWLRQV��IDFWRUV�WKDW�DIIHFW�QXWULWLRQ��VRFLDO�DFFHSWDQFH��DQG�
UHJXODWLRQ�RI�JUHHQKRXVH�JDVHV��7KXV��LW�LV�FKDOOHQJLQJ�WR�FRQVLGHU�DOO�VXVWDLQDELOLW\�LQGLFDWRUV��6,��
DQG�WR�VHOHFW�WUDQVIRUPDWLYH�IDFWRUV�WKDW�FDQ�LPSURYH�RQH�IXQFWLRQ�ZLWKRXW�XQLQWHQGHG�FRQVHTXHQFHV�
RQ� RWKHU� REMHFWLYHV��'HFLVLRQ� V\VWHPV�EDVHG� RQ�PXOWL�REMHFWLYH� RSWLPL]DWLRQ� �022�� FDQ� LGHQWLI\�
WUDGH�RIIV�EHWZHHQ�GLIIHUHQW�REMHFWLYHV� IRU�PDQDJHPHQW��7KDW� LV�ZK\�WKH�DLP�RI� WKLV�VWXG\�ZDV� WR�
GHYHORS�D�IUDPHZRUN�IRU�WKH�DSSOLFDWLRQ�RI�022�DOJRULWKPV�LQ�LQVHFW�SURGXFWLRQ�FKDLQV� 
 
$SSURDFK 
7KH�PXOWL�REMHFWLYH�LQWHJUDWHG�GHFLVLRQ�VXSSRUW�V\VWHP�LV�EDVHG�RQ��L��/&$��IRU�ZKLFK�ZH�XVH�WZR�
LPSDFW�PHWKRGRORJLHV��,03$&7�������/&,$�PHWKRGRORJ\��-ROOLHW�HW�DO���������IRU�HQYLURQPHQWDO�
LPSDFWV�DQG�IRU�ZDWHU�VFDUFLW\�ZH�XVH�WKH�,03$&7�:RUOG��PHWKRGRORJ\��%XOOH�HW�DO�����������LL��
PXOWL�REMHFWLYH�DQDO\VLV��SDUWLFXODUO\�DQDO\WLF�KLHUDUFK\�SURFHVV��$+3���5XVVR�DQG�&DPDQKR���������
DQG� �LLL�� QRQ�GRPLQDWHG� VRUWLQJ� JHQHWLF� DOJRULWKP� �16*$�ჟ�� �'HE� HW� DO��� ������� /&$�EDVHG�
IUDPHZRUN�PHWKRGRORJ\�LV�XVHG�WR�TXDQWLI\�WKH�HQYLURQPHQWDO��VRFLDO��DQG�HFRQRPLF�VXVWDLQDELOLW\�
SHUIRUPDQFH��$+3�LV�DSSOLHG� WR�HYDOXDWH�DQG�UDQN�GLIIHUHQW�DOWHUQDWLYHV�EDVHG�RQ� WKH� MXGJPHQW�RI�
GHFLVLRQ�PDNHUV��16*$�ซ�PXOWL�REMHFWLYH�RSWLPL]DWLRQ� WHFKQLTXH� LV� HPSOR\HG� WR�REWDLQ�D� VHW�RI�
3DUHWR�RSWLPDO�VROXWLRQV�WKDW�FRYHU�DOO�FRQVLGHUHG�VXVWDLQDELOLW\�LQGLFDWRUV�� 
 
)RU�WKLV�IUDPHZRUN��ZH�FRQVLGHU�WKUHH�FRQIOLFWLQJ�REMHFWLYHV�IRU�WKH�RSWLPL]DWLRQ�RI�VXVWDLQDEOH�LQVHFW�
FKDLQV�� WKH� RSHUDWLQJ� SURILW�� VRFLDO� DQG� HQYLURQPHQWDO� LPSDFWV� WKDW� VKRXOG� EH� RSWLPL]HG�
VLPXOWDQHRXVO\��7KH�HTXDWLRQV�IRU�FDOFXODWLQJ�WKHVH�REMHFWLYHV�DUH�VKRZQ�EHORZ�LQ�(TV���������� 
 
7DEOH����0DLQ�REMHFWLYHV�RI�LQVHFW�SURGXFWLRQ 
2EMHFWLYHV (TXDWLRQ  
(FRQRPLF�DVSHFW ݉ܽݔ� ଵ݂ ൌ ሺܲ െ ܥܹܧ െ ܴሻ כ ෍ ൫ܧܥܨ௙ௗ כ ௙ௗ൯ܨܫܣ

௙ௗאி஽
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�������������െ�� כ �� כ ͳʹ െ෌ ሺ݂݁݁݀௙ௗ כ ி஽א௙ௗ௙ௗܨܫܣ ሻ 
 

(1) �%RVFK�HW�
DO�������� 

6RFLDO�DVSHFW ܹܲܨ ൌ
ܴܹ
ܴܹܶ

כ
ܹܶܥ
ܹܮܯ

כ ሺͳ െ �*XUFDQOL����� ଶሻܨܧܫ
HW�DO���������
1HXJHEDXHU�
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ܵܮ ൌ ෍ ሺܧܲܲܥ௘ݍܧכ௘ሻ ൅ ܮܰ כ ௅ೞܨܵ ൅ ܵܿ௦
ሺ௘אாǡ௫אௌ಴ሻ

 

 
�ݔܽ݉ ଶ݂ ൌ ܹ כ ܹܲܨ ൅ ሺͳ െܹሻ כ  ܵܮ
 

HW�DO�������� 

(QYLURQPHQWDO�DVSHFW 
݉݅݊� ଷ݂ ൌ ෍

௙ௗܨܫܣ
ௌ௖ሻאி஽ǡ௦א௙ௗሺ௙ௗܧܥܨ

כ ൫ͳ െ ௙ௗ൯ܧܥܨ כ ௦ܨܵݎܨ כ ܵܿ௦ 

 
2U� ݂͵� FDOFXODWHG� E\� ,03$&7� ������-ROOLHW� HW� DO��� ������� 5H&L3H� �����
��+XLMEUHJWV�HW�DO�������� 
 

����
�+XLMEUHJWV�HW�
DO���������
-ROOLHW�HW�DO���
����� 

 
1RWH��ܲ� LV� WKH�SULFH�RI��� WRQ�RI� LQVHFW�SURWHLQ��¼���\�HQHUJ\�DQG�ZDWHU�FRVW�QHFHVVDUܥܹܧ� WR� �SURGXFH��� WRQ�RI� LQVHFW�
SURGXFWLRQܧܥܨ��௙ௗ �IHHG�FRQYHUVLRQ�HIILFLHQF\��5:�UHDO�DYHUDJH�ZDJHV������QXPEHU�RI�ODERXUHUV�ܴ���VHW�RI�IHHGܦܨ��UHQW�
IRU���WRQ�RI�LQVHFW�SURGXFWLRQ��5�IDLU�ZDJH�SRWHQWLDOܹܲܨ�:��UHDO�ZDJHV��¼�PRQWK�IRU�DQQXDO�SHULRG��SDLG�WR�ZRUNHUV�
HPSOR\HG� LQ� SURFHVV� RI� LQVHFW� SURGXFWLRQ��5:7� UHDO�ZRUNLQJ� WLPH� �KRXUV�ZHHN��RI�ZRUNHUV� LQYROYLQJ� LQ�SURGXFWLRQ�
SURFHVV� �$,)�DPRXQW�RI� LQVHFW� IHHG��GU\�PDWWHU�EDVLV���)U6)� � IUDVV�VFDOLQJ�IDFWRU� �GHSHQGV�RQ� LQVHFW�VSHFLHV��VFDOH�RI�
SURGXFWLRQ�DQG�JURZWK�FRQGLWLRQV���(H��HOHFWULFDO�HQHUJ\��)3�IHHG�SUHSDUDWLRQ��FRQGLWLRQLQJ���5:��UHDO�ZDJHV��¼�PRQWK�
IRU�DQQXDO�SHULRG��SDLG�WR�ZRUNHUV�HPSOR\HG�LQ�SURFHVV�RI�LQVHFW�SURGXFWLRQ��5:7�UHDO�ZRUNLQJ�WLPH��KRXUV�ZHHN��RI�
ZRUNHUV�LQYROYLQJ�LQ�SURGXFWLRQ�SURFHVV���PLQLPXP�OLYLQJ�ZDJHܹܮܯ��KRXUV�ZHHN���FRQWUDFWHG�ZRUNLQJ�WLPHܹܶܥ��,()�
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Rationale and Objective: Food systems make large contributions to many environmental impacts 
(Crippa et al., 2021; Pelletier and Tyedmers, 2010). Since the mid twentieth century, improvements 
have been made in the environmental performance of egg production systems compared to 
historical levels (Pelletier, 2018). However, as egg production is one of the fastest growing 
livestock sectors (Govoni et al., 2021), further improvements must be realized for egg production to 
maintain a sustainable role in human nutrition looking forward.  
 Understanding the sources and differences in impacts characteristic of egg farms is 
important to improving sustainability outcomes. A key step towards this goal is enabling farmers to 
assess and benchmark their performance relative to their peers, and set sustainability goals 
accordingly. Farm-level decision support tools enable farmers to do this; however, only a small 
portion of these are based on life cycle thinking, and issues remain in regards to the rigour, 
consistency, and accuracy of these tools (Arulnathan et al., 2020). One potential alternative to these 
tools to allow farmers to estimate their performance relative to their peers is a classification model 
capable of classifying farms as low-, average-, or high-impact based on their total life cycle 
environmental impacts. Further, development of these models using non-traditional LCI data (i.e. 
data on farm characteristics and management practices rather than input/output data) may help 
simplify application and increase uptake by decreasing data requirements. The goal of this work, 
therefore, is to investigate differences in life cycle impacts of Canadian egg farms, identify clusters 
of farms with similar life cycle environmental impacts, and then develop a model capable of 
classifying farms into these respective clusters based on non-traditional LCI data.      
Methods: In 2019, surveys were administered to Canadian egg farmers to collect data 
characterizing farm-level inputs and outputs, housing system characteristics, and management 
practices across housing systems. These data were used to develop 159 individual farm-level LCI 
models using similar modeling principles as those previously described (Turner et al., 2022). The 
models were generated automatically in OpenLCA version 1.10.3 (GreenDelta, 2020) using the 
python-based olca-ipc (GreenDelta, 2021). Farm-specific allocation factors for eggs and spent hens 
were calculated based on gross chemical energy content. These models were not regionalized, and 
used average Canadian electricity grid mixes, feed formulations, transportation assumptions, etc. As 
such, differences in farm-to-farm LCIA results are driven solely by reported differences in farm-
level resource use. LCIA calculations were initiated manually using the CML 2 Baseline 2000 
impact assessment methodology (Universiteit Leiden, 2016) 
 LCIA results for 10 impact categories for each farm were scaled using the standard scaler, 
and principal component analysis (PCA) was performed to reduce dimensionality prior to clustering. 
Three principal components were retained for clustering, cumulatively representing ~97% of the 
variation in the original data. Finally, the feature vectors of the retained principal components were 
scaled using the MinMax scaler, and k-means clustering was performed on the retained components 
with k = 3.  
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 Following clustering, silhouette scores were calculated to determine how well clusters were 
differentiated from one another. High silhouette scores (avg: 0.74) indicated clusters were 
sufficiently differentiated from one another to use cluster membership as a response variable for 
development of classification models. Random forest was chosen as the framework to develop these 
models. Using this framework, 100 different classification trees are generated, each considering a 
number of predictor variables equal to the root of the total number of predictors. The random forest 
framework is particularly well suited for generation of models when predictor variables may be 
correlated, or when some predictor variable(s) dominate the classification decision.  
 Two random forest classification models were generated. The first model was developed 
using 16 predictor variables related to housing and manure management systems, spent hen 
valorization methods, mortality rates, and lay cycle lengths. The second model was developed using 
12 predictor variables unrelated to housing system type. Models were developed and tested using a 
75/25% train/test split, after which model performance was assessed based on misclassification rate. 
All processing of LCIA results and classification model generation was done using the sklearn 
Python package (Pedregosa et al., 2011).  
Results and discussion: Farms were divided into 3 clusters. The low-impact cluster 1 contained all 
organic farms in the sample, while the high-impact cluster 3 contained 16 conventional farms, all 
with liquid manure management systems. All other farms in the sample were sorted into the 
average-impact cluster 2, regardless of housing system. Clustering of all organic farms together is 
unsurprising as previous studies indicate the environmental impacts of organic production to be 
much lower than those of any other housing system due to lower impact feeds (Pelletier, 2017; 
Turner et al., 2022). That all farms in the high-impact cluster have liquid manure management 
systems in similarly unsurprising, as manure management is a large contributor to many 
environmental impacts in egg production (Turner et al., 2022), and liquid manure management 
systems are generally associated with much higher levels of ammonia and methane emissions 
compared to solid management systems (Ershadi et al., 2020). Interestingly, however, use of a 
liquid manure management system does not perfectly predict cluster membership, as there are two 
enriched farms with these systems included in the average impact cluster 2.    
 Two random forest classification models were subsequently generated using cluster 
membership as a response variable. The first model included variables related to manure 
management systems, and housing system type, resulting in a model that perfectly classified the 
testing data. This is likely due to the clear delineation in housing systems and manure management 
practices between clusters. In contrast, the second model using housing-system agnostic predictor 
variables classified testing data with 82.5% accuracy. Overall housing and manure management 
systems were the most important variables for predicting cluster membership, measured by 
decreases in node impurity within the generated decision trees. In the absence of these variables, 
percentage of eggs discarded on farm, mortality rate, and lay cycle length were the most important 
predictor variables for predicting cluster membership.  
Conclusion: This study represents the first application of random forest classification of individual 
farms based on life cycle impacts. Both models perform well in terms of properly classifying the 
training data sets, and could provide egg farmers an easy way to estimate their life cycle 
environmental performance relative to their peers with relative ease based on alternatives to 
traditional input/output LCI data. Joint application of LCA and cluster analysis, and LCA and 
classification modeling remains a relatively nascent field that could provide substantial value to 
sustainability improvement initiatives in many industries. In the future, research must continue to 
develop these methods to ensure the use of methodological best practices from both an LCA, and 
machine learning perspective. Such research may focus on topics related to dimensionality 
reduction, choice of ideal clustering method, and identification of best-fit classification frameworks.  
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V\VWHP� �³PHGLXP´�� �ILJXUH� �E��� 1HYHUWKHOHVV�� LQ� WHUPV� RI� VRFLDO� VXVWDLQDELOLW\�� WKH� ,ULVK� V\VWHP�
DFKLHYHG�D�KLJK�VFRUH�ZKHUHDV�WKH�)UHQFK�DQG�*HUPDQ�V\VWHPV�VFRUHG�³PHGLXP´�DQG�³PHGLXP�WR�
KLJK´��UHVSHFWLYHO\� 

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

� 
'LVFXVVLRQ�� 
7KH�'(;L�DSSURDFK�LV�D�VHPL�TXDQWLWDWLYH�PHWKRG�FRPELQLQJ�SDUDPHWHUV�IURP�YDULRXV�VRXUFHV��,Q�
WKH�HQYLURQPHQWDO�EUDQFK��WKLV�VWXG\�QRWDEO\�LQFOXGHG�/&$�UHVXOWV�RU�/&,�SDUDPHWHUV��'(;L�DOORZV�
WR�FRPSDUH�HQYLURQPHQWDO��VRFLDO�DQG�HFRQRPLF�LVVXHV�WR�WKH�VDPH�OHYHO��6SHFLILFDOO\��LW�DOORZV�IRU�
WKH�LGHQWLILFDWLRQ�RI�D�GLYHUVLW\�RI�V\QHUJLHV�DQG�WUDGH�RIIV�ZLWKLQ�DQG�DFURVV�VXVWDLQDELOLW\�DVSHFWV�RQ�
FDVH�VWXG\�IDUPV��QRWDEO\�ZKHQ�LPSOHPHQWLQJ�*+*�PLWLJDWLRQ�VWUDWHJLHV��,W�KDV�WKH�SRWHQWLDO�WR�IRUP�
D�FRPPRQ�EDVLV�WR�FRPSDUH�KHWHURJHQHRXV�GDLU\�SURGXFWLRQ�V\VWHPV�LQ�(XURSH��7KH�ZLGH�UDQJH�RI�
H[LVWLQJ� IDUPLQJ� FRQGLWLRQV� �H�J��� FOLPDWH�� WHFKQRORJLFDO� DGYDQFHPHQW�� IDUP� VL]H�� HFRQRPLF�
SHUIRUPDQFH��IDUPLQJ�WUDGLWLRQ��DOVR�LQIOXHQFHV�WKH�UHVXOWV�DQG�PD\�KDYH�UHSHUFXVVLRQV�LQ�WKH�XSWDNH�
DQG� VXLWDELOLW\� RI� PLWLJDWLRQ� VWUDWHJLHV�� 2YHUDOO�� WKLV� PXOWL�FULWHULD� VXVWDLQDELOLW\� DVVHVVPHQW�
HVWDEOLVKHV�D�VROLG�EDVLV�WR�XVH�DQG�FRPSDUH�GDWD�IURP�FDVH�VWXG\�IDUPV�DQG�FRXOG�LQFUHDVLQJO\�LQIRUP�
H[SHUWV�DQG�QRQ�H[SHUWV�DERXW�VXVWDLQDEOH�GDLU\�SURGXFWLRQ�V\VWHPV�  
 

 
)LJXUH����:HLJKW�DWWULEXWLRQ�RI�WKH�HQYLURQPHQWDO�'(;L�WUHH��5HG�ER[HV�FRUUHVSRQG�WR�WKH�DJJUHJDWHG�
FULWHULD�� SULQFLSOHV�� DQG� GLPHQVLRQV�� ZKLOH� EODFN� ER[HV� DUH� GLUHFWO\� GHSHQGHQW� RQ� FRUUHVSRQGLQJ�
LQGLFDWRU�YDOXHV� 
 
7DEOH����&KDUDFWHULVWLFV�RI�VWXGLHG�GDLU\�SURGXFWLRQ�V\VWHPV��'36��LQ�)UDQFH��,UHODQG�DQG�*HUPDQ\ 
 )UHQFK�'36 ,ULVK�'36 *HUPDQ�'36 
'DLU\�KHUG�VL]H��FRZV� �� ��� ��� 
8WLOLVHG�DJULFXOWXUDO�DUHD��8$$��KD� ����� �� ��� 
7RWDO�PLON�SURGXFWLRQ��/� ������ ������ ������ 
0LON�FRZ��/� ���� ���� ���� 
/HQJWK�RI�JUD]LQJ�VHDVRQ��GD\V� ��� ��� ��� 

 
7DEOH����(QYLURQPHQWDO�LPSDFWV�FDOFXODWHG�E\�/&$�IRU���FRQWUDVWHG�GDLU\�SURGXFWLRQ�V\VWHPV��7KH�
UHVXOWV�DUH�H[SUHVVHG�SHU�NJ�RI�)3&0�DW�WKH�IDUP�VFDOH 
 )UHQFK�'36 ,ULVK�'36 *HUPDQ�'36 
&OLPDWH�FKDQJH��NJ�&2��HT�NJ� ���� ���� ���� 
(XWURSKLFDWLRQ��NJ�32�

���HT�NJ� ������ ������ ������ 

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

$FLGLILFDWLRQ��NJ�62��HT�NJ� ������ ������ ������ 
7RWDO�HQHUJ\�XVH��0-�NJ� ���� ���� ���� 
+HDY\�PHWDO�EDODQFH��PJ�KD� ������ ������ ������� 

 
 

 

 

)LJXUH����6XVWDLQDELOLW\�VFRUHV�IRU�D��WKH�HQYLURQPHQWDO�EUDQFK�E��WKH�RYHUDOO�VXVWDLQDELOLW\�VFRUH�IRU�
WKH���FDVH�VWXGLHV� 
 
5HIHUHQFHV�� 
Auberger, J., Malnoë, C., Biard, Y., Colomb, V., Grassely, D., Martin, E., Van der Werf, H.M.G., Aubin, J., 

2018. MEANS, user-friendly software to generate LCIs of farming systems., 11th International 
Conference on Life Cycle assessment of food 2018 (LCA food). 17-19 October 2018, Bangkok, 
Thailand.  

Bohanec, M., 2020. DEXi: a program for qualitative multi-attribute decision making��-RåHI�6WHIDQ�,QVWLWXWH� 
 
Craheix, D., et al., 2015. Guidelines to design models assessing agricultural sustainability, based upon  

feedbacks from the DEXi decision support system. Agronomy for Sustainable Development 
35(4),1431-1447. 

Frischknecht, R., Wyss, F., Knopfel, S.B., Luetzkendorf, T., Balouktsi, M., 2015. Cumulative energy demand 
in LCA: the energy harvested approach. Int. J. Life Cycle Assess. 20, 957-969. 10.1007/s11367-015-
0897-4. 

Koch, P., Salou, T., 2015. AGRIBALYSE(R) : Methodological report - Version 1.2. in: ADEME. (Ed.).  
 ADEME, Angers. France, pp. 385. 
Lesschen, J.P., van den Berg, M., Westhoek, H.J., Witzke, H.P., Oenema, O., 2011. Greenhouse gas emission  
 profiles of European livestock sectors. Anim. Feed Sci. Technol. 166-167, 16-28. 
Segerkvist, K.A., Hansson, H., Sonesson, U., Gunnarsson, S., 2020. Research on Environmental, Economic,  
 and Social Sustainability in Dairy Farming: A Systematic Mapping of Current Literature.  
 Sustainability 12(14), 14.  

 

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On ³The role of emerging economies in global food security´ 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 1 

 
 

Environmental impact of animal-based, plant-based and discretionary foods  
- a multicriteria assessment of Swedish self-reported diets   

 
Elinor Hallström1*, Niclas Håkansson2, Agneta Åkesson2, Alicja Wolk2, Ulf Sonesson1 

 
1Reseach Institutes of Sweden (RISE), Dep Food and Agriculture, Lund/Göteborg, Sweden 
2 Institute of Environmental Medicine, Karolinska Institute, Stockholm, Sweden   
  
Keywords: Life cycle assessment, population-based cohort, self-reported data, food consumption, food groups, dietary 
patterns  
 
*Corresponding author. Tel.: +46-703856641, E-mail address: elinor.hallstrom@ri.se 
 
Introduction 
Food consumption and production is known to cause large environmental burdens. Environmental 
assessments of foods and diets are dominated by analyses of climate impact, indicating a large 
impact of animal-based foods and a desired transition towards more plant-based diets. However, to 
avoid the risk of sub-optimized dietary recommendations which may result in trade-offs between 
environmental effects more knowledge is needed on how the impact of different food groups varies 
between environmental indicators. To fill this knowledge gap, we assessed the environmental 
impact of Swedish self-reported diets based on six environmental indicators with the objective to 
estimate the contribution of animal-based, plant-based and discretionary foods to the diet´s total 
environmental impact. 
 
Method 
Dietary intake was based on data of 50 000 individuals within two population-based cohorts in 
Sweden, representative of the Swedish middle-aged and elderly population (56-95 years), who 
completed a food-frequency questionnaire in 2009 (Harris et al., 2013). Environmental impact was 
calculated for six environmental indicators: greenhouse gas (GHG) emissions (CO2e), cropland use 
(m2), nitrogen application (kg of N), phosphorus application (kg of P), consumptive water use (m3) 
and extinction rate (E/MSY=extinctions per million species-years). System boundaries include the 
most influential steps from farm to fork, including primary production, processing, packaging, 
international transportation, and edible food waste along the food chain. LCA data were adapted 
from Moberg et al. (2020), representing the average environmental impact associated with food sold 
on the Swedish market between 2011 and 2015, and adjusted to account for food waste at consumer 
level, non-edible parts and weight changes in cooking according to the method in Hallström et al. 
(2021). Mean environmental impact and dietary energy in the study population were reported by the 
share of animal-based foods (red meat, poultry and eggs, dairy, seafood), plant-based foods 
(vegetables, fruits, berries, nuts, seeds, bread, grains, cereals, rice, and pasta), and discretionary 
foods (non-alcoholic drinks with exception of milk, alcoholic drinks, sweets and snacks, other 
foods).  
 
Results 
Animal-based and plant-based foods contributed the same amount of dietary energy (41%) but 
differed in environmental impact (Fig 1). Animal-based foods accounted for 23-83% of the diet´s 
total environmental impact, with the highest contribution to nitrogen application, GHG emissions 
and cropland use. Plant-based foods accounted for 8-40% of the diet´s total environmental impact, 
with the greatest contribution to consumptive water use and extinction rate. Discretionary foods 
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(18% of dietary energy) accounted for 9-37% of the diet´s total environmental impact, with the 
greatest contribution to consumptive water use, extinction rate and P application. 
 

 
Figure 1. Contribution to mean environmental impact and dietary energy  

per food category for the total population 
 
Discussion 
Both animal-based, plant-based and discretionary foods contributed substantially to the diet´s total 
environmental impact. However, their impact varied across environmental indicators. The results 
suggest that measures with the greatest potential to contribute to reduced environmental impact 
depend on the food group and environmental impact in question. For animal-based foods measures 
to reduce GHG emissions, cropland use, and application of nitrogen and phosphorus are identified 
as critical to prioritize. For plant-based and discretionary foods, the importance of limiting negative 
effects on biodiversity and consumptive water use is especially highlighted. The results of this and 
similar research studies are greatly affected by the underlying methods and data used. Uncertainties 
exist both in dietary and environmental data. Data availability varies largely between environmental 
indicators and food group. Future studies would benefit from a greater availability of region specific 
LCA data for additional food items and environmental indicators. This would also facilitate 
assessments at a less aggregated level to clarify differences within the broader food categories 
assessed in this study.  
 
Conclusion 
Potential for reduced dietary environmental impact varies depending on the food category and 
environmental impact in question. Achieving the greatest impact reduction while avoiding 
environmental trade-offs may therefore require policy measures targeted for specific food groups 
and environmental impact categories.    
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8VLQJ�0XOWL�&ULWHULD�'HFLVLRQ�$QDO\VLV�WR�UDQN�VXVWDLQDELOLW\�VWUDWHJLHV�DQG�

WHFKQRORJLHV�IRU�&DQDGLDQ�HJJ�SURGXFWLRQ 
 

1DPHV�RI�DXWKRU�V���9LYHN�$UXOQDWKDQ���
��6D\\HG�$KPDG�.KDGHP���1DWKDQ�3HOOHWLHU� 
 

�8QLYHUVLW\�RI�%ULWLVK�&ROXPELD�2NDQDJDQ��.HORZQD��&DQDGD� 
 
.H\ZRUGV��0&'$��$+3��/&$��HJJ�SURGXFWLRQ��UDQNLQJ� 
 

&RUUHVSRQGLQJ�DXWKRU��7HO������������������ 
�(�PDLO�DGGUHVV��YLYHN�DUXOQDWKDQ#XEF�FD 
 

$%675$&7 
5DWLRQDOH 
'HFLVLRQ�PDNLQJ� LV� WKH� SURFHVV� RI� GHWHUPLQLQJ� WKH� EHVW� DOWHUQDWLYH� DPRQJ� DOO� SRVVLEOH� FKRLFHV��
+RZHYHU�DFKLHYLQJ�DQ�RSWLPL]HG�UHVXOW�FDQ�EH�FKDOOHQJLQJ�IRU�GHFLVLRQ�PDNHUV��'DUNR�HW�DO����������
'HFLVLRQ�SUREOHPV�DUH�RIWHQ�GHOLFDWH�DQG�FRPSOH[��DQG�XVXDOO\�LQYROYH�VHYHUDO�FULWHULD��,Q�PRVW�FDVHV��
QR� SHUIHFW� RSWLRQ� H[LVWV� WR� VDWLVI\� DOO� UHOHYDQW� FULWHULD�� 0XOWL�FULWHULD� GHFLVLRQ� DQDO\VLV� �0&'$��
PHWKRGV� KDYH� EHHQ� GHYHORSHG� WR� KHOS� GHFLVLRQ� PDNHUV� LQ� WKHLU� GHFLVLRQ� SURFHVV� WR� LGHQWLI\� DQ�
DSSURSULDWH�FRPSURPLVH�VROXWLRQ���,VKL]DND�DQG�1HPHU\�������� 
/LIH�&\FOH�7KLQNLQJ��/&7��LV�D�V\VWHPV�EDVHG��VXVWDLQDELOLW\�PDQDJHPHQW�DSSURDFK�WKDW�FRQVLGHUV�
DOO�RI�WKH�UHOHYDQW�LQWHUDFWLRQV�LQ�LQGXVWULDO�SURGXFW�V\VWHPV��3HOOHWLHU���������'HFLVLRQ�PDNLQJ�IRU�
EHWWHU� VXVWDLQDELOLW\� RXWFRPHV� EDVHG� RQ� WKH� UHVXOWV� RI� /&7�EDVHG� PHWKRGV� VXFK� DV� /LIH� &\FOH�
$VVHVVPHQW��/&$��LV�RIWHQ�FKDOOHQJLQJ�GXH�WR�WKH�FRPSOH[LW\�RI�WUDGH�RIIV�EHWZHHQ�PXOWLSOH�LPSDFW�
FDWHJRULHV�� 6XVWDLQDELOLW\� DVVHVVPHQW� UHVXOWV� IURP� /&7�EDVHG� PHWKRGV� FDQ� EH� WUDQVODWHG� LQWR�
LQIRUPDWLRQ� WKDW� DLGHV� WKH� GHFLVLRQ�PDNLQJ� SURFHVV� ZLWK� WKH� XVH� RI� 0&'$� PHWKRGV�� 7KH� PRVW�
FRPPRQ�SDWKZD\� WR� DFKLHYH� WKLV� LV� E\� XVLQJ� WKH� UHVXOWV� IURP�/&7�EDVHG�PHWKRGV� DV� LQSXWV� WR� D�
0&'$�SURFHVV��=DQJKHOLQL�HW�DO��������� 
 
2EMHFWLYH 
$�ZLGH� UDQJH�RI� VWUDWHJLHV� DQG� WHFKQRORJLHV�KDYH�EHHQ� LGHQWLILHG� DQG�DQDO\VHG� IRU� LPSURYLQJ� WKH�
HQYLURQPHQWDO�RXWFRPHV�RI�&DQDGLDQ�HJJ�SURGXFWLRQ��(UVKDGL�HW�DO���������.DQDQL�HW�DO���������/L�HW�
DO����������+RZHYHU��LGHQWLI\LQJ�WKH�PLWLJDWLRQ�RSWLRQ�WKDW�LV�OLNHO\�WR�OHDG�WR�WKH�EHVW�HQYLURQPHQWDO�
RXWFRPHV�LV�FKDOOHQJLQJ�GXH�WR�WKH�QXPEHU�RI�RSWLRQV�DYDLODEOH�DQG�WKH�GLIILFXOW\�RI�LQWHUSUHWLQJ�WKH�
UHVXOWV�RI�PXOWLSOH�LPSDFW�FDWHJRULHV��+HQFH��WKH�REMHFWLYH�RI�WKLV�SDSHU�ZDV�WR�XVH�0&'$�WR�GHYHORS�
D� UDQNLQJ�RI� DOWHUQDWLYHV� �VXVWDLQDELOLW\� VWUDWHJLHV� DQG� WHFKQRORJLHV��EDVHG�RQ� WKHLU� HQYLURQPHQWDO�
PLWLJDWLRQ�SRWHQWLDO�DFURVV�PXOWLSOH�DVVHVVPHQW�FULWHULD� 
 
0HWKRGV 
&KRLFH�RI�0&'$�PHWKRG� 
$QDO\WLFDO�+LHUDUFKLFDO�3URFHVV��$+3��ZDV�XVHG�WR�JHQHUDWH�WKH�UDQNLQJ�DV�LW�LV�RQH�RI�WKH�PRVW�ZLGHO\�
XVHG�0&'$�PHWKRGV� �+HUYD�DQG�5RFD���������'HVSLWH� WKH�DYDLODELOLW\�RI�RWKHU�0&'$�PHWKRGV��
$+3�ZDV�FKRVHQ�ERWK�IRU�LWV�UHODWLYH�VLPSOLFLW\�DQG�EHFDXVH�WKH�FKRLFH�RI�0&'$�PHWKRG�RIWHQ�KDV�
OLPLWHG�LPSDFW�LQ�GHWHUPLQLQJ�WKH�DOWHUQDWLYHV�WKDW�DUH�DVVLJQHG�LQ�WKH�WRS�SRVLWLRQV�RI�WKH�UDQNLQJV�
�+XDQJ�HW�DO���������� 
$+3�PHWKRGRORJ\� 
$+3�LV�D�IXOO�DJJUHJDWLRQ�PHWKRG�WKDW�LQYROYHV�EUHDNLQJ�GRZQ�FRPSOH[�SUREOHPV�LQWR�VXE�SUREOHPV�
DQG�VROYLQJ�WKHP�RQH�DW�D�WLPH��7KH�IXOO�DJJUHJDWLRQ�DSSURDFK�DVVXPHV�WKDW�VFRUHV�DUH�FRPSHQVDEOH�
DQG�EDVHG�RQ�WKH�JOREDO�VFRUHV��DQG�DOO�RSWLRQV�FDQ�EH�FRPSDUHG�DQG�UDQNHG��LQFOXGLQJ�HTXDO�UDQNLQJ�
DPRQJ�DOWHUQDWLYHV��)RXU�VWHSV�ZHUH�GHILQHG�WR�REWDLQ�WKH�UDQNLQJ�RI�DOWHUQDWLYHV�LQ�WKLV�VWXG\�� 

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

$+3�6WHS��� 
7KH�ILUVW�VWHS�ZDV�WKH�VWUXFWXULQJ�RI�WKH�SUREOHP��3UREOHPV�LQ�$+3�QHHG�WR�EH�VWUXFWXUHG�ZLWK�DW�OHDVW�
WKUHH�KLHUDUFKLFDO�OHYHOV�±�WRS�JRDO��FULWHULD��DQG�DOWHUQDWLYHV��7KH�WRS�JRDO�LQ�WKLV�VWXG\�ZDV�WKH�UDQNLQJ�
RI� DOO� DYDLODEOH� WHFKQRORJ\�RU� VWUDWHJ\�RSWLRQV� �DOWHUQDWLYHV��EDVHG�RQ� WKHLU� HQYLURQPHQWDO� LPSDFW�
PLWLJDWLRQ�SRWHQWLDO�IRU�HJJ�SURGXFWLRQ�SURYLQFLDOO\��7KH�FULWHULD�XVHG�IRU�WKLV�$+3�DQDO\VLV�ZHUH�/LIH�
&\FOH�,PSDFW�$VVHVVPHQW��/&,$�� LPSDFW�FDWHJRULHV��%XOOH�HW�DO���������� �7KLUWHHQ�,PSDFW�:RUOG��
PLGSRLQW�LPSDFW�FDWHJRULHV�ZHUH�FRQVLGHUHG��1R�HFRQRPLF�RU�VRFLDO�FULWHULD�ZHUH�FRQVLGHUHG�LQ�WKLV�
DQDO\VLV�GXH�WR�D�ODFN�RI�TXDOLW\�GDWD�IRU�WKH�DOWHUQDWLYHV�FRQVLGHUHG� 
&KRLFH�RI�DOWHUQDWLYHV� 
7KH�DOWHUQDWLYHV�HYDOXDWHG�ZHUH�REWDLQHG�IURP�WKUHH�VRXUFHV�±�(UVKDGL�HW�DO�� ��������.DQDQL�HW�DO��
�����D�±�LQ�SUHS���DQG�.DQDQL�HW�DO�������E�±�LQ�SUHS���(UVKDGL�HW�DO���������XVHG�/&$�WR�DQDO\VH�WKH�
SRWHQWLDO�LPSDFW�RI�LPSOHPHQWLQJ�QLWURJHQ�XVH�HIILFLHQF\�VWUDWHJLHV�LQ�&DQDGLDQ�HJJ�SURGXFWLRQ��)LYH�
VWUDWHJLHV�IURP�WKLV�VWXG\�ZHUH�FRQVLGHUHG�DV�DOWHUQDWLYHV�KHUH�±��5V�DSSURDFK�WR�IHHG�FURS�SURGXFWLRQ��
ELRFKDU�DGGLWLRQ�WR�IHHG�FURS�VRLO��D�UHGXFHG�FUXGH�SURWHLQ�GLHW��DGGLWLRQ�RI�DQ�DPPRQLD�VFUXEEHU�WR�
WKH�OD\HU�EDUQ��DQG�ELRFKDU�DGGLWLRQ�WR�PDQXUH�VWRUDJH� 
.DQDQL� HW� DO�� �����D�� VWXGLHG� WKH� PLWLJDWLRQ� SRWHQWLDO� RI� VRODU� DQG� ZLQG� HQHUJ\� JHQHUDWLRQ� IRU�
&DQDGLDQ�HJJ�SURGXFWLRQ��7KLV�VWXG\�XVHG�VRODU�DQG�ZLQG�VSHHG�SRWHQWLDO�LQ�GLIIHUHQW�SURYLQFHV�DV�WKH�
EDVLV� IRU� LGHQWLI\LQJ� ]RQHV� ZLWK� UHQHZDEOH� HQHUJ\� JHQHUDWLRQ� FDSDFLW\� WKDW� KDV� HQYLURQPHQWDO�
SD\EDFN�WLPHV�ZLWKLQ�WKH�OLIHWLPH�RI�WKRVH�WHFKQRORJLHV��7KUHH�GLIIHUHQW�VRODU�����������������������
DQG�����������N:K�N:S�VRODU�SRWHQWLDO��DQG�ZLQG��������DQG���P�V�ZLQGVSHHGV��HQHUJ\�JHQHUDWLRQ�
VFHQDULRV�ZHUH�FRQVLGHUHG�DV�DOWHUQDWLYHV�� 
.DQDQL� HW� DO�� �����E�� DQDO\VHG� WZR� PDQXUH� YDORUL]DWLRQ� WHFKQLTXHV� ±� DQDHURELF� GLJHVWLRQ� DQG�
JDVLILFDWLRQ��,PSDFWV�RI�JDVLILFDWLRQ�ZHUH�PRGHOOHG�UHJLRQDOO\�GXH�WR�HOHFWULFLW\�FUHGLWV�EHLQJ�JLYHQ�
IRU�WKH�V\QJDV�SURGXFHG�E\�WKH�SURFHVV��)RU�DQHURELF�GLJHVWLRQ��QDWXUDO�JDV�FUHGLWV�ZHUH�DSSOLHG�DQG�
KHQFH�QRW�UHJLRQDOL]HG��2YHUDOO��WKLUWHHQ�DOWHUQDWLYHV�ZHUH�FRQVLGHUHG�LQ�WKLV�DQDO\VLV� 
$OO� WKUHH�VWXGLHV� IURP�ZKLFK�DOWHUQDWLYHV�ZHUH�VRXUFHG�XVHG�3HOOHWLHU� �������DV� WKH�EDVHOLQH�/&$�
PRGHO�IRU�&DQDGLDQ�HJJ�SURGXFWLRQ��2QO\�HJJ�SURGXFWLRQ�LQ�FRQYHQWLRQDO�KRXVLQJ�ZDV�FRQVLGHUHG�� 
$+3�6WHS��� 
7KH�VHFRQG�VWHS�LQ�WKH�$+3�DQDO\VLV�ZDV�WKH�LGHQWLILFDWLRQ�RI�FULWHULD�SULRULWLHV��2IWHQ��WKLV�LV�GRQH�E\�
JHQHUDWLQJ� SUHIHUHQFH� LQIRUPDWLRQ� WKURXJK� SDLUZLVH� FRPSDULVRQV�� 'XH� WR� WKH� GLYHUVH� UDQJH� RI�
VWDNHKROGHUV� LQ� WKH� HJJ� LQGXVWU\� DQG� ODFN� RI� WLPH� DQG� UHVRXUFHV� WR� FRQGXFW�PXOWLSOH� VWDNHKROGHU�
SUHIHUHQFH�HOLFLWDWLRQ�H[HUFLVHV��D�JOREDO�ZHLJKWLQJ�VFKHPH�IRU�OLIH�F\FOH�LPSDFW�FDWHJRULHV�JHQHUDWHG�
E\�WKH�(XURSHDQ�&RPPLVVLRQ¶V�-RLQW�5HVHDUFK�&HQWUH�IRU�SURGXFW�HQYLURQPHQWDO�IRRWSULQWV��6DOD�HW�
DO��� ������ ZDV� XVHG� WR� SULRULWL]H� FULWHULD�� 7KH� JOREDO� ZHLJKWLQJ� VHW� FRQVLGHUHG� WKH� VDPH� LPSDFW�
DVVHVVPHQW�PHWKRG��,PSDFW�:RUOG���DV�WKLV�VWXG\�DQG�DJJUHJDWHG�WKH�ZHLJKWV�JHQHUDWHG�XVLQJ�GLYHUVH�
WHFKQLTXHV� VXFK� DV� GLVWDQFH�WR�WDUJHW� �SODQHWDU\� ERXQGDULHV��� SDQHO�EDVHG� VWDNHKROGHU� SUHIHUHQFH�
HOLFLWDWLRQ��PRQHWDU\�YDOXDWLRQ��DQG�PHWD�PRGHOV�IURP�RYHU����GLIIHUHQW�VRXUFHV��)XUWKHU��6DOD�HW�DO��
�������DOVR�FRQVLGHUV�WKH�UREXVWQHVV�RI�WKH�FKDUDFWHUL]DWLRQ�PRGHOV�LQ�JHQHUDWLQJ�WKH�ILQDO�ZHLJKWV�±�
KHQFH�WKH�H[FOXVLRQ�RI�WR[LFLW\�LPSDFW�FDWHJRULHV�IURP�WKH�ZHLJKWLQJ�VHW�� 
$+3�6WHS��� 
7KH� WKLUG� VWHS�ZDV� JHQHUDWLQJ� WKH� JOREDO� DOWHUQDWLYH� VFRUHV��7KLV� UHTXLUHV� WKH� JHQHUDWLRQ� RI� ORFDO�
DOWHUQDWLYH�SULRULWLHV�IRU�HDFK�FULWHULD�XVLQJ�SDLUZLVH�FRPSDULVRQV��3DLUZLVH�FRPSDULVRQV�ZHUH�GRQH�D�
��SRLQW� LPSRUWDQFH�VFDOH��7KH�/&,$�UHVXOWV�RI�HDFK�DOWHUQDWLYH�ZDV�FRQYHUWHG� LQWR�D���FKDQJH� LQ�
LPSDFWV�FRPSDUHG�WR�D�EDVHOLQH�VFHQDULR��%DVHG�RQ�WKH�UDQJH�RI�RXWFRPHV��WKUHVKROGV�ZHUH�GHILQHG�
IRU�D���SRLQW�VFDOH��)RU�HDFK�FULWHULRQ��LPSDFW�FDWHJRU\���WKH�UHODWLYH�LPSRUWDQFH�RI�DQ�DOWHUQDWLYH�ZDV�
FRQVLGHUHG�LQGLYLGXDOO\�DJDLQVW�RWKHU�DOWHUQDWLYHV��5HSHDWLQJ�WKLV�SURFHVV�IRU�HDFK�FULWHULD�JHQHUDWHG�
ORFDO�VFRUHV�ZKLFK�ZHUH�WKHQ�FRPELQHG�ZLWK�FULWHULD�SULRULWLHV�WR�JHQHUDWH�JOREDO�VFRUHV�� 
$+3�6WHS��� 
6WHS���FRQVLVWHG�RI�FRQVLVWHQF\�DQG�VHQVLWLYLW\�FKHFNV��7KH�IUHH�RQOLQH�$+3�WRRO�±�$+3�26�±�ZDV�
XVHG� LQ� WKLV� DQDO\VLV�� 7KLV� WRRO� KDV� LQ�EXLOW� FRQVLVWHQF\� FKHFNV� IRU� WKH� SDLUZLVH� FRPSDULVRQV��
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&RQVLVWHQF\� UDWLRV� EHORZ� ���� DUH� FRQVLGHUHG� DFFHSWDEOH� LQ� DQ�$+3� DQDO\VLV�� 6HYHUDO� VHQVLWLYLW\�
FKHFNV�ZHUH�SHUIRUPHG�GXH�WR�WKH�PHWKRGRORJLFDO�FKRLFHV�PDGH��6HQVLWLYLW\�FKHFNV�RQ�SULRULWL]DWLRQ�
RI�FULWHULD�ZDV�GRQH�E\�XVLQJ�DQ�DOWHUQDWH�&DQDGD�VSHFLILF�ZHLJKWLQJ�VHW��XVLQJ�HTXDO�ZHLJKWV�IRU�DOO�
LPSDFW�FDWHJRULHV��DQG�XVLQJ�ZHLJKWV�JHQHUDWHG�EDVHG�RQ�H[SHUW�RSLQLRQ��6HQVLWLYLW\�DQDO\VLV�XVLQJ�
GLIIHUHQW�DVVHVVPHQW�FULWHULD�VXFK�DV�FRQVLGHULQJ�RQO\�RQH�LPSDFW�FDWHJRU\��&OLPDWH�FKDQJH��ZDV�DOVR�
SHUIRUPHG��7KH�ILQDO�FKHFN�LQWURGXFHV�WZR�QHZ�DOWHUQDWLYHV�WR�FKHFN�WKH�VHQVLWLYLW\�RI�WKH�DOWHUQDWLYHV�
FRQVLGHUHG�±�D�FRPELQDWLRQ�RI�WKH�ILYH�QLWURJHQ�HIILFLHQF\�VWUDWHJLHV�WKDW�ZDV�PRGHOOHG�LQ�(UVKDGL�HW�
DO���������DQG�D�QHW�]HUR�HQHUJ\�EDUQ�DOWHUQDWLYH�WKDW�ZDV�DQDO\]HG�LQ�/L�HW�DO��������� 
 
5HVXOWV�DQG�'LVFXVVLRQ 

 
)LJXUH��$�DQG��%��5DQNLQJ�RI�DOWHUQDWLYHV�IRU�$OEHUWD�XVLQJ����LPSDFW�FDWHJRULHV���$��DQG�RQO\�FOLPDWH�FKDQJH���%� 

$Q�H[DPSOH�RI� WKH�UHVXOWV�REWDLQHG� LV�VKRZQ�LQ�)LJXUHV��$�DQG��%��)LJXUH��$�VKRZQ�WKH�RYHUDOO�
UDQNLQJ�RI�DOWHUQDWLYHV�IRU�WKH�SURYLQFH�RI�$OEHUWD��$QDHURELF�GLJHVWLRQ�RI�PDQXUH�KDV�WKH�KLJKHVW�
HQYLURQPHQWDO�LPSDFW�PLWLJDWLRQ�SRWHQWLDO�ZLWK�WKH��5V�DSSURDFK�WR�IHHG�FURS�SURGXFWLRQ�UDQNHG�ODVW��
+RZHYHU��WKH�QDUURZ�UDQJH�RI�SULRULW\�VFRUHV�IRU�WKH�DOWHUQDWLYHV�VKRZ�WKDW�DOO�WKHVH�WHFKQRORJLHV�ZHUH�
FORVHO\�PDWFKHG�ZKHQ�FRQVLGHUHG�DFURVV����LPSDFW�FDWHJRULHV��)LJXUH��%�LV�WKH�UHVXOW�RI�WKH�VHQVLWLYLW\�
FKHFN�WKDW�RQO\�FRQVLGHUHG�WKH�FOLPDWH�FKDQJH�LPSDFW�FDWHJRU\��,Q�WKLV�VFHQDULR��ELRFKDU�DGGLWLRQ�WR�
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WKH�KLJKHVW�UDQNHG�DOWHUQDWLYHV��:LWK�WKH�FULWHULD�ZHLJKWV�EHLQJ�VR�LQIOXHQWLDO��DQ�LPSRUWDQW�QHFHVVDU\�
QH[W�VWHS�LV�REWDLQLQJ�SUHIHUHQFH�LQIRUPDWLRQ�IURP�DOO�UHOHYDQW�VWDNHKROGHUV�WR�JHQHUDWH�FXVWRPL]HG�
FULWHULD�SUHIHUHQFHV�IRU�WKH�&DQDGLDQ�HJJ�LQGXVWU\��$QRWKHU�LPSRUWDQW�FRQVLGHUDWLRQ�IRU�IXWXUH�UHVHDUFK�
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���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

 � 

5HIHUHQFHV 
%XOOH��&���0DUJQL��0���3DWRXLOODUG��/��HW�DO��������,03$&7�:RUOG���D�JOREDOO\�UHJLRQDOL]HG�OLIH�F\FOH�LPSDFW�DVVHVVPHQW�PHWKRG��,QW�-�

/LIH�&\FOH�$VVHVV���������±����� 
'DUNR��$���&KDQ��$�3�&���$PH\DZ��(�(���2ZXVX��(�.���3lUQ��(���(GZDUGV��'�-���������5HYLHZ�RI�DSSOLFDWLRQ�RI�DQDO\WLF�KLHUDUFK\�

SURFHVV��$+3��LQ�FRQVWUXFWLRQ��,QW��-��&RQVWU��0DQDJ���±����KWWSV���GRL�RUJ������������������������������ 
(UVKDGL��6�=���+HLGDUL��0�'���'XWWD��%���'LDV��*���3HOOHWLHU��1���������&RPSDUDWLYH�OLIH�F\FOH�DVVHVVPHQW�RI�WHFKQRORJLHV�DQG�VWUDWHJLHV�

WR� LPSURYH� QLWURJHQ� XVH� HIILFLHQF\� LQ� HJJ� VXSSO\� FKDLQV�� 5HVRXU�� &RQVHUY�� 5HF\FO�� ����� ��������
KWWSV���GRL�RUJ���������M�UHVFRQUHF������������ 

.DQDQL��)���*LOUR\HG��%�+���3HOOHWLHU��1�������D��5HJLRQDOL]HG�/&$�RI�UHQHZDEOH�HQHUJ\� WHFKQRORJLHV�IRU�&DQDGLDQ�HJJ�SURGXFWLRQ�
XVLQJ�*,6�DQDO\VLV�RI�VRODU�DQG�ZLQG�SRWHQWLDO�LQ�&DQDGLDQ�HJJ�IDUP�ORFDWLRQV���,Q�SUHSDUDWLRQ�� 

.DQDQL��)���*LOUR\HG��%�+���3HOOHWLHU��1�������E��/LIH�&\FOH�$VVHVVPHQW�RI�WKH�PLWLJDWLRQ�SRWHQWLDO�RI�PDQXUH�YDORUL]DWLRQ�WHFKQROJLHV�
IRU�WKH�&DQGLDQ�HJJ�LQGXVWU\���,Q�SUHSDUDWLRQ� 

+HUYD��0���5RFD��(���������5HYLHZ�RI�FRPELQHG�DSSURDFKHV�DQG�PXOWL�FULWHULD�DQDO\VLV�IRU�FRUSRUDWH�HQYLURQPHQWDO�HYDOXDWLRQ��-��&OHDQ��
3URG���������±�����KWWSV���GRL�RUJ���������M�MFOHSUR������������ 

+XDQJ�� ,�%���.HLVOHU�� -���/LQNRY��,���������0XOWL�FULWHULD�GHFLVLRQ�DQDO\VLV� LQ�HQYLURQPHQWDO� VFLHQFHV��7HQ�\HDUV�RI�DSSOLFDWLRQV�DQG�
WUHQGV��6FL��7RWDO�(QYLURQ�����������±������KWWSV���GRL�RUJ���������M�VFLWRWHQY������������ 

,VKL]DND�� $��� 1HPHU\�� 3��� ������ 0XOWL�&ULWHULD� 'HFLVLRQ� $QDO\VLV�� -RKQ� :LOH\� 	� 6RQV�� /WG�� :HVW� 6XVVH[��
KWWSV���GRL�RUJ���������������������� 

.DQDQL��)���+HLGDUL��0�'���*LOUR\HG��%�+���3HOOHWLHU��1���������:DVWH�YDORUL]DWLRQ�WHFKQRORJ\�RSWLRQV�IRU�WKH�HJJ�DQG�EURLOHU�LQGXVWULHV��
$�UHYLHZ�DQG�UHFRPPHQGDWLRQV��-��&OHDQ��3URG��KWWSV���GRL�RUJ���������M�MFOHSUR������������ 

/L��<���$OODFNHU��.���)HQJ��+���+HLGDUL��0�'���3HOOHWLHU��1���������1HW�]HUR�HQHUJ\�EDUQV�IRU� LQGXVWULDO�HJJ�SURGXFWLRQ��$Q�HIIHFWLYH�
VXVWDLQDEOH�LQWHQVLILFDWLRQ�VWUDWHJ\"�-��&OHDQ��3URG���������������KWWSV���GRL�RUJ���������-�-&/(352������������ 

3HOOHWLHU��1���������/LIH�&\FOH�7KLQNLQJ��0HDVXUHPHQW�DQG�0DQDJHPHQW�IRU�)RRG�6\VWHP�6XVWDLQDELOLW\��(QYLURQ��6FL��7HFKQRO������
����±������KWWSV���GRL�RUJ���������DFV�HVW��E����� 

6DOD�6���&HUXWWL�$�.���3DQW�5���'HYHORSPHQW�RI�D�ZHLJKWLQJ�DSSURDFK�IRU�WKH�(QYLURQPHQWDO�)RRWSULQW��������3XEOLFDWLRQV�2IILFH�RI�WKH�
(XURSHDQ�8QLRQ��/X[HPERXUJ��,6%1���������������������(85��������GRL��������������� 

=DQJKHOLQL��*�0���&KHUXELQL��(���6RDUHV��6�5���������+RZ�0XOWL�&ULWHULD�'HFLVLRQ�$QDO\VLV��0&'$��LV�DLGLQJ�/LIH�&\FOH�$VVHVVPHQW�
�/&$��LQ�UHVXOWV�LQWHUSUHWDWLRQ��-��&OHDQ��3URG����������±�����KWWSV���GRL�RUJ���������-�-&/(352������������ 

 

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On “The role of emerging economies in global food security” 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

1 
 

 
 

Multi-objective diet optimization: A Brazilian pig diet case study 
 

Jasmina Burek1,*, Oliver Martinic1, Greg Thoma2, Luciano Hauschild3, Marcos Kipper da Silva4, 
Everton Luis Krabbe5, Ines Andretta6 

  
  

 
1Department of Mechanical Engineering, University of Massachusetts Lowell, Lowell, USA 
2Department of Chemical Engineering, University of Arkansas, Fayetteville, USA 
3Faculdade de Ciências Agrárias e Veterinárias, Universidade Estadual Paulista Júlio de Mesquita Filho, Sao 
Paulo, Brazil  
4Elanco Animal Health, Sao Paulo, Brazil 
5Empresa Brasileira de Pesquisa Agropecuaria, EMBRAPA Suínos e Aves, Concordia-SC, Brasil 
6Faculdade de Agronomia, Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil 
 
Keywords:  feed ingredients; animal diet formulation; multi-objective optimization; life cycle assessment; swine supply 
chain 
*Corresponding author. Tel.: + 1 978-934-5937 
 E-mail address: jasmina_burek@uml.edu 
 

Pig supply chains are estimated to produce 0.7 billion MT CO2e per annum, accounting for 9 percent 
of the emissions from the global livestock sector (FAO, 2018). Brazil is the fourth largest pig producer 
in the world with a population of 41,12 million pigs (FAO, 2020). Reducing environmental impact is 
one of the biggest challenges in animal production. Neglecting the sustainability dimension might 
revert food security gains over time (van Meijl et al., 2020). According to the conventional feeding 
program in Brazil, feed ingredients used during the growing-finishing phase account for up to 56% 
of the potential climate change impact of finished pigs raised (Andretta et al., 2018). Corn and 
soyabean are main ingredients in many commercial diets. Brazil is the world’s largest soyabean 
producer and a third corn producer (FAO, 2020). Corn production accounted for 72% of the total 
potential carbon footprint attributed to commercial feeds, whereas 22% of the impact was due to the 
soybean production supply chain (Andretta et al., 2018).  

Because feed ingredients used in animal diet formulations have the highest carbon footprint, mayor 
demand in animal production is formulating a diet which will satisfy animal nutrition requirement 
and reduce environmental impacts without the effect on diet price and loss of productivity. 
Historically, least cost formulation has been the most common way for formulation animal diet, 
however it is not enough to face all the challenges including increasing carbon, water, and land 
footprints. Multi-objective diet formulation is a promising way which can be used to provide solutions 
to decrease environmental impacts of animal diets. Garcia-Launay (2018) developed method  to 
perform multi-objective formulation which included multiple environmental impacts and feed costs 
and allowed a wide range of potential weighting factors between economic and environmental 
indexes to be investigated. Results indicated that it is possible to simultaneously reduce all 
environmental impacts considered in the contexts investigated.  

Main objective of this study was to develop animal ration formulation tool which would cover 
nutritional requirements with minimal effect on a diet price and reduce the environmental impact of 
animal production worldwide, without loss of productivity. By including different regions, this project 
aims to transform swine supply chain to a more sustainable and equitable one without compromising 
the baseline efficiency globally. Thus, the main outcomes of the research are reducing environmental 
impact of pig production and enhancing global food security. In this case study, we evaluated the 
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feasibility to apply this formulation tool in Brazil, and discussed challenges, and limitations. Finally, 
we formulated feasible swine diets that will help reduce carbon footprint of swine production in Brazil. 
The animal ration formulation tool is based on multi-objective optimization algorithm (MOOA). The 
results of the MOOA are 20 Pareto-optimal rations, which enable robust conclusions about benefits 
and trade-offs for each alternative diet. While diet rations include all pig production phases from 
piglets, weaning pigs, growing pigs, fattening pigs, lactation sows and gestation sows, we focused 
only on grow-finish phases because that’s where the largest amounts of feed are used. The main steps 
in formulating diets were: (1) to identify baseline swine ration currently used in Brazil and calculate 
its carbon footprint and cost, (2) to use MOOA and propose alternative Pareto-optimal rations based 
on two criteria: cost and carbon footprint, and (3) to compare standard Brazil pig diets to alternative 
diets using the pairwise Monte Carlo Uncertainty comparison, which will assess carbon, water, and 
land footprint differences between a baseline finishing pig ration and alternative diets of equivalent 
animal nutritional value. To calculate carbon footprints of baseline ration and alternative Pareto-
optimal rations, we used life cycle assessment for each feed ingredient (ISO 14040 & ISO 14044). 
The list of feed ingredients which are commonly available on Brazilian market and feed ingredient 
cost was provided by personal communication (Monica Siegert 2020). For diet optimization we used 
Brazilian feed ingredients nutrition information and national pigs diet recommendation      (Rostagno 
C.O. et al., 2017). The data for carbon footprint of ingredients was provided by GFLI database (The 
Global Feed LCA Institute, 2020) and US footprint database (Burek et. al 2014). 

The sets of multi-objective optimization solutions show all opportunities to shift diets, which enables 
robust conclusions about benefits and trade-off of selected diet. With multi-objective formulations, 
the relative incorporation rates of feed ingredients are shaped by trade-offs between the nutritional 
value, cost, and environmental impacts of each ingredient (de Quelen et. al., 2021.). However, 
because certain rations can cause tradeoffs at the pig production farm, the future work will include 
importing alternative diets into a regional pig production calculator, which in turn will provide 
lifecycle inventory data for the cradle-to-farm gate Pig Production model developed in SimaPro 
software. The carbon footprint will be assessed on a per pound live weight and per swine at the farm 
gate. Relative cost differences will be provided between the diet formulations based on a cost-per-
swine produced basis. 

The impact of this research are: (1) formulated alternative diets may help diversify current pig diet 
formulations, (2) promote inclusion of more locally produced feed ingredient in different regions, (3) 
an open-source flexible and user-friendly GUI diet formulation tool will available to swine producers 
with support of the local Animal Science Extension offices and nutritionist, which will help swine 
producers make science-based decisions about how to mitigate their own pig diets’ environmental 
impact. The tool may be adapted formulate diets based on three, and four criteria, for example water 
and land. Finally, we will provide recommendations on how to adapt the diet formulation model for 
other markets and livestock especially for developing countries. 
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Rationale and Objectives: Originally proposed in 1998 (Azapagic and Clift, 1998), life cycle 
optimization (LCO) refers to the integration of LCA with mathematical techniques for process 
optimization. Since then, continued development of the optimization and LCO fields now allows 
practitioners to find optimal solutions to complex, multi-objective problems using a variety of 
advanced machine learning algorithms capable of handling many different types of objectives and 
constraints.  

LCO provides a valuable opportunity for identification of environmental impact mitigation 
strategies for the agri-food sector. For example, in a case study of sugar cane production, Kaab et al. 
(2019) indicate that the environmental impact reduction potential suggested by LCO is greater than 
that suggested by other methods, such as joint LCA and data envelopment analysis. Applications of 
LCO, to the agri-food sector, however, remain relatively few, indicating the potential for substantial 
growth in agri-food LCO. Increased application of LCO in the agri-food sector may therefore be 
one way of decreasing the significant contributions to anthropogenic GHG emissions (Crippa et al., 
2021), and other environmental impacts (Pelletier and Tyedmers, 2010) made by food production 
systems.  
 LCO studies, however, require many methodological choices to be made to be successful. 
Choices to be made include the type and number of objectives to be considered in the optimization 
as well as any constraints placed upon them, the optimization algorithm to be used, and other 
methodological considerations related to the LCA framework (i.e. attributional or consequential) 
used, uncertainty, etc. The goal of this work, therefore, is to review the LCO literature such that a 
set of guidelines may be developed to aid LCA practitioners in making the methodological choices 
necessary to perform an LCO study. These guidelines aim to support increased uptake of LCO 
methodologies, particularly in industries in which these analyses are relatively uncommon, such as 
the agri-food industry.  
Methods: A systematic review of the LCO literature was performed using the Preferred Reporting 
Items for Systematic reviews and Meta-Analyses (PRISMA) (Page et al., 2021). Literature was 
identified through a Web of Science core collection WRSLF� VHDUFK� XVLQJ� WKH� NH\ZRUGV� �³OLIH� F\FOH�
DVVHVVPHQW´� 25� ³OLIH� F\FOH� DQDO\VLV´�� $1'� �RSWLPL
"�� $1'� �DOJRULWKP��� 7R� EH� FRQVLGHUHG� IRU�
inclusion, articles had to be primary research articles (i.e. review papers and conference proceedings 
excluded), written in English, available through either open access, or accessible through University 
of British Columbia library subscriptions, and published within the last 10 years (i.e. 2012 ± 2021). 
Literature related to all industrial sectors were considered to better account for variation in LCO 
application across sectors.  
 If literature met these eligibility criteria they were carried forward to the selection process to 
determine the total body of literature to be reviewed. To be selected for review, articles had to apply 
the LCA framework in conjunction with a mathematical optimization technique ± that is, LCA had 
to be used in determining at least one objective function for optimization. This could include 
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objective functions related to environmental impacts using environmental LCA, social impacts 
using sLCA, or economic impacts using LCC. The selected literature were subsequently reviewed 
for a number of characteristics. The system investigated in each study was classified according to 
the International Standard Industrial Classification of All Economic Activities (ISIC) (United 
Nations, 2008) to determine in which industrial sectors LCO is more or less commonly applied. The 
LCA framework (i.e. attributional or consequential), the specific objective function(s) and whether 
or not the optimization was constrained or unconstrained was recorded. Finally, the optimization 
algorithms used, and whether or not uncertainty was taken into account during optimization was 
also recorded for each source.  
 The information collected was used to determine the most common practices in LCO related 
to choice of objective function(s) and optimization algorithms used, as well as important 
considerations to take into account when performing LCO. Such considerations include the 
potential need to normalize LCIA results, the use of midpoint versus endpoint indicators, or some 
other aggregated measure, in defining objective functions, as well as the potential for integrating 
uncertainty in LCIA results into optimization. Commonly used optimization algorithms were also 
further reviewed to determine their strengths and weaknesses with regards to integration with LCA. 
The resulting information was used to develop a decision tree to aid LCA practitioners in making 
necessary methodological choices when carrying out LCO.    
Results and Discussion: LCO studies have been carried out in many industrial sectors. The 
majority of studies investigated systems in the manufacturing, electricity, and construction sectors. 
In comparison, the agri-food sector is largely under-represented in the reviewed literature, 
suggesting significant potential for growth in this sector. The vast majority of these studies utilize 
an attributional LCA approach to multi-objective optimization, and the Non-Dominated Sorting 
Genetic Algorithm II (NSGA-II) to solve these problems. Use of NSGA-II simplifies application, 
and significantly reduces computational complexity compared to other possible algorithms while 
still being able to efficiently solve constrained multi-objective optimization problems (Deb et al., 
2002).  
 Interestingly, only rarely is the multi-criteria nature of LCA fully utilized in LCO studies. In 
many cases, minimization of life-cycle GHG emissions is included as the only environmental 
objective function. When this is not the case, it is more common for a single, aggregated measure 
representative of cumulative environmental impacts to be used as an objective function, rather than 
multiple mid-point level indicators. While this approach may be useful from the perspectives of 
reducing the number of objective functions and increasing overall interpretability of the results, 
these advantages must be considered alongside the drawbacks of using endpoint indicators, notably 
increased uncertainty (Reap et al., 2008), as well as the decreased interpretability of results with 
respect to specific impacts. Further, only rarely is uncertainty taken into account during 
optimization. Doing so requires the use of stochastic optimization methods, rather than 
deterministic methods, which do not guarantee location of global optima (Liberti and Kucherenko, 
2005).     
  Based on the results of this review, a decision tree has been developed to aid LCA 
practitioners in making methodological choices for performing LCO studies. This decision tree will 
be particularly useful for agri-food LCA practitioners, and may aid in increased application of LCO 
methods in this sector. Increased application of these methods is a potentially valuable way to 
significantly reduce the environmental impacts of food production systems by targeting impact 
hotspots in agri-food systems, such as manure management (Li et al., 2021), fertilizer production 
(Arora et al., 2018), etc.     
Conclusion: The developed decision tree will help increase uptake of LCO studies in the agri-food 
sector, one in which LCO studies are currently underutilized. These methods may result in 
significant improvements to environmental performance of food production systems.   
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)RRG�SDFNDJLQJ�KDV�EHHQ�VHHQ�IRU�D�ORQJ�WLPH�DV�DQ�DGGLWLRQDO�HQYLURQPHQWDO�FRVW�ZLWKLQ�D�SDFNDJHG�
IRRG�OLIH�F\FOH��3DFNDJLQJ�PDQXIDFWXULQJ�DQG�ZDVWH�DUH�ZLGHO\�EHOLHYHG�WR�KDYH�D�VLJQLILFDQW�LPSDFW�
RQ�WKH�RYHUDOO�HQYLURQPHQWDO�SHUIRUPDQFH�RI�SDFNDJHG�IRRG�LWHPV���*DOOXFFL�HW�DO���������6D]GRYVNL�
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WR� WKH� LQWULQVLF�TXDOLWLHV�RI�SDFNDJLQJ�PDWHULDOV�DQG�VROXWLRQV��VXFK�DV� WKRVH� WKDW�PLJKW�DYRLG�DQG�
PLQLPL]H�IRRG�ZDVWH�SUREDELOLW\��9HUJKHVH�HW�DO���������:LNVWU|P�HW�DO����������)RU�WKHVH�UHDVRQV��
SDFNDJLQJ�HIIHFWLYH�HFR�GHVLJQ�LV�D�SRLQW�RI�PDMRU�FRQFHUQ�LQ�DFWXDO�VWUDWHJLHV�WRZDUGV�HQYLURQPHQWDO�
VXVWDLQDELOLW\�RI� IRRG�SDFNDJLQJ� V\VWHPV� �3DXHU� HW� DO��� �������$�ZHOO� HFR�GHVLJQHG� V\VWHP�VKRXOG�
EDODQFH� ZDVWH� UHGXFWLRQ�� ERWK� LQ� WHUPV� RI� SDFNDJLQJ� DQG� IRRG�� DQG� SUHVHUYDWLYH� SHUIRUPDQFH�
HIILFLHQF\��&RIILJQLH]�HW�DO���������9HUJKHVH�HW�DO����������:RKQHU�HW�DO���������DQG�*XWLHUUH]�HW�DO��
�������VWXGLHG�WKH�UROH�RI�VKHOI�OLIH�LQ�UHGXFLQJ�SRWHQWLDO�IRRG�ZDVWH�DQG��FRQVHTXHQWO\��WKH�RYHUDOO�
HQYLURQPHQWDO�LPSDFWV�RI�WKH�IRRG�SDFNDJLQJ�V\VWHP��1XPHURXV�IRRG�SDFNDJLQJ�PDWHULDOV��VROXWLRQV��
DQG� V\VWHPV� DUH� FXUUHQWO\� DYDLODEOH� RQ� WKH� PDUNHW� DQG� FKDUDFWHUL]HG� E\� GLIIHUHQW� PDWHULDO�
FRPSRVLWLRQV��SURSHUWLHV��DQG�FKDUDFWHULVWLFV�WKDW�OHDG�WR�GLIIHUHQW�H[SHFWHG�VKHOI�OLYHV�DQG�HYHQWXDOO\�
GLIIHUHQW� SRWHQWLDO� IRRG� ZDVWH� UHGXFWLRQV� �*RJOLHWWLQR� HW� DO��� ������ 6XPULQ� HW� DO��� ������� ,Q� WKLV�
VFHQDULR��WKH�VHDUFK�IRU�WKH�EHVW�HFR�GHVLJQHG�VROXWLRQ�LV�KDUG�WR�DFKLHYH�� 
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RQ� WKH�HQYLURQPHQWDO� DVVHVVPHQW�RI� IRRG�SDFNDJLQJ�V\VWHPV�� FRQVLGHULQJ�ERWK�GLUHFW�DQG� LQGLUHFW�
HIIHFWV� RI� SDFNDJLQJ� VROXWLRQV�� NQRZOHGJH� DQG�PHWKRGRORJLFDO� DSSURDFK� JDSV� VWLOO� RFFXU�� ,Q� WKLV�
FRQWH[W�� WKLV�VWXG\�DLPHG�DW�GHPRQVWUDWLQJ� WKLV� WKHRU\��E\�SURSRVLQJ�DQ�DOWHUQDWLYH�/&$�DSSURDFK�
HYDOXDWLQJ� DQG� FRPSDULQJ� SDFNDJLQJ� SHUIRUPDQFHV� LQ� WHUPV� RI� H[SHFWHG� VKHOI�OLYHV� DQG� UHODWHG�
SRWHQWLDO�IRRG�ZDVWH�RI�EHHI�� 
$� FRPSDUDWLYH� HQYLURQPHQWDO� DQDO\VLV� RI� WKUHH� GLIIHUHQW� SDFNDJLQJ� VROXWLRQV� IRU� VOLFHG� EHHI�ZDV�
FDUULHG�RXW�WKURXJK�/&$�ZLWK�D�³FUDGOH�WR�JUDYH´�DSSURDFK�IRU�ERWK�SDFNDJLQJ�DQG�EHHI�OLIH�F\FOHV��
7KH�VWXG\�FRPSDUHG�0RGLILHG�$WPRVSKHUH�3DFNDJLQJ��0$3��JDV�PL[WXUH����GD\V�RI�VKHOI�OLIH��DQG�
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������&DOGHLUD�HW�DO����������7KH�DPRXQW�RI�SRWHQWLDO�IRRG�ZDVWH�ZDV�WKHQ�GHWHUPLQHG�DW�ERWK�WKH�
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&RQVLGHULQJ�RQO\�WKH�SDFNDJLQJ�OLIH�F\FOH��WKH�HQYLURQPHQWDO�LPSDFWV�RI�WKH�WKUHH�GLIIHUHQW�SDFNDJLQJ�
VROXWLRQV�DUH�KLJKO\�GHSHQGHQW�RQ�WKHLU�DYHUDJH�ZHLJKWV��GLPHQVLRQ��DQG�PDWHULDO�FRPSRVLWLRQV��)URP�
FKDUDFWHUL]DWLRQ� UHVXOWV�� WKH� ERWWRP� SDUW� ZDV� LGHQWLILHG� DV� WKH� PDLQ� KRWVSRW� ZLWK� DQ� DYHUDJH�
UHVSRQVLELOLW\�RI��������PD[LPXP�RI�������LQ�0$3�DQG�PLQLPXP�RI�������LQ�2:���7KH�VHFRQG�
KRWVSRW�ZDV�UHSUHVHQWHG�E\�WKH�WRS�OLG���������ZLWK�D�PD[LPXP�YDOXH�RI�����LQ�2:�DQG�D�PLQLPXP�
RI������LQ�0$3���IROORZHG�E\�SDFNDJLQJ�GLVSRVDO���������ZLWK�D�PD[LPXP�YDOXH�RI�������LQ�2:�
DQG������LQ�96�DQG�0$3���DGVRUEHQW�SDG�������DQG�SDFNDJLQJ�FUHDWLRQ�SURFHVV���������$FFRUGLQJ�
WR�HQYLURQPHQWDO�LPSDFW�UHVXOWV�FRPSDULVRQ��WKH�2:�V\VWHP�VKRZHG�WKH�EHVW�HQYLURQPHQWDO�SURILOH�
PDLQO\�GXH�WR�LWV�OLJKWHU�PDVV�DQG�FRPSRVLWLRQ��+RZHYHU��ZKHQ�WKH�LPSDFW�RI�SRVVLEOH�IRRG�ZDVWH�
ZDV�WDNHQ�LQWR�DFFRXQW��WKH�SDFNDJLQJ�V\VWHP�ZLWK�WKH�ORQJHVW�VKHOI�OLIH��LGHQWLILHG�LQ�WKH�96�V\VWHP��
ZDV�VKRZQ�WR�EH�WKH�EHVW�FKRLFH�LQ�WHUPV�RI�HQYLURQPHQWDO�LPSDFW��,Q�FRQWUDVW�WR�WKH�SUHYLRXV�VLWXDWLRQ��
WKH�2:�V\VWHP�KDV�WKH�ELJJHVW�HQYLURQPHQWDO�HIIHFW�LQ�SUDFWLFDOO\�HYHU\�FDWHJRU\�VWXGLHG�����RXW�RI�
������7KH�SURGXFWLRQ�DQG�WKH�HQG�RI�OLIH�VFHQDULR�RI�WKH�ZDVWHG�EHHI�VHHPHG�WR�EH�WKH�PDLQ�UHVSRQVLEOH�
IRU�WKH�KLJKHU�HQYLURQPHQWDO�LPSDFWV�LI�FRPSDUHG�WR�WKH�RWKHU�VWHSV�RI�WKH�HQWLUH�IRRG�SDFNDJLQJ�OLIH�
F\FOHV��,Q�WKLV�UHJDUG��WKH�DYHUDJH�LQIOXHQFH�RI�EHHI�ZDVWH�RQ�DOO� WKH�LPSDFW�FDWHJRULHV� LV�����IRU�
0$3������IRU�2:��DQG�����IRU�96�V\VWHP�� 
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QHFHVVLW\� WR� LQFOXGH� IRRG� ZDVWH� DV� DQ� H[WUD� YDULDEOH� ZKHQ� GHVLJQLQJ� SDFNDJLQJ� VROXWLRQV� LQ� WKH�
IUDPHZRUN� RI� HFR�GHVLJQ�� 1HYHUWKHOHVV�� GHSHQGLQJ� RQ� WKH� W\SH� RI� IRRG� SURGXFW� DQG� SDFNDJLQJ�
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DPRQJ�WKH�VFLHQWLILF�FRPPXQLW\�VKRXOG�EH�UHDFKHG�WR�FRQVLGHU�WKHVH�DVSHFWV�LQ�/&$�VWXGLHV�IRU�IRRG�
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RI� )RRG�3DFNDJLQJ��$Q�([WHQGHG�/LIH�&\FOH�$VVHVVPHQW� LQFOXGLQJ� 3DFNDJLQJ�5HODWHG� )RRG�
/RVVHV� DQG� :DVWH� DQG� &LUFXODULW\� $VVHVVPHQW�� 6XVWDLQDELOLW\�� ������� �����
KWWSV���GRL�RUJ���������VX�������� 

6D]GRYVNL��,���%DOD��$���	�)XOODQD�L�3DOPHU��3����������/LQNLQJ�/&$�OLWHUDWXUH�ZLWK�FLUFXODU�HFRQRP\�
YDOXH�FUHDWLRQ��$�UHYLHZ�RQ�EHYHUDJH�SDFNDJLQJ��6FLHQFH�RI�7KH�7RWDO�(QYLURQPHQW���������������
KWWSV���GRL�RUJ���������-�6&,727(19������������ 

6SULQJPDQQ��0���&ODUN��0���0DVRQ�'¶&UR]��'���:LHEH��.���%RGLUVN\��%��/���/DVVDOHWWD��/���GH�9ULHV��
:���9HUPHXOHQ��6��-���+HUUHUR��0���&DUOVRQ��.��0���-RQHOO��0���7URHOO��0���'H&OHUFN��)���*RUGRQ��
/�� -��� =XUD\N��5��� 6FDUERURXJK�� 3���5D\QHU��0���/RNHQ��%��� )DQ]R�� -���«�:LOOHWW��:�� ��������
2SWLRQV�IRU�NHHSLQJ�WKH�IRRG�V\VWHP�ZLWKLQ�HQYLURQPHQWDO�OLPLWV��1DWXUH����������������±�����
KWWSV���GRL�RUJ���������V���������������� 

6XPULQ��6���*XSWD��6���$VDDG��<���:DQJ��<���%KDWWDFKDU\D��6���	�)RURXGL��3����������(FR�LQQRYDWLRQ�
IRU� HQYLURQPHQW� DQG� ZDVWH� SUHYHQWLRQ�� -RXUQDO� RI� %XVLQHVV� 5HVHDUFK�� ����� ���±�����
KWWSV���GRL�RUJ���������-�-%865(6������������ 

9HQGULHV��-���6DXHU��%���+DZNLQV��7��5���$OODZD\��'���&DQHSD��3���5LYLQ��-���	�0LVWU\��0����������7KH�
6LJQLILFDQFH�RI�(QYLURQPHQWDO�$WWULEXWHV�DV�,QGLFDWRUV�RI�WKH�/LIH�&\FOH�(QYLURQPHQWDO�,PSDFWV�
RI� 3DFNDJLQJ� DQG� )RRG� 6HUYLFH� :DUH�� &LWH� 7KLV�� (QYLURQ�� 6FL�� 7HFKQRO�� ���� ����±������
KWWSV���GRL�RUJ���������DFV�HVW��E����� 

9HUJKHVH��.���/HZLV��+���6LPRQ��/���	�:LOOLDPV��+����������3DFNDJLQJ¶V�5ROH�LQ�0LQLPL]LQJ�)RRG�
/RVV�DQG�:DVWH�$FURVV�WKH�6XSSO\�&KDLQ��3DFNDJLQJ�DQG�7HFKQRORJ\�DQG�6FLHQFH�����$SULO���
���±�����KWWSV���GRL�RUJ���������SWV����� 
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3HWWHUVHQ�� 0��� 0¡OOHU�� +��� 	� 6RXNND�� 5�� �������� 3DFNDJLQJ� 6WUDWHJLHV� 7KDW� 6DYH� )RRG��$�
5HVHDUFK� $JHQGD� IRU� ������ -RXUQDO� RI� ,QGXVWULDO� (FRORJ\�� ������� ���±�����
KWWSV���GRL�RUJ���������MLHF������ 

:LNVWU|P�� )���:LOOLDPV�� +��� 	� 9HQNDWHVK�� *�� �������� 7KH� LQIOXHQFH� RI� SDFNDJLQJ� DWWULEXWHV� RQ�
UHF\FOLQJ� DQG� IRRG� ZDVWH� EHKDYLRXU� ±� $Q� HQYLURQPHQWDO� FRPSDULVRQ� RI� WZR� SDFNDJLQJ�
DOWHUQDWLYHV�� -RXUQDO� RI� &OHDQHU� 3URGXFWLRQ�� ����� ���±�����
KWWSV���GRL�RUJ���������M�MFOHSUR������������ 

:LOOLDPV��+���	�:LNVWU|P��)����������(QYLURQPHQWDO�LPSDFW�RI�SDFNDJLQJ�DQG�IRRG�ORVVHV�LQ�D�OLIH�
F\FOH�SHUVSHFWLYH��$�FRPSDUDWLYH�DQDO\VLV�RI�ILYH�IRRG�LWHPV��-RXUQDO�RI�&OHDQHU�3URGXFWLRQ��
���������±����KWWSV���GRL�RUJ���������M�MFOHSUR������������ 

:RKQHU��%���3DXHU��(���+HLQULFK��9���	�7DFNHU��0����������3DFNDJLQJ�UHODWHG�IRRG�ORVVHV�DQG�ZDVWH��
$Q� RYHUYLHZ� RI� GULYHUV� DQG� LVVXHV�� 6XVWDLQDELOLW\� �6ZLW]HUODQG��� ����� ����
KWWSV���GRL�RUJ���������VX�������� 
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&RPSDUDWLYH�OLIH�F\FOH�DVVHVVPHQW�RI�ZDVWH�WUHDWPHQW�RSWLRQV�LQ�WKH�IRRGVHUYLFH�
VHFWRU���$�FDVH�VWXG\�RI�D�YHJDQ�DQG�]HUR�ZDVWH�UHVWDXUDQW�LQ�

)ORULDQRSROLV�%UD]LO� 
 

7KDOHV�(GXDUGR�7DYDUHV�'DQWDV�
��&DUOD�7RJQDWR�GH�2OLYHLUD��� 
(XOD�-XUFD�*RPHVï��6HEDVWLmR�5REHUWR�6RDUHV� 

 
�)HGHUDO�8QLYHUVLW\�RI�6DQWD�&DWDULQD�±�/LIH�&\FOH�$VVHVVPHQW�5HVHDUFK�*URXS�&,&/2*��)ORULDQySROLV��%UD]LO� 
 
.H\ZRUGV��&LUFXODU�(FRQRP\��/LIH�F\FOH�DVVHVVPHQW��)RRGVHUYLFH�VHFWRU��:DVWH�PDQDJHPHQW��=HUR�ZDVWH�� 
 

&RUUHVSRQGLQJ� DXWKRU�� 7HO��� ���� ��� ������ ���� 
�(�PDLO�DGGUHVV��WKDOHVWDYDUHVG#JPDLO�FRP 
 
5DWLRQDOH� DQG� REMHFWLYH��)RRG�ZDVWH� �):�� LV� WKH� XQXVHG� IRRG� GLVFDUGHG� GXULQJ� UHWDLO� DQG� ILQDO�
FRQVXPSWLRQ�VWDJHV��)DODVFRQL�HW�DO����������VXFK�DV�KRPHV��UHVWDXUDQWV��DQG�RWKHU�IRRG�VHUYLFHV��,Q�
%UD]LO��WKH�HVWLPDWHG�):�LV���NJ�SHU�FDSLWD�SHU�\HDU��(0%5$3$���������7KLV�LQIRUPDWLRQ�DIIHFWV�
%UD]LOLDQ�KRXVHKROGV��EULQJLQJ�XQFHUWDLQW\�WR�DQ�HVWLPDWH�RI�WKH�QDWLRQDO�):��81(3���������)RU�WKLV�
SXUSRVH��VRPH�VWDWHV�DQG�PXQLFLSDOLWLHV�DUH�GHYHORSLQJ�VSHFLILF�ODZV�WR�UHGXFH�):�JHQHUDWLRQ��7KH�
FLW\�RI�)ORULDQySROLV�KDV�EHHQ�DQ�H[DPSOH�RI�WKH�LPSOHPHQWDWLRQ�RI�VROLG�ZDVWH�PDQDJHPHQW�SUDFWLFHV�
DW�WKH�PXQLFLSDOLW\�OHYHO�IRU�PRUH�WKDQ�WKUHH�GHFDGHV��$Q�H[DPSOH�LV�GHFUHH�Q���������������ZKLFK�
VHWWOHG�GLUHFWLYHV�WR�PDNH�WKH�FLW\�EHFRPH�%UD]LO
V�ILUVW�]HUR�ZDVWH�FDSLWDO��)ORULDQRSROLV���������2QH�
RI�WKH�GHFUHH�JRDOV�LV�WR�GLYHUW�����RI�WKH�RUJDQLF�ZDVWH�VHQW�WR�WKH�ODQGILOO�E\�WKH�\HDU������� 
,Q�DJUHHPHQW�ZLWK�WKH�PXQLFLSDO�ODZ��WKH��&DVD�2ULJHP�

�UHVWDXUDQW�IROORZV�WKH�VDPH�UDWLRQDOH�DQG�
EHFDPH�%UD]LO
V�ILUVW�FHUWLILHG�]HUR�ZDVWH�UHVWDXUDQW��,/=%���������7KHUHIRUH��LQ�DGGLWLRQ�WR�EHLQJ�D�
YHJDQ�UHVWDXUDQW��LW�UHGXFHV�ZDVWH�JHQHUDWLRQ�E\�UHXVLQJ�DQG�UHF\FOLQJ�ZDVWH��DV�ZHOO�DV�VHQGLQJ�WKH�
):�WR�LQGXVWULDO�FRPSRVWLQJ�VLWHV��,Q�WKLV�FRQWH[W��LQ�OLJKW�RI�WKH�GHFUHH�Q���������������)ORULDQRSROLV��
������� WKLV�SDSHU�DLPV� WR�FRPSDUH� WKH�SRWHQWLDO�HQYLURQPHQWDO� LPSDFWV�RI�ZDVWH� WUHDWPHQW� IURP�D�
YHJDQ�DQG�]HUR�ZDVWH�UHVWDXUDQW�ZLWK�D�UHJXODU�UHVWDXUDQW� 
 
$SSURDFK� DQG� PHWKRGRORJ\�� /LIH� F\FOH� DVVHVVPHQW� �/&$�� ZDV� DSSOLHG� WR� HYDOXDWH� WKH� ZDVWH�
WUHDWPHQW�RSWLRQV�RI�D�FHUWLILHG�]HUR�ZDVWH�YHJDQ�UHVWDXUDQW�IRU�WKH�\HDU��������7KH�V\VWHP�ERXQGDU\�
FRQVLGHUV� ZDVWH� WUDQVSRUW� DQG� WUHDWPHQW� RSWLRQV�� 7KH� JHQHUDWHG� ZDVWH� LV� WUHDWHG� YLD� ���� VDQLWDU\�
ODQGILOO������FRPSRVWLQJ��DQG�����UHF\FOLQJ��IRU�SODVWLFV�DQG�SDSHU����7KH�VHOHFWHG�IXQFWLRQDO�XQLW�LV�WKH�
WUHDWPHQW�RI�WKH�ZDVWH�JHQHUDWHG�IRU�WKH�SURGXFWLRQ�RI��������PHDOV�LQ�WKH�\HDU����������J�IRRG�SHU�
PHDO��� 7KH� UHVWDXUDQW� H[WHQGV� WKH� RSSRUWXQLW\� IRU� FRPSRVWLQJ� VHUYLFHV� WR� WKH� QHLJKERUKRRG�� )RU�
PRGHOLQJ�SXUSRVHV���WKH�ZDVWH�FRPLQJ�IURP�WKHVH�VRXUFHV�ZDV�DFFRXQWHG�IRU�DV�EHLQJ�JHQHUDWHG�E\�
WKH� UHVWDXUDQW��$� K\SRWKHWLFDO� UHVWDXUDQW� WKDW� GLVUHJDUGV� FLUFXODU� SUDFWLFHV� ZDV� DOVR� PRGHOHG� IRU�
FRPSDUDWLYH�UHDVRQV��7KH�WZR�DQDO\]HG�VFHQDULRV�DUH� 
� 6FHQDULR��� �%DVHOLQH�� ±�=HUR�ZDVWH� DQG�YHJDQ� UHVWDXUDQW��:DVWH� WUHDWPHQW� WKURXJK� UHXVH��
UHF\FOLQJ��FRPSRVWLQJ��DQG�VDQLWDU\�ODQGILOO�� 
� 6FHQDULR����5HJXODU�UHVWDXUDQW��±�6XEVWLWXWLRQ�RI�YHJHWDEOH�SURWHLQ�RSWLRQV�IRU�PHDW�DQG�
GDLU\�SURGXFWV��$OO�ZDVWH�LV�GLUHFWHG�WR�WKH�VDQLWDU\�ODQGILOO� 
'DWD�XVHG�LQ�WKH�/LIH�F\FOH�LQYHQWRU\��/&,��ZDV�SURYLGHG�E\�WKH�UHVWDXUDQW�DQG�FRPSOHPHQWHG�ZLWK�
VHFRQGDU\�GDWD�IURP�HFRLQYHQW��DQG�DJULEDO\VH��GDWDEDVHV��7KH�OLIH�F\FOH�LPSDFW�DVVHVVPHQW��/&,$��
ZDV� SHUIRUPHG� ZLWK� WKH� RSHQ/&$�� �������� XVLQJ� WKH� 5H&L3H�PHWKRG� IRU� FOLPDWH� FKDQJH� �&&���
WHUUHVWULDO�DFLGLILFDWLRQ��7$���KXPDQ�WR[LFLW\��+7���PDULQH�HFRWR[LFLW\��0(���IRVVLO�GHSOHWLRQ��)'���
DQG�XUEDQ�ODQG�RFFXSDWLRQ��8/2�� 
5HVXOWV�DQG�GLVFXVVLRQ���7KH�EDVHOLQH�VFHQDULR�SHUIRUPV�EHWWHU�LQ�ILYH�RI�WKH�VL[�LPSDFW�FDWHJRULHV�
DVVHVVHG��&&��+7��0(��)'��8/2���WKH�RQO\�H[FHSWLRQ�LV�WKH�7$�FDWHJRU\��LQ�ZKLFK�RSHUDWLRQ�RI�WKH�
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LQGXVWULDO� FRPSRVWLQJ� VLWH� UHVXOWV� LQ� KLJKHU� HQYLURQPHQWDO� EXUGHQV��7DEOH� �� SUHVHQWV� WKH� SRWHQWLDO�
HQYLURQPHQWDO�LPSDFWV�IRU�WKH�WZR�VFHQDULRV�DVVHVVHG�� 
 
7DEOH���±�/&,$�UHVXOWV� 

6FHQDULRV &&� 
�NJ�&2�HT� 

7$� 
�NJ�3HT�� 

+7 
��NJ�����'&%HT� 

0( 
�NJ�����'&%HT� 

)' 
�NJ�2LO� 

8/2� 
�P�D� 

� ������ ���� ������ ����� ����� ���� 
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7KH�LPSDFW�GULYHU�LQ�IRXU�RXW�RI�VL[� LPSDFW�FDWHJRULHV�IRU�6FHQDULR���LV� WKH�WUHDWPHQW�YLD�VDQLWDU\�
ODQGILOO��WKH�RQO\�H[FHSWLRQV�DUH�)3�DQG�7$��,Q�WKHVH�WZR�FDVHV��HQHUJ\�DQG�GLHVHO�FRQVXPSWLRQ�IRU�
LQGXVWULDO� FRPSRVWLQJ�DUH� WKH�PDLQ� LPSDFW�GULYHUV��:KHQ�FRPSDULQJ� WKH� FDUERQ� IRRWSULQW�RI�ERWK�
VFHQDULRV��LW�FDQ�EH�QRWHG�WKDW�UHO\LQJ�VROHO\�RQ�ZDVWH�WUHDWPHQW�WKURXJK�WKH�ODQGILOOLQJ�LV�����PRUH�
LPSDFWIXO�WKDQ�DGGLQJ�FRPSRVWLQJ��UHF\FOLQJ��DQG�UHXVH�WR�WKH�ZDVWH�WUHDWPHQW�RSWLRQV�DSSOLHG�E\�WKH�
FRPSDQ\��([SUHVVLYH�GLIIHUHQFHV�EHWZHHQ�WKH�VFHQDULRV�ZHUH�DOVR�LGHQWLILHG�IRU�+7�DQG�0(��LQ�ZKLFK�
6FHQDULR���LV�����DQG�����PRUH�LPSDFWIXO�WKDQ�6FHQDULR����UHVSHFWLYHO\�� 
5HVXOWV� SRLQW� DW� WKH� HQYLURQPHQWDO� EHQHILW� RI� WKH� LPSOHPHQWDWLRQ� RI� FLUFXODU� SUDFWLFHV� VXFK� DV�
FRPSRVWLQJ��UHXVH��DQG�UHF\FOLQJ�WR�WKH�IRRGVHUYLFH�EXVLQHVV�VWXGLHG��6LQFH�WKH�UHVWDXUDQW�RIIHUV�WKH�
RSSRUWXQLW\�WR�WKH�ORFDO�FRPPXQLW\�WR�EULQJ�WKHLU�RUJDQLF�ZDVWH�WR�WKHLU�VLWH�IRU�IXUWKHU�FRPSRVWLQJ�
YLD�D�WKLUG�SDUW\��ZH�DUJXH�WKDW�WKLV�FDVH�VWXG\�VHUYHV�DV�D�VPDOO�VFDOH�H[SHULPHQW�IRU�WKH�GLUHFWLYHV�
SDUW�RI�WKH�PXQLFLSDO�FRPSRVWLQJ�ODZ�VDQFWLRQHG�E\�WKH�FLW\�RI�)ORULDQRSROLV�LQ�WKH�\HDU������ 
 
&RQFOXVLRQ���,Q�OLJKW�RI�WKH�GHFUHH�Q���������������)ORULDQRSROLV���������WKLV�UHVHDUFK�SRLQWV�DW�WKH�
HQYLURQPHQWDO� EHQHILWV� RI� GLYHUWLQJ� ZDVWH� IURP� WKH� VDQLWDU\� ODQGILOO� DQG� LPSOHPHQWLQJ� FLUFXODU�
SUDFWLFHV�IRU�ZDVWH�PDQDJHPHQW�LQ�WKH�IRRGVHUYLFH�VHFWRU��$V�6FHQDULR���SUHVHQWHG�ORZHU�UHVXOWV�WKDQ�
6FHQDULR���LQ�ILYH�RXW�RI�WKH�VL[�LPSDFW�FDWHJRULHV�DVVHVVHG��&&��+7��0(��)'��8/2���/&$�UHVXOWV�
VKRZ�D�FRQVLGHUDEOH�EHQHILW�RI�WKH�VWXGLHG�YHJDQ�DQG�]HUR�ZDVWH�UHVWDXUDQW�LQ�FRPSDULVRQ�WR�D�UHJXODU�
UHVWDXUDQW��7KHVH�ILQGLQJV�KDYH�LPSOLFDWLRQV�IRU�SROLF\PDNHUV�DQG�VWDNHKROGHUV�OLQNHG�WR�PXQLFLSDO�
VROLG�ZDVWH�YDORUL]DWLRQ��LQFOXGLQJ�IRRG�VHUYLFH�SURIHVVLRQDOV�DQG�DFDGHPLF�UHVHDUFKHUV�� 
 
5HIHUHQFHV� 
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�1DWXUDO�5HVRXUFHV�,QVWLWXWH�)LQODQG��%LRHFRQRP\�DQG�(QYLURQPHQWDO��+HOVLQNL��)LQODQG�
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.H\ZRUGV��KRXVHKROG�IRRG�ZDVWH��FRPSRVLWLRQDO�DQDO\VLV��FOLPDWH�LPSDFW��FDUERQ�IRRWSULQW�
�

&RUUHVSRQGLQJ�DXWKRU��
7HO����������������������
�(�PDLO�DGGUHVV��MXKD�PDWWL�NDWDMDMXXUL#OXNH�IL�
�
$EVWUDFW�
+RXVHKROGV�SURGXFH�DERXW�KDOI�WKH�IRRG�ZDVWH�LQ�)LQODQG��DV�ZHOO�LQ�(XURSH��VLJQLILFDQWO\�DIIHFWLQJ�
WKH�HQYLURQPHQW�DQG�VRFLHW\��7R�PHDVXUH�DQG�XQGHUVWDQG�DOO�WKH�LPSDFW��WKHUH�LV�D�QHHG�IRU�SULPDU\�
GDWD�� DV�ZHOO� DV� DQ� GHYHORSPHQW� RI�PRQLWRULQJ� DQG� DVVHVVPHQW�PHWKRGV�� LQFOXGLQJ� DVVHVVPHQW� RI�
FOLPDWH� LPSDFW�RI� IRRG�ZDVWH�DV�D�SUR[\�IRU�HQYLURQPHQWDO� LPSDFWV��7KH�DLP�RI� WKH�VWXG\�ZDV� WR�
DVVHVV�DPRXQWV�DQG�W\SHV�RI�IRRG�ZDVWH�LQ�KRXVHKROGV�DQG�HVWLPDWH�WKH�FOLPDWH�LPSDFW�RI�ORVW�IRRG��
7KH� PHWKRG� XVHG� ZDV� FRPSRVLWLRQDO� ZDVWH� DQDO\VLV� FRQGXFWHG� LQ� FR�RSHUDWLRQ� ZLWK� ORFDO� ZDVWH�
PDQDJHPHQW� FRPSDQLHV�� FRYHULQJ� PL[HG� ZDVWH� DQG� VHSDUDWHO\� FROOHFWHG� ELR� ZDVWH� LQ� XUEDQ� DQG�
VXEXUEDQ� UHJLRQV� LQ�6RXWKHUQ�)LQODQG��FRYHULQJ� DERXW�����RI�)LQQLVK�SRSXODWLRQ��7KH�VWXG\�ZDV�
GRQH� IRXU� WLPHV� LQ� \HDUV� �����������:H� VRUWHG� DQG�ZHLJKHG� RULJLQDOO\� LQHGLEOH� IRRG�ZDVWH� DQG�
RULJLQDOO\� HGLEOH� IRRG� ZDVWH�� DGGLWLRQDOO\� HGLEOH� IRRG� ZDVWH� ZDV� VRUWHG� LQWR� QLQH� IRRG� W\SH�
FDWHJRULHV��7KH�DYHUDJH�DPRXQW�RI�IRRG�ZDVWH�YDULHG�EHWZHHQ������NJ�FDS�\�DQG������NJ�FDS�\��DQG�
WKH�DPRXQW�RI�RULJLQDOO\�HGLEOH�IRRG�ZDVWH�YDULHG�EHWZHHQ������NJ�FDS�\�DQG������NJ�FDS�\��+LJKHVW�
VKDUH� RI� HGLEOH� IRRG�ZDVWH�ZHUH� )UXLWV� DQG� YHJHWDEOHV� DERXW� �����ZKLOH� LWV� VKDUH� RI� WKH� FOLPDWH�
LPSDFWV�ZDV� RQO\� ��������0HDW� DQG� ILVK� FRQWULEXWHG�PRVW� WR� WKH� FOLPDWH� LPSDFW� RI� HGLEOH� IRRG�
ZDVWH� ���±������ZKLOH� LWV� VKDUH� RI� IRRG�ZDVWH�ZDV�PXFK� VPDOOHU�� DW� ��±�����7KH� WRWDO� FOLPDWH�
LPSDFW�RI�WKUHH�UHJLRQV�ZDV�����PLOOLRQ�NLORV�RI�&2��HTXLYDOHQWV�SHU�\HDU��DQG�FOLPDWH�LPSDFWV�SHU�
FDSLWD�DQQXDOO\�UDQJHG�IURP������NJ�&2��HTY�NJ�FDS�\�WR������NJ�&2��HTY�NJ�FDS�\�LQ�WKH�GLIIHUHQW�
UHJLRQV�� �&ROODERUDWLRQ�ZLWK�ZDVWH�PDQDJHPHQW� FRPSDQLHV� LQ� VRUWLQJ�GHFUHDVHV� WKH�FRVWV�RI� IRRG�
ZDVWH� PRQLWRULQJ�� $PRXQW�� W\SH� DQG� FOLPDWH� LPSDFW� RI� IRRG� ZDVWH� GLG� QRW� YDU\� VLJQLILFDQWO\�
EHWZHHQ�WKUHH�UHJLRQV��
�
,QWURGXFWLRQ�
81(3��������HVWLPDWHG�WKDW�JOREDO�IRRG�ZDVWH�IURP�KRXVHKROGV��UHWDLO��DQG�IRRG�VHUYLFHV�ZDV�DERXW�
����RI�DOO�JOREDO�IRRG�SURGXFWLRQ��DURXQG�����0W�RI�IRRG��DQG�DERXW���±����NJ�SHU�FDSLWD�DQQXDOO\��
,Q�(XURSH�� IRRG�ZDVWH�DPRXQWHG� WR�D� WRWDO�RI�DERXW����0W�DQG�DERXW�����NJ�SHU�FDSLWD�DQQXDOO\��
ZKLFK�ZDV�DERXW�����RI� WKH� WRWDO� IRRG�SURGXFHG� LQ� WKH� VDPH�DUHD� �6WHQPDUFN�HW�DO����������7KLV�
HQRUPRXV�DPRXQW�RI�ORVW�IRRG�FDXVHV�VLJQLILFDQW�HQYLURQPHQWDO�DQG�HFRQRPLF�LPSDFWV��DIIHFWV�IRRG�
VHFXULW\��DQG�LV�D�UHVRXUFH�HIILFLHQF\�LVVXH�IRU�D�KHDOWK\�GLHW�DQG�VXVWDLQDEOH�IRRG�SURGXFWLRQ���7KHUH�
LV� D� FOHDU� QHHG� WR� PRQLWRU� DQG� GHFUHDVH� WKH� DPRXQW� RI� IRRG� ZDVWH� DQG� UHODWHG� FOLPDWH� DQG�
HQYLURQPHQWDO� LPSDFWV�� ZKLFK� DUH� FDXVHG� WKURXJK� XQQHFHVVDU\� IRRG� SURGXFWLRQ�� $OO� DFWLRQV��
LQQRYDWLRQV�DQG�SROLWLFDO� LQLWLDWLYHV� WR�GHFUHDVH�IRRG�ZDVWH� UHTXLUH�VXSSRUW� IURP�GDWD��NQRZOHGJH��
DQG�XQGHUVWDQGLQJ�RI�WKH�JHQHUDWLRQ�RI�):��DQG�WKHUH�LV�HVSHFLDOO\�D�QHHG�IRU�GLUHFW�PHDVXUHPHQWV�
DQG� VWDQGDUGLVHG�PHWKRGV� �;XH� HW� DO��� �������$ERXW� KDOI� WKH� IRRG�ZDVWH� LQ� (XURSH� LV� FDXVHG� E\�
KRXVHKROGV� �6WHQPDUFN�HW�DO���������DQG� WKH�(XURSHDQ�8QLRQ�DQG� LWV�PHPEHU�VWDWHV�KDYH�DGRSWHG�
WKH� 81� 6'*V� WR� KDOYH� IRRG� ZDVWH� DW� WKH� UHWDLO� DQG� FRQVXPHU� OHYHOV� E\� ������ 7R� PDNH� WKH�
PHDVXUHPHQWV�XQLIRUP�DQG�IROORZ�WKH�WDUJHWV��WKH�(XURSHDQ�&RPPLVVLRQ�KDV�HVWDEOLVKHG�D�FRPPRQ�
PHDVXULQJ� DQG� UHSRUWLQJ� PHWKRGRORJ\� IRU� ):� OHYHOV� �(8�� ������� 7KHUH� WKH� ZDVWH� FRPSRVLWLRQ�
DQDO\VLV�LV�RQH�RI�WKH�PHWKRGV�VXJJHVWHG�IRU�KRXVHKROGV��:DVWH�FRPSRVLWLRQ�DQDO\VLV�LV�D�PHWKRG�LQ�
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ZKLFK�ZDVWH�PDWHULDO�DQG�IRRG�ZDVWH�DQG�HGLEOH�IRRG�ZDVWH�DUH�SK\VLFDOO\�VHSDUDWHG�DQG�VRUWHG��$V�
D�PHWKRG� LW�KDV� VRPH�GLVDGYDQWDJHV��7KHUH� LV�D� ODFN�RI�GDWD�RQ� OLTXLG� IRRG�ZDVWH�� FRPSRVWLQJ�DW�
KRPH��DQG�D�ODFN�RI�LQIRUPDWLRQ�DERXW�WKH�FDXVHV�RI�IRRG�ZDVWH�DQG�VRUWLQJ�KDV�VRPH�XQFHUWDLQWLHV�
ZKHQ�WU\LQJ�WR�VHSDUDWH�HGLEOH�IRRG�ZDVWH�FRPSRQHQWV�IURP�WKH�HQWLUH�ZDVWH�PDVV���
�
2EMHFWLYH�
7KH� JRDO� RI� WKH� VWXG\�ZDV� WR� SURGXFH� LQIRUPDWLRQ� RQ� FXUUHQW� IRRG�ZDVWH� DPRXQW� DQG� TXDOLW\� LQ�
)LQQLVK�KRXVHKROGV��IRFXVLQJ�RQ�HGLEOH�SDUW�RI�WKH�IRRG�ZDVWH�DQG�HVWLPDWH�LWV�FOLPDWH�LPSDFW��XVLQJ�
ZDVWH� FRPSRVLWLRQ� DQDO\VLV� PHWKRG�� LQ� WKUHH� UHODWLYHO\� ODUJH� XUEDQ� DQG� VXEXUEDQ� UHJLRQV� LQ�
6RXWKHUQ�)LQODQG��+HOVLQNL��7XUNX�DQG�7DPSHUH�DUHDV��FRYHULQJ�DERXW�����RI�)LQQLVK�SRSXODWLRQ��
7KLV� ZDV� WKH� ILUVW� ZDVWH� FRPSRVLWLRQ� DQDO\VLV� WR� IRFXV� RQ� )LQQLVK� KRXVHKROGV� DQG� LQFOXGHG� DQ�
DQDO\VLV� RI�ERWK� HGLEOH� DQG� LQHGLEOH� IRRG�ZDVWH� IUDFWLRQV��ZKHQ� WKH� SUHYLRXV�)LQQLVK� GLDU\� VWXG\�
LQFOXGHG�RQO\�HGLEOH�IRRG�ZDVWH��6LOYHQQRLQHQ�HW�DO�����������
�
0HWKRGV�
:H�GHILQHG�IRRG�ZDVWH�DV�DOO�ZDVWHG�IRRG�RU�IRRG�PDWHULDO��LQFOXGLQJ�RULJLQDOO\�LQHGLEOH�IRRG�ZDVWH��
LQFOXGLQJ�FRIIHH�JURXQGV�DQG�YHJHWDEOH�SHHOLQJV��DQG�RULJLQDOO\�HGLEOH�IRRG�ZDVWH��DOO�WKH�IRRG�WKDW�
FRXOG�KDYH�EHHQ�HDWHQ�E\�KXPDQV�EHIRUH�GLVFDUGLQJ��DV�EDVLFDOO\�GHILQHG�LQ�)86,216�GHILQLWLRQDO�
IUDPHZRUN��gVWHUJUHQ�HW�DO�����������:H�FRQGXFWHG�IRXU�ZDVWH�FRPSRVLWLRQ�DQDO\VLV�VWXGLHV��ZKLFK�
LQFOXGHG�ERWK�PL[HG�DQG�ELR�ZDVWH�� LQ� WKUHH�ZDVWH�PDQDJHPHQW�DUHDV�� ��� WKH�+HOVLQNL�DUHD� ������
DQG� ������� ��� WKH� 7DPSHUH� DUHD� �������� DQG� ��� WKH� 7XUNX� DUHD� �������� $OO� WKH� VWXGLHV� ZHUH�
XQGHUWDNHQ� LQ�FRRSHUDWLRQ�ZLWK� ORFDO�ZDVWH�PDQDJHPHQW�FRPSDQLHV��7KH�FRPSDQLHV�VRUWHG�PL[HG�
ZDVWH� IUDFWLRQV� WR� DQDO\VH� WKH� FRPSRVLWLRQ� RI�PL[HG� ZDVWH�� DQG� ZH� IXUWKHU� VRUWHG� WKH� IUDFWLRQV��
LQFOXGLQJ�IRRG�ZDVWH��6HSDUDWHO\�FROOHFWHG�ELRZDVWH�VDPSOHV�ZHUH�WDNHQ�GLUHFWO\�IURP�WKH�ORDGV�DQG�
VRUWHG��7KHUH�ZHUH����ZDVWH�ORDGV��IURP�ZKLFK�����VDPSOHV�ZHUH�WDNHQ�IRU�VDPSOLQJ��(DFK�VDPSOH¶V�
PDVV�ZDV� DURXQG�����NJ�RI�ZDVWH��7KH�VRUWLQJ�PHWKRG�ZDV�PDQXDO�E\� UHVHDUFKHUV� DQG� VDPSOLQJ�
ZDV�GRQH�DFFRUGLQJ�WR�WKH�LQVWUXFWLRQV�RI�)LQODQG¶V�2UJDQLVDWLRQ�RI�0XQLFLSDO�6ROLG�:DVWH�DQG�LWV�
VWDQGDUG�IRU�PL[HG�ZDVWH�FRPSRVLWLRQ�DQDO\VLV��DQG�ILQDOO\�HGLEOH�IRRG�ZDVWH�ZDV�ZHLJKHG�E\�W\SH��
9HJHWDEOHV��3RWDWRHV��)UXLW�DQG�EHUULHV��%UHDG��0HDW�DQG�ILVK��HWF��� LQ�GLIIHUHQW�PDLQ�IRRG�SURGXFW�
JURXSV�� :H� GLYLGHG� WKH� IRRG� ZDVWH� PDVVHV� RI� GLIIHUHQW� IRRG� SURGXFW� JURXSV� E\� WKH� QXPEHU� RI�
LQKDELWDQWV�DORQJ� WKH�ZDVWH�FROOHFWLRQ�URXWHV� WR�REWDLQ� WKH�DPRXQW�RI�):�SURGXFHG�SHU� LQKDELWDQW�
DQG�\HDU�IRU�HDFK�KRXVLQJ�DQG�IRRG�ZDVUH�W\SH��:H�H[WUDSRODWHG�WKLV�GDWD�WR�WKH�ZKROH�FLW\�DUHD�E\�
PXOWLSO\LQJ�WKH�DPRXQW�RI�IRRG�ZDVWH�SHU�SHUVRQ�E\�WKH�WRWDO�QXPEHU�RI�LQKDELWDQWV�LQ�ERWK�KRXVLQJ�
W\SHV� DQG� GLYLGHG� WKH� UHVXOWLQJ� WRWDO� PDVV� E\� WKH� WRWDO� QXPEHU� RI� LQKDELWDQWV� LQ� WKH� DUHD��0RUH�
GHVFULSWLRQ�RI�WKH�PHWKRG�UHJDUGLQJ�FRPSRVLWLRQ�DQDO\VLV�FDQ�EH�IRXQG�DW�6LOYHQQRLQHQ�HW�DO����������
�
7KH� FOLPDWH� LPSDFW� DVVHVVPHQW� RI� VRUWHG� IRRG� JURXSV� DQG� IUDFWLRQV�ZDV� FDOFXODWHG� EDVHG� RQ� OLIH�
F\FOH�DVVHVVPHQW�EDVHG�LQIRUPDWLRQ�RI�IRRGV�IURP�WKH�OLWHUDWXUH��EDVHG�RQ�DYHUDJH�RQ�W\SLFDO��EHVW�
DYDLODEOH� FDUERQ� IRRWSULQW� �&)�� UHVXOWV� DQG� HVWLPDWHV�� FRQFHUQLQJ� )LQQLVK� PDUNHW� VLWXDWLRQ� DQG�
SURGXFWLRQ� RI� WKRVH� IRRGVWXIIV�� ,W� ZDV� DVVXPHG� WKDW� DOO� SURGXFWV� ZHUH� VROG� E\� UHWDLOV�� 6\VWHP�
ERXQGDULHV�IRU�&)V�RI�IRRG�ZDV�IURP�SURGXFWLRQ�RI�IDUP�LQSXWV�XS�WKH�GHOLYHU\�WR�WKH�UHWDLOHUV��7KH�
PDLQ�OLIH�F\FOH�SKDVHV�LQFOXGHG�LQ�WKH�V\VWHP�ERXQGDULHV�RI�WKH�&)V�ZHUH�WKH�SURGXFWLRQ�RI�LQSXWV�
�H�J��IHUWLOL]HUV��OLPH��VHHGV��WR�DJULFXOWXUH��DJULFXOWXUDO�SULPDU\�SURGXFWLRQ��IRRG�SURFHVVLQJ�VWDJHV�
DQG� WUDQVSRUWDWLRQV�� 6KRSSLQJ� WULSV�� UHWDLO�� VWRULQJ�� SDFNDJLQJ� SURGXFWLRQ�� UHIULJHUDQW� OHDNDJHV�� RU�
FRRNLQJ�RI� IRRG�DQG�ZDVWH�PDQDJHPHQW�ZHUH�QRW� LQFOXGHG��(PLVVLRQV� IURP� ODQG�XVH� FKDQJH�DQG�
FKDQJH� RI� FDUERQ� VWRFNV�ZHUH� QRW� LQFOXGHG�� GXH� WR� WKH� ODFN� GDWD��7KH� FOLPDWH� LPSDFW� DVVHVVPHQW�
ZHUH�GRQH�LQ�GLIIHUHQW�SURGXFWV�JURXSV�VR��WKDW�VRUWHG�DQG�UHSRUWHG�IRRG�JURXSV�ZHUH�SDUWO\�GLYLGHG�
IRU� GHWDLOHG� IUDFWLRQV� RI� IRRG� JURXSV�� 9HJHWDEOHV� ZDVWH� FRQVLVWV� RI� PDLQO\� WRPDWRHV�� FXFXPEHU��
SHSSHU�DQG� OHWWXFH��0DMRULW\�RI�SURGXFWLRQ�RI� WRPDWRHV�DQG�FXFXPEHU�WDNHV�SODFH�LQ�)LQODQG��DQG�
H�J��SHSSHU�LV�PDLQO\�LPSRUWHG��PDLQO\�IURP�6SDLQ�DQG�VRXWKHUQ�(XURSH�DQG�DOVR�IURP�+ROODQG��7KH�
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RULJLQ�RI�IRRG�SURGXFWV�DIIHFWV�WKH�FDUERQ�IRRWSULQWV�DQG�ZHLJKWHG�DYHUDJHV�ZHUH�XVHG�IRU�GLIIHUHQW�
RULJLQV��ZKHQ�SRVVLEOH��&)V�RI�PDMRU�YHJHWDEOH� SURGXFHG� LQ�)LQODQG�KDYH� W\SLFDOO\�KLJKHU�YDOXHV�
FRPSDUHG�H�J��WR�LPSRUW�IURP�6SDLQ�DQG�WKDW�LV�ZK\�DYHUDJH�&)V�RI�YHJHWDEOHV�DUH�D�ELW�KLJKHU�WKDQ�
W\SLFDOO\�LQ�JOREDO�/&$�EDVHG�OLWHUDWXUH�VRXUFHV��VHH�H�J��1HLUD�HW�DO��������1WLQDV�HW�DO��������3DJH�
HW�DO��������3RRUH�DQG�1HPHFHN�������6LOYHQLXV�DQG�.DWDMDMXXUL��������

3RWDWRHV�DUH�PDLQO\�SURGXFHG� LQ�)LQODQG��DQG�SDUWO\�6ZHGHQ��7KHUH�DUH�VFLHQWLILFDOO\� UHSRUWHG�&)�
VWXGLHV�FRQFHUQLQJ�SRWDWR�FXOWLYDWLRQ�LQ�6ZHGHQ��EXW�IURP�)LQQLVK�SRWDWR�SURGXFWLRQ�VFLHQWLILFDOO\�
SXEOLVKHG�GDWD�LV�QRW�DYDLODEOH��7KHUH�DUH�WZR�UHFHQW�)LQQLVK�UHVHDUFK�UHSRUW�RQ�&)�RI�)LQQLVK�SRWDWR�
SURGXFWLRQ��GRQH�IRU� ODUJH�)LQQLVK�SRWDWR�SURGXFHUV�� DQG� WKHVH�ZHUH�XVHG�DV�D�EDVLV�RI�SRWDWR�&)�
HVWLPDWH�DV�ZHOO��7KHUH�ZHUH�QR�PDMRU�GLIIHUHQFHV�EHWZHHQ�SRWDWR�&)�UHVXOWV�EHWZHHQ�6ZHGHQ�DQG�
)LQODQG�� �+DUULVRQ�HW�DO��������5lVlQHQ�HW�DO��������5||V�HW�DO���������&RQVXPSWLRQ�RI� IUXLWV�DQG�
EHUULHV� LQ� )LQODQG� LV� GRPLQDWHG� E\� LPSRUWHG� IUXLWV�� HVSHFLDOO\� EDQDQDV�� FLWUXV� IUXLWV�� DSSOHV� DQG�
PHORQV��&)�HVWLPDWHV�RI�3RRUH�DQG�1HPHFHN��������ZDV�XVHG�IRU�)UXLWV�DQG�EHUULHV��FDWHJRU\��7KH�
ORFDO�DSSOHV�ZHUH�IRXQG�RQH�PDLQ�VSHFLILF�2()�JURXS�LQ�FRPSRVLWLRQDO�DQDO\VLV��1R�GDWD�H[LVW� LQ�
&)� RI� ORFDO� )LQQLVK� DSSOHV�� EXW� WKHLU� &)� ZDV� HVWLPDWHG� WR� EH� UDWKHU� ORZ�� EDVHG� RQ� 3RRUH� DQG�
1HPHFHN� ������� &OXQH� HW� DO�� �������� &RQFHUQLQJ� SDVWD� DQG� ULFH� ±FDWHJRU\�� SDVWD� SURGXFWV� DUH�
GRPLQDWLQJ� FRQVXPSWLRQ� LQ� )LQODQG�� 6FLHQWLILF� UHVXOWV�&)� RI� SDVWD� LV� UDWKHU� OLPLWHG�� 6ZHGLVK�&)�
GDWD�RI�5||V�HW�DO���������ZDV�XVHG�WR�LOOXVWUDWH�)LQQLVK�SDVWD�SURGXFWLRQ��DQG�DGGLWLRQDOO\�LV�ZDV�
FKRVHQ�WR�XVH�XSGDWHG�&)�GDWD�E\�ODUJH�(XURSHDQ�SURGXFHU�%DULOOD���������&)�RI�ULFH�ZDV�EDVHG�RQ�
3RRUH�DQG�1HPHFHN���������&)�RI�EUHDG�ZDV�EDVHG�RQ�XVH�RI�ZKHDW�DQG�GDUN�EUHDG��XVLQJ�3RRUH�	�
1HPHFHN��������DQG�6LOYHQLXV�HW�DO���������DV�PDLQ�OLWHUDWXUH�VRXUFHV���

0RVW� RI� WKH� HGLEOH� IRRG� ZDVWH� RI� WKH�0HDW� DQG� )LVK� SURGXFW� JURXS� LV� PHDW��0HDW� FRQVXPHG� LV�
SURGXFHG�PDLQO\�LQ�)LQODQG�DQG�LW�FRQVLVWV�PDLQO\�SRUN��FKLFNHQ�DQG�EHHI��:KROH�PHDW�DQG�PLQFHG�
PHDW�ZHUH� WKH� RQHV�PRVWO\� GLVFDUGHG�� )LQQLVK�PRVW� UHFHQW� &)� GDWD�ZDV� XVHG� IRU�PHDW� DQG�PHDW�
SURGXFWV�� 0RVW� RI� WKH� HDWHQ� EHHI� LV� FRPLQJ� IURP� GDLU\� EUHHG� EHHI� SURGXFWLRQ�� &)� GDWD� RI� EHHI�
SURGXFWLRQ�ZDV� GHULYHG� IURP�+LHWDOD� HW� DO�� �����D��� WDNLQJ� LQWR� DFFRXQW� RI� VKDUHV� EHHI� DQG� GDLU\�
EUHHG�EHHI��%HVW�XS�GDWH�HVWLPDWHV�RI�DYHUDJH�)LQQLVK�FKLFNHQ�PHDW�LI�IURP�8VYD�HW�DO���������DQG�
UHVSHFWLYHO\�&)�RI�DYHUDJH�SRUN�PHDW�ZDV�EDVHG�RQ�+LHWDOD�HW�DO�������E���)LVK�LV�PDLQO\�LPSRUWHG�
WR�)LQODQG��7KH�PDLQ�GDWD�VRXUFH�IRU�LPSRUWHG�ILVK�ZDV�=LHJOHU�HW�DO���������DQG�&)�HVWLPDWHV�RI�WKH�
)LQQLVK�ILVK�SURGXFWV�ZHUH�IURP�6LOYHQLXV�HW�DO����������&KXQN�FKHHVH�DQG�VRPH�RWKHU�PLON�SURGXFWV�
�QRW�PLON��ZDV� GLVFDUGHG�PRVWO\� IURP� WKH� FKHHVH� DQG� RWKHU�PLON� SURGXFWV� FDWHJRU\��0RVW� RI� WKH�
FRQVXPHG�PLON�DQG�PLON�SURGXFWV�DUH�PDLQO\�SURGXFHG�LQ�)LQODQG��EXW�FKHHVH�LV�DOVR�LPSRUWHG��$V�
WKHUH�DUH�QRW�UHFHQW�VFLHQWLILFDOO\�SXEOLVKHG�&)�UHVXOWV�RQ�WKHVH�SURGXFWV��&)V�RI�PLON�SURGXFWV�DQG�
FKHHVH�ZHUH� DVVXPHG� WR� EH� VLPLODU� WKDQ� LQ�'HQPDUN� DQG� )O\VM|� �������� )O\VM|� HW� DO�� ������� DQG�
DGGLWLRQDOO\�('$��������ZDV�XVHG�DV�D�NH\�OLWHUDWXUH�VRXUFHV�IRU�DOO�WKH�PLON�SURGXFWV��7KH�2WKHU�
SURGXFWV� JURXS� FRQVLVWHG� RI�PDQ\� VXESURMHFW� JURXSV� DQG� IRRG� LWHPV� VXFK� DV� KRPHFRRNHG�PHDOV�
�ZKLFK�FRXOG�QRW�EH�GLYLGHG�LQWR�DFWXDO�IRRG�W\SHV���FHUHDO�SURGXFWV�RWKHU�WKDQ�EUHDG��UHDG\�PDGH�
DQG� WDNHDZD\� IRRG��JUDYLHV�DQG�VSLFHV��GHVVHUWV��SDVWULHV�� FRQIHFWLRQDU\�� DQG�VQDFNV��DOO� IRRG� WKDW�
FRXOG�QRW�EH� VRUWHG� LQ� WKH�RWKHU� FDWHJRULHV�� ,Q� WKH� FOLPDWH� LPSDFW� DVVHVVPHQW� IRRG�SURGXFW�JURXS�
VSHFLILF� OLWHUDWXUH�VRXUFHV�ZHUH�XVHG�ZKHQ�SRVVLEOH�� �5HJDUGLQJ�VRPH�VSHFLILF�VXE�JURXSV�VXFK�DV�
UHDG\�PDGH�PHDOV�ZKLFK� FRQVLVW� RI�PXOWLSOH� W\SHV� RI� SURGXFW� JURXSV��ZH� DOVR�PDGH� DQ� HVWLPDWH�
XVLQJ� WKH� ZHLJKWHG� DYHUDJH� &)� RI� DOO� SURGXFW� JURXSV� LQ� WKH� FDVH� RI� +HOVLQNL� ������ )LQDOO\�� ZH�
FRPELQHG� WKH� DYHUDJH� FOLPDWH� LPSDFW� RI� IRRG�ZDVWH� SHU� SHUVRQ� SHU� \HDU� IRU� DOO� WKUHH� FLWLHV��:H�
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Introduction 
In circular food production, it is important to make the best possible use of all resources to prevent 
losses from the food system. Valuable resources, such as food waste and by-products, could have 
several potential usages, as for instance soil improvement, energy production or animal feed. 
Historically, uncooked food has been used as feed in pig production, but in recent decades specific 
disease outbreaks have occurred and therefore different regulation have been introduced for using 
food waste as animal feed. Concerns about the risk of transmitting bacteria, prions, parasites and 
viruses have made it difficult to use food waste for animal feed if it cannot be ensured that it does 
not contain animal tissue (Shurson, 2020). However, the requirements for sorting, traceability and 
heat treatment can be satisfied for food waste from the food industry and therefore this can be safely 
used as feed. For instance, whey from dairy production is still used as feed in the specialized pig 
production, historically often at very cheap prizes or even for free if the farm is nearby the dairy. 
Wet by-products as dairy residuals are beneficial used as liquid feed and Brooks et al. (2001) 
showed that wet feeding of pigs was more effective, positive for health and gave less salmonella. 
Food co-products such as dried whey, fish meal and heat processed cereals can be used in diets for 
weanling pigs, and moderate levels of food waste can be used in the diet for growing finishing pig 
without negative effect on growth performance and meat quality (Fondevila et al., 2021; Kjos et al., 
2000). Rajeh et al. (2021) made a comprehensive review of using food waste as animal feed and 
found that various types of food losses and wastes are generally nutritious and can be converted into 
safe feeds by modern technologies, and animals fed with waste-based feeds had comparable feed 
conversion ratios to those grown using conventional feeds. In addition, inclusion of co-products and 
former food products in the diet for growing-finishing pig can in some cases reduce the 
environmental impact of livestock systems (Mackenzie et al., 2016; Pinotti et al., 2021). Therefore, 
this study aims to document the environmental impact of using food waste and by-products for 
animal feed. 
 
Material and method 
The study involved both a feed function and a treatment function and therefore a functional unit was 
chosen that reflects both: Production of 1 kg pork and treatment of the corresponding amount of 
food waste/residual. The systems included in this study was as follows: 

x DAIRY - Production of 1 kg pork (slaughter weight) from cradle to farm gate and treatment 
of residual from the dairy industry 

x MIXED - Production of 1 kg pork (slaughter weight) from cradle to farm gate and treatment 
of mixed food waste from the food industry.  

In both systems, the use of dairy residuals or mixed food waste as feed was compared to the use of 
standard feed and anaerobic digestion of the food waste or residuals as the reference cases. 
Interviews were conducted with farmers who use these feeds to gather knowledge about 
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experiences in practical use. Details regarding the pig production system and the standard diet used 
in the reference cases, is described in Møller et al. (2022). In the reference cases, the mixed food 
waste or dairy residual were assumed to be treated in a biogas plant that upgrades biogas to fuel 
quality and substitute diesel. A sensitivity analysis has also been performed where biogas is used for 
biogas district heating. The digestate is assumed to be transported to farmers which uses it as 
biofertilizer and substitute artificial fertiliser (N 22%, P 3%, K 10%) (Lyng et al., 2015). The 
nitrogen content for mixed food waste was estimated based on several publications (Bouallagui et 
al., 2009; Cavinato et al., 2010; Murto et al., 2004; Rossi et al., 2004) and the biogas potential from 
Carlsson & Uldal (2009). Methane leakage from the biogas tank was 2.9% of the biogas produced. 
 
The dairy residuals are a mix of whey from cheese production, buttermilk from butter production 
and waste due to product changes and errors in production process. The dry matter and content of 
dairy waste was specific data given by the dairy company and the nitrogen content was calculated 
based on the protein content assuming 16% of nitrogen per kg protein (Table 1). The residual dairy 
feed is mixed with a feed concentrate from the feed supplier to achieve a balanced diet. The feed 
provides good growth and in addition the acidified residuals, e.g., yogurt, reduces any problems 
with diarrhoea.  
 
The mixed food waste consists of waste from the food industry and wholesale warehouses (dairy 
residuals, bread, flour, fruit and vegetables, dairy, chips, finished goods, mayonnaise, caviar, 
chocolate��EUHZHUV¶�JUDLQ��Htc.). A software is used to calculate the content of energy and protein and 
it is thus possible to compose it into a specific nutrient content to keep the nutrient value of the feed 
stable throughout the year (details in Table 1). If the available waste does not have sufficient protein 
or energy content, it is adjusted by adding soybean meal or oil. The packaging is sorted out and 
either recycled or incinerated and the food waste that cannot be used as feed is delivered to 
anaerobic digestion. The food waste is heat treated and transported to the pig farms in the region. 
Return transport is used to collect food waste. The farmer uses the mixed food waste with a special 
adapted feed mix from the feed supplier because there is a need to add extra vitamins and minerals 
that disappears during the heat treatment. The feed has a low pH value due to use of soft drink in 
the mixture and can therefore be stored for up to 14 days.  
 
Table 1 Details for dairy residuals and mixed food waste regarding dry matter, net energy, protein content, nitrogen content and the 
theoretical biogas potential. 

 Dairy residuals Mixed food waste 
Dry matter (DM) % 8,5 22 
Energy (MJ/kg DM) 7,6 20,5 
Protein g/kg DM 171 145 
N content (kg/tonne DM)    27    23 
Theoretical biogas potential (Nm3/tonne DM) 494  600 
 
Table 2 shows the amount of feed for the reference case for sows, piglets and growing finishers and 
how much of the standard diet that can be replaced by dairy residuals or mixed food waste.  
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Table 2 Quantity of feed for REFERENCE and proportion of dairy residuals and mixed food waste which replaces feed concentrate 
in DAIRY and MIXED for sow, piglet and growing finisher. 

  REFERENCE DAIRY MIXED 
Kg feed/sow per year            1 370  24 % - 
Kg feed /piglet 32 16 % - 
Kg feed/growing finisher 229 30 % 85 % 
 
The impact assessment is based on the product environmental footprint category rules (PEFCR) for 
feed for food producing animals (FEFAC, 2018) where six impact categories have been identified as
 the most relevant. 
 
Results  
The results for climate change are shown in Figure 1, where the REFERENCE cases are shown as 
both gross impact for pig production and biogas treatment and the total net impacts compared to the 
MIXED and DAIRY cases. The figure shows that there is an insignificant difference between 
REFERENCE and MIXED (2%) and DAIRY (-1%), respectively. This is because there is a large 
climate benefit in upgrading methane to fuel quality that can replace diesel, i.e. avoided emissions 
which are resulting in negative impacts. 
 

REFERENCE compared to MIXED REFERENCE compared to DAIRY 

  
Figure 1 Results for climate change for the REEFERENCE case, gross impacts for reference pig production and reference biogas 
treatment and net impacts compared with the MIXED case and DAIRY case, respectively. 

All the six included environmental impact categories are shown in Figure 2, where MIXED case 
and DAIRY case are compared with the REFERENCE cases. The results are converted to relative 
values, and the REFERENCE cases are set to 100%. As already described, climate change is at the 
same level for both MIXED and DAIRY when compared to REFERENCE, but for the other impact 
categories MIXED and DAIRY have lower impact. The only exception is water use for DAIRY, 
which is at the same level as the REFERENCE. The land use is considerably lower for MIXED than 
for DAIRY and this is because the mixed food waste replaces a much larger part of the feed for the 
slaughter pig than with the use of dairy residuals.  
 

The sensitivity analysis, where assuming that the biogas in the REFERENCE had been used for 
district heating instead of upgrading to fuel quality, shows that the impacts are lower or at the same 
level for MIXED and DAIRY when compared to the REFERENCE. For particulate matter the 
sensitivity analysis shows an increase. When replacing diesel, the avoided emissions from 
combustion of diesel give lower emissions, but when the biogas instead replaces district heating, 
this effect is not achieved. 
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REFERENCE compared to MIXED REFERENCE compared to DAIRY 

  
Figure 2 MIXED case and DAIRY case are compared with the REEFERENCE cases, where the results for six impact categories are 
converted to relative values, and the REFERENCE cases are set to 100%. The figure also shows results from the sensitivity analysis, 
where the biogas in the REFERENCE cases replaces district heating. 

The interviews with pig farmers who used mixed food waste and dairy residuals as feed showed that 
they were satisfied with using this as feed in terms of growth, well-being of the pigs and financially. 
Use of these liquid feeds, however, requires investment in equipment at the farm for storage and 
pumping and a larger manure pit needed as there is a lot of water in the feed. 
 
Discussion 
The results show that by using mixed food waste and dairy residuals for feed, a reduction in 
environmental impacts can be achieved. How large this reduction is, depends on what is the current 
use of the biogas and thus what it replaces. The reduction in climate change is greatest when biogas 
replaces district heating. Even when a reduction in climate change is not achieved, such as when 
biogas replaces diesel, the other environmental impacts will be reduced when using food waste and 
dairy residuals as feed. Land use is considerably reduced, and this means that agricultural land, 
which in reference was used to produce feed, instead can be used for direct production of human 
edible food. Reuse of food, utilization of by-products and food waste increases the circularity of the 
food system, as described by Jurgilevich et al. (2016). The waste from the food system should be 
recycled back into the food system and livestock should be used to convert bioresources that 
humans cannot eat into valuable food products which could otherwise be lost from the system (de 
Boer & van Ittersum, 2018). 
 
The use of residual feed is well suited for pig production and experience shows that it provides a 
good growth performance and animal welfare. However, it is important to consider the food safety 
aspect when using these feeds. Residual waste is a limited resource and will mostly be available to 
the farms that are within a certain distance from the collection and treatment facility. Therefore, 
residual waste cannot replace standard feed on a large scale. Nevertheless, reducing food waste 
should always be the priority mitigation option. 
 
Conclusion 
The study documents that the use of food waste and by-products for feed can be a good 
environmental solution and an important resource for farmers who have access to this. The 
reduction of impacts depends on the basis for the reference and what the biogas replaces.  
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Background and purpose Food loss is of high importance since the environmental emissions and 
impacts along with the consumption of scarce resources such as land, water, and energy in all parts 
of the supply chain that was used to produce the food goes to waste and more environmental 
impacts and resources will be needed to feed the growing world population. Therefore, reducing 
food losses is widely recognized to meet the challenges of global food security, global warming, 
biodiversity loss, and protection of natural resources (Munesue et al. 2015). Food loss in relation to 
livestock products are even worse since they have high impacts on climate change and other 
environmental problems. Pork production represents RQH�RI�WKH�ZRUOG¶V�ODUJHVt livestock categories 
and is expected to increase in the future due to increasing population, rising incomes, and 
urbanization. In Europe, approximately, 23% of the production in the meat sector is lost or wasted 
in all stages of the food chain (Lipinski 2020). The largest share is generated at the consumption 
level followed by the processing (Hodges et al. 2010). Several studies have tried to quantify the 
consumption-stage food waste, but less is known about the processing stage considering inputs of 
resources, outputs of edible products and inedible by-products, and all associated environmental 
impacts  (Mogensen et al. 2016). Furthermore, most data on food loss are only related to a few 
industrialized countries, and most are based on secondary data. Therefore, the focus of this study is 
the food loss in the slaughterhouse stage, where the live animal is processed into edible products 
and inedible by-products. Increasing the share of live animal that ends as edible products for 
humans can reduce the environmental footprint per kg of edible products significantly (Mogensen et 
al. 2016). In addition, slaughterhouses generate many inedible by-products which can be used for 
various purposes. Optimal usage of slaughterhouse products and by-products in-line with circular 
bioeconomy principles can reduce the use of resources, avoid disposal costs, and create 
environmental credits for the entire system (Mogensen et al. 2016). Considerations of food loss in 
the meat supply chain also require considerations of its fate. This implies modelling the waste 
treatment process (e.g., incineration) or if the by-products can be beneficially used (for animal feed, 
biogas production, etc.). In this modelling, these co-production processes were handled by using 
either system expansion or allocation. The aim of this study was to examine the environmental 
performance of the pork production system covering the entire chain from the farm to the edible 
products and side streams leaving the slaughterhouse, to explore the potential of mitigating 
environmental impacts at the slaughterhouse stage. Three different approaches to handle by-
products were applied to assess their ability to capture environmental improvements at 
slaughterhouse level.  
 
Methods A complete cradle-to-slaughterhouse gate LCA was performed.  The functional unit was 1 
kilo edible pork product. Four different environmental indicators were considered, global warming 
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potential, eutrophication potential, acidification potential, and abiotic depletion. The system 
boundaries include the environmental emissions associated with the primary pig production, 
transport of pigs to slaughterhouses, the slaughtering process, and the waste management of 
inedible by-products when using system expansion, see Figure 1. The primary production was 
modelled based on secondary data, because the focus in this study is on food losses at the pig 
slaughterhouses, and the effect of reducing the amount of food loss on the environmental impact of 
one kilo of pork product for human consumption. The most recent study on the Danish pig 
production was used for the environmental emissions associated with the farm stage (Dorca-Preda 
et al. 2021), where more details about the system can be found. Life cycle inventory data from four 
different meat-processing sites in Europe (Denmark, Sweden, Poland, and Germany) was used for 
benchmarking and identifying risks and opportunities within the slaughterhouse stage. An LCA was 
conducted on the current practices and possible future scenarios involving an increasing utilization 
of edible products for human consumption and the use of inedible by-products. Modelling the use of 
inedible by-products implies expanding the system boundaries to include the marginal use of the 
by-products for either animal feed, medical purposes, biogas and biodiesel production, production 
of fertilizers, or waste management. Modelling of the by-product treatments included all associated 
environmental impacts at the production stage as well as the avoided products.  
 

 
Figure 1 System boundaries. T = Transport, DK = Denmark, SE = Sweden, PL = Poland, and DE = Germany. 
 
A sensitivity analysis was performed using three different approaches to handle multifunctionality 
and several products at the slaughterhouse stage: 1) system expansion, 2) mass allocation, and 3) 
economic allocation. In the processing, slaughterhouses are particularly important since they 
generate a lot of edible products and inedible by-products. To optimize the slaughterhouse 
processing to reduce the environmental impact, a central methodological issue is allocation. The 
basic role for partitioning the environmental burdeQV�LQ�PDVV�DOORFDWLRQ�LV�EDVHG�RQ�µZHLJKW�DV� LV¶�
and follow the approach explained in UECBV 2019. To conduct the allocation at the slaughterhouse, 
the main product, by-products, and wastes should be categorized in the following product groups:1) 
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Products used for human consumption, 2) Products for animal feed applications, such as pet food or 
feed for fur animals, 3) Products sold for rendering, 4) Products sold to pharma industry, and 5) 
Products sold for biogas production. Economic allocation is performed as suggested in Zampori and 
Pant 2019, except for the categorization, where the same product group is applied like for mass 
allocation. To calculate the environmental impacts the following formula is applied: 
 
Equation 1  EIi = EIw * ARi 
 
Where, EIi is the environmental impact per mass unit of product i, (i = a slaughterhouse output), EIw 
is the environmental impact of the whole anima divided by live weight mass of the animal and ARi 
is the allocation ratio for product i (calculated as economic value of I divided by mass fraction of i) 
(Zampori & Pant 2019). Economic data was collected for all four slaughterhouses, two of them are 
considered large-scale (DK and DE) and the two others are considered small-scale slaughterhouses 
(SE and PL). The small-scale slaughterhouses experience less price fluctuations because products 
are sold to the domestic market, whereas large scale-slaughterhouse have larger market access and 
they export most of their products. Moreover, small-scale slaughterhouses have less ability to utilize 
waste streams and upcycle the inedible products.  
 
Results and discussion The yield of edible products per animal slaughtered showed a large 
variation between the different slaughterhouses from 72% of live weight (LW) from the Swedish 
slaughterhouse to 88% of LW for the German slaughterhouse. The large variation was mainly due to 
sales opportunities. A lower utilization of the animal for human consumption was detected in small-
scale slaughterhouses because the untraditional cuts like the feet, tail, and head cannot be sold to the 
domestic market in Europe. These products are often sold to countries in Asia, where such cuts are 
culturally considered a delicacy. 7KHUH� LV� D� SXEOLF� XQGHUVWDQGLQJ� WKDW� µHDWLQJ� ORFDOO\¶� FDQ� KHOS� WR�
reduce the environmental footprint. However, in this case, eating locally can be largely ineffective 
in reducing the environmental footprint of meat products if local consumption does not imply eating 
all parts of the animal. This study does not include the additional emissions for processing, 
transportation, and packaging when utilizing more of the animal for human consumption. 
Nevertheless, recent findings from Poore and Nemecek 2018 suggest that these life cycle stages 
account for around 10% of the carbon emissions in the production of pig meat. These emissions are 
overshadowed by the emissions related to land use changes, farm-related emissions, and emissions 
associated with animal feed production. When considering optimal utilization, which implies that 
all by-products that could be sold for human consumption on a global market are utilized (not 
taking into account conditions about production economy and access to market), the results showed 
that the greenhouse gas (GHG) emission per kg of edible product was reduced significantly. The 
slaughterhouse process is only associated with low levels of environmental emissions which can be 
offset by the by-product recovery when applying system expansion. The major barriers on 
slaughterhouse level to increase the share of edible products for human consumption were identified. 
These were mainly a) lack of packaging and freezing capacity and therefore favoring high-value 
meat cuts, b) large pigs exceed optimal slaughterhouse weight being discharged or causing issues 
with machinery in the slaughterhouse, c) spillages due to fast production time for the employees, d) 
missing processes such as melting of fat, and e) lack of market outlets which lead to downgrading 
the share of human edible products. There is a large variation in GHG emissions per kg of edible 
product when using the different allocation approaches. The lowest environmental impact per kg of 
edible product was from using mass allocation. When using mass allocation, the same amount of 
emission is assigned to the edible products as to the inedible by-products. This allocation approach 
leaves therefore no incentive to increase the human yield or ensure optimal use of the side streams 
at the slaughterhouse level. Economic allocation is better suited to capture measures to mitigate 
environmental impact, which will create an incentive to utilize the largest share of the animal. 
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Increasing the share of live animal for human consumption entails using meat by-products such as 
blood, hearts, liver, lungs, and other offal, which would undergo a further processing. The most 
popular processed red meat products are sausages, pre-cooked ready-to-eat products like frankfurter 
and mortadella, liver pâté, and fermented sausages e.g., salami, chorizo, and pepperoni). The 
processing of meat is subject to many additives to increase flavor, assist in reducing and preventing 
microbial growth, colour fixative etc. One example is sausages that contain nitrites added to meat 
product as preservative, colouring, and antimicrobial agent (Libera et al. 2021). Current studies 
have found that high red and processed meat intake increases the risk of all-cause mortality, type-2 
diabetes, colorectal cancer etc. At the same time, the price of processed meat is significantly higher 
than fresh meat products. Hence, companies are in favor of processing meat to increase their profit 
margin. While there is an economic and environmental benefit of utilizing more of the animal for 
KXPDQ�FRQVXPSWLRQ�E\�SURFHVVLQJ�VRPH�RI�WKH�³ERXQGDU\´�SURGXFWV�WKHUH�LV�D�WUDGH-off regarding 
human health and the consumption of processed red meat.  
 
Conclusion There is a large potential to improve the utilization of the live weight of pigs at the 
slaughterhouse stage. Increasing the share used for human consumption will decrease the 
environmental footprint per kg edible product considerably. Optimal use of the by-products is of 
great importance, and to secure that the applied LCA method can help to understand and evaluate 
whether the claimed environmental benefits of circular bioeconomy solution can be achieved and to 
what extent. Using an incentive-driven allocation method is of high importance if wanting to 
stimulate to a more resource-efficient pork production and capture improvements within the 
slaughterhouse to mitigate environmental impacts.    
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�(�PDLO�DGGUHVV��UDP]\�NDKKDW#SXFS�HGX�SH� 
 
$FFHOHUDWHG�SRSXODWLRQ�JURZWK�DQG�XUEDQ�H[SDQVLRQ�LQ�UHFHQW�\HDUV�KDV�OHG�WR�D�SURJUHVVLYH�LQFUHDVH�
LQ�PXQLFLSDO�VROLG�ZDVWH��06:��JHQHUDWLRQ��.D]D�HW�DO����������HYLGHQFLQJ�WKH�QHHG�WR�LPSOHPHQW�
UHDOLVWLF�DQG�FRKHUHQW�SROLFLHV��ZLWK�LQIRUPHG�GHFLVLRQV��0DUJDOOR�HW�DO����������7KXV��FRQVLGHULQJ�WKDW�
KRXVHKROGV�DUH�RQH�RI�WKH�PDLQ�VRXUFHV�RI�06:�JHQHUDWLRQ��8UELQD�5H\QDOGR�	�=~xLJD�,JDU]D��������
DQG�WKDW�DQ�LPSRUWDQW�IUDFWLRQ�RI�WKLV�ZDVWH�LV�RUJDQLF��HVSHFLDOO\�LQ�GHYHORSLQJ�DQG�HPHUJLQJ�QDWLRQV�
�9i]TXH]�5RZH�HW�DO����������WKH�PDLQ�REMHFWLYH�RI�WKH�FXUUHQW�VWXG\�ZDV�WR�DQDO\]H�WKH�FRQQHFWLRQ�
EHWZHHQ�FRRNLQJ�IXHO�FRQVXPSWLRQ�DQG�IRRG�ZDVWH��3HUX�ZDV�WKH�VHOHFWHG�FRXQWU\�IRU�WKH�DQDO\VLV��
FRQVLGHULQJ�WKH�DEXQGDQW�DPRXQWV�RI�IRRG�ORVV�DQG�ZDVWH��)/:��WKDW�DUH�JHQHUDWHG��%HGR\D�3HUDOHV�
	� 'DO¶� 0DJUR�� ������� 7R� WKLV� HQG�� D� OLQHDU� UHJUHVVLRQ� DQG� SULQFLSDO� FRPSRQHQWV� DQDO\VLV� ZDV�
SHUIRUPHG�WR�H[SODLQ�WKH�LQIOXHQFH�RI�IXHO�XVH�DQG�W\SH�RQ�IRRG�ZDVWH�JHQHUDWLRQ�LQ�KRXVHKROGV��$�
GDWDEDVH�ZDV� FRQVWUXFWHG� XVLQJ� LQIRUPDWLRQ� SURFHVVLQJ� VRIWZDUH� �H�J���06�([FHO�� 67$7$�� DPRQJ�
RWKHUV���7KH�VRXUFHV�RI� LQIRUPDWLRQ�WKDW�IHG�WKLV�SURMHFW�DUH�PDLQO\�WKH�(1$+2��,1(,��������DQG�
(5&8(��26,1(5*0,1���������ERWK�QDWLRQDOO\�FRQGXFWHG�VXUYH\V�� 
 
)XHO�FRQVXPSWLRQ� LV�XVHG�IRU�GLIIHUHQW�DFWLYLWLHV� LQ�GDLO\� OLIH�� LQFOXGLQJ�FRRNLQJ��ZKLFK� LV�GLUHFWO\�
UHODWHG�WR�WKH�JHQHUDWLRQ�RI�RUJDQLF�VROLG�ZDVWH��+XDPDQt�0RQWHVLQRV�HW�DO����������,Q�WKLV�VHQVH��WKH�
FRQVXPSWLRQ�WUHQG�RI�WKH�GLIIHUHQW�W\SHV�RI�IXHOV�DW�D�QDWLRQDO�OHYHO�ZDV�DQDO\]HG�SHU�UHJLRQ��5HJDUGLQJ�
WKH� GLVWULEXWLRQ� RI� KRXVHKROGV� E\� JHRJUDSKLF� DUHD�� LQ� XUEDQ� HQYLURQPHQWDO�� ���� XVHG� OLTXHILHG�
SHWUROHXP�JDV��/3*��DQG�����QDWXUDO�JDV��1*���ZKLOH�LQ�UXUDO�DUHDV�����XVHG�/3*�DQG�����XVHG�
ILUHZRRG��26,1(5*0,1������D���5HJDUGLQJ�WKH�XVH�RI�HOHFWULFLW\�IRU�FRRNLQJ��LW�LV�LQVLJQLILFDQW�LI�
FRPSDUHG�WR�WKH�PDLQ�IXHOV�XVHG�VXFK�DV�1*�DQG�/3*��L�H��������QDWLRQZLGH���26,1(5*0,1������E���
/LNHZLVH��WKH�WUHQG�LQ�WKH�XVH�RI�FHUWDLQ�IXHOV�KDV�FKDQJHG�RYHU�WLPH��IRU�H[DPSOH��FHUWDLQ�IXHOV�KDYH�
EHHQ�DEDQGRQHG��H�J���NHURVHQH��DQG�WKH�XVH�RI�RWKHUV�KDV�LQFUHDVHG��H�J���/3*��� 
 
,Q� RUGHU� WR� SURFHVV� WKH� LQIRUPDWLRQ� DQG� FRQVWUXFW� WKH� VWDWLVWLFDO�PRGHOV�� LW� ZDV� DVVXPHG� WKDW� WKH�
REVHUYDWLRQV�SURYLGHG�WKURXJK�QDWLRQDO�UHSRUWV�DUH�UHSUHVHQWDWLYH�DQG�UHIOHFW�WKH�G\QDPLF�EHKDYLRU�RI�
HDFK�UHJLRQ�� ,Q�DGGLWLRQ��GXH�WR� WKH�XVH�RI�DV\PPHWULF�VDPSOHV�� WKH�PHGLDQ�ZDV�FRQVLGHUHG�DV�WKH�
UHIHUHQFH� VWDWLVWLF�� 7KXV�� IURP� WKH� OLQHDU� UHJUHVVLRQ� DQDO\VLV� SHUIRUPHG�� LW� ZDV� REWDLQHG� WKDW� WKLV�
H[SODLQV�����RI�WKH�GDWD�SURYLGHG��,Q�DGGLWLRQ��IURP�WKH�GDWDEDVH�JHQHUDWHG��VRPH�RI�WKH�YDULDEOHV�
XVHG� SUHVHQW� DQ� LPSRUWDQW� FRUUHODWLRQ�� IRU� H[DPSOH�� QXPEHU� RI� URRPV� YV�� HOHFWULFLW\� H[SHQGLWXUH��
YDULDEOHV�DVVRFLDWHG�ZLWK�KRPHV�WKDW�XVH�/3*��1*�RU�HOHFWULFLW\�IRU�FRRNLQJ��ZLWK�WKHLU�UHVSHFWLYH�
PRQWKO\� H[SHQGLWXUH�� DPRQJ� RWKHUV�� 7KHUHDIWHU�� XVLQJ� 5� DV� WKH� SURJUDPPLQJ� ODQJXDJH�� LW� ZDV�
GHWHUPLQHG�WKDW�WKH�UHJUHVVLRQ�PRGHO�WDNLQJ�WKH�SHU�FDSLWD�JHQHUDWLRQ�RI�06:�DV�D�SUR[\�WR�HYDOXDWH�
WKH� JHQHUDWLRQ� RI� IRRG� ZDVWH� ZDV� IRUPHG� E\�� QXPEHU� RI� LQKDELWDQWV� SHU� GZHOOLQJ�� PRVW� UHFHQW�
HOHFWULFLW\� IHH��/3*�� IRRG�H[SHQGLWXUH�ZLWKLQ� WKH�KRXVHKROG� DQG�XVH�RI� FKDUFRDO� DQG� ILUHZRRG�� ,Q�
DGGLWLRQ��WKH�SULQFLSDO�FRPSRQHQW�DQDO\VLV�VKRZHG�WKDW�WKH�ILUVW���FRPSRQHQWV�JHQHUDWHG�FDQ�H[SODLQ�
DSSUR[LPDWHO\�����RI�WKH�VDPSOH��'LPHQVLRQ�RQH�KDV�DQ�LPSRUWDQW�LQIOXHQFH�RI�HOHFWULFLW\�DV�WKH�IXHO�
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 � 

XVHG�IRU�FRRNLQJ��ZKLOH�WKH�VHFRQG�RQH��E\�/3*��1*�DQG�QXPEHU�RI�LQKDELWDQWV�� 
 
7KH�DQDO\VLV�FDUULHG�RXW�IRU�WKLV�ILUVW�H[SORUDWLRQ�DW�D�UHJLRQDO�OHYHO�VXJJHVWV�WKDW�WKHUH�LV�D�GLUHFWO\�
SURSRUWLRQDO�UHODWLRQVKLS�EHWZHHQ�WKH�XVH�RI�IXHOV��H�J���1*��/3*��HOHFWULFLW\�DQG�ZRRG��DQG�WKH�IRRG�
ZDVWH�JHQHUDWLRQ��,Q�DGGLWLRQ��LW�DOVR�PDNHV�YLVLEOH�WKH�YDULDWLRQ�LQ�FRQVXPSWLRQ�SDWWHUQV��ZKLFK�YDU\�
IURP�UHJLRQ�WR�UHJLRQ��$OVR��GXH�WR�WKH�GHPRJUDSKLF�LPEDODQFH�SUHVHQW��WKH�VWXG\�VXJJHVWV�XVLQJ�D�
VSHFLILF�REVHUYDWLRQ�OHYHO��H�J��UHJLRQDO�RU�GLVWULFW��LQ�RUGHU�WR�JHW�D�EHWWHU�KDQGOH�RQ�WKH�LQIRUPDWLRQ�
�H�J��� XQFHUWDLQW\��� )LQDOO\�� FRQVLGHULQJ� WKDW� QRZDGD\V� UHJLRQDO� JRYHUQPHQWV� DUH� LQFUHDVLQJO\�
LQWHUHVWHG�LQ�HQYLURQPHQWDO�FDUH��0HVMDV]�/HFK���������WKHLU�LQWHUHVW�VKRXOG�EH�UHLQIRUFHG�QRW�RQO\�
ZLWK�WKH�H[LVWHQFH�RI�VXVWDLQDEOH�DQG�ILQDQFLDOO\�YLDEOH�HQYLURQPHQWDO�PDQDJHPHQW�PHFKDQLVPV�IRU�
WKH�DGHTXDWH�WUHDWPHQW�RI�WKHVH�ZDVWHV��6KDUPD�	�&KDQGHO���������EXW�DOVR�ZLWK�SUHYHQWLYH�PHDVXUHV�
WR�PLQLPL]H�WKH�SURGXFWLRQ�RI�IRRG�ORVV�DQG�ZDVWH��)/:�� 
 
5HIHUHQFHV 
 
%HGR\D�3HUDOHV��1��6���	�'DO¶�0DJUR��*��3����������4XDQWLILFDWLRQ�RI�IRRG�ORVVHV�DQG�ZDVWH�LQ�SHUX��

$� PDVV� IORZ� DQDO\VLV� DORQJ� WKH� IRRG� VXSSO\� FKDLQ�� 6XVWDLQDELOLW\�� ������� �±����
KWWSV���GRL�RUJ���������VX�������� 

+XDPDQt� 0RQWHVLQRV�� &��� 7XGHOD� 0DPDQL�� -�� :��� 	� +XDPDQt� 3HUDOWD�� $�� �������� 6ROLG� ZDVWH�
PDQDJHPHQW�RI�WKH�FLW\�RI�-XOLDFD���3XQR���3HU~��-RXUQDO�RI�+LJK�$QGHDQ�5HVHDUFK������������±
�����KWWSV���GRL�RUJ����������ULD��������� 

,1(,����������,1(,��KWWS���LLQHL�LQHL�JRE�SH�PLFURGDWRV� 
.D]D��6���<DR��/���%KDGD�7DWD��3���	�9DQ�:RHUGHQ��)����������:KDW�D�:DVWH�������$�*OREDO�6QDSVKRW�

RI�6ROLG�:DVWH�0DQDJHPHQW�WR�������,Q�8UEDQ�'HYHORSPHQW��KWWS���KGO�KDQGOH�QHW������������ 
0DUJDOOR��0���=LHJOHU�URGULJXH]��.���9i]TXH]�URZH��,���$OGDFR��5���,UDELHQ��È���	�.DKKDW��5����������

(QKDQFLQJ� ZDVWH� PDQDJHPHQW� VWUDWHJLHV� LQ� /DWLQ� $PHULFD� XQGHU� D� KROLVWLF� HQYLURQPHQWDO�
DVVHVVPHQW�SHUVSHFWLYH��$� UHYLHZ� IRU�SROLF\� VXSSRUW��6FLHQFH�RI� WKH�7RWDO�(QYLURQPHQW�������
����±������KWWSV���GRL�RUJ���������M�VFLWRWHQY������������ 

0HVMDV]�/HFK��$����������0XQLFLSDO�XUEDQ�ZDVWH�PDQDJHPHQW²FKDOOHQJHV�IRU�SROLVK�FLWLHV�LQ�DQ�HUD�
RI�FLUFXODU�UHVRXUFH�PDQDJHPHQW��5HVRXUFHV���������KWWSV���GRL�RUJ���������UHVRXUFHV�������� 

26,1(5*0,1�� �������� (5&8(� �� ������ KWWSV���ZZZ�JRE�SH�LQVWLWXFLRQ�RVLQHUJPLQ�LQIRUPHV�
SXEOLFDFLRQHV���������HUFXH����� 

26,1(5*0,1�������D���5HVXOWV�UHSRUW�RQ�FRQVXPSWLRQ�DQG�XVHV�RI�OLTXLG�K\GURFDUERQV�DQG�/3*�
UHVLGHQWLDO�HQHUJ\�FRQVXPSWLRQ�DQG�XVHV�VXUYH\���(5&8(������������� 

26,1(5*0,1�������E���5HVXOWV�UHSRUW�RQ�HOHFWULFLW\�FRQVXPSWLRQ�DQG�XVHV� 
6KDUPD�� %�� .��� 	� &KDQGHO�� 0�� .�� �������� /LIH� F\FOH� FRVW� DQDO\VLV� RI� PXQLFLSDO� VROLG� ZDVWH�

PDQDJHPHQW� VFHQDULRV� IRU� 0XPEDL�� ,QGLD�� :DVWH� 0DQDJHPHQW�� ����� ���±�����
KWWSV���GRL�RUJ���������M�ZDVPDQ������������ 

8UELQD�5H\QDOGR��2���	�=~xLJD�,JDU]D��0�� /�� ��������0HWKRGRORJ\� IRU� VROLG�ZDVWH�PDQDJHPHQW�
GRPLFLOLDU\��&LHQFLD�(Q�6X�3&�������±��� 

9i]TXH]�5RZH��,���=LHJOHU�5RGULJXH]��.���0DUJDOOR��0���.DKKDW��5���	�$OGDFR��5����������&OLPDWH�
DFWLRQ� DQG� IRRG� VHFXULW\�� 6WUDWHJLHV� WR� UHGXFH�*+*� HPLVVLRQV� IURP� IRRG� ORVV� DQG�ZDVWH� LQ�
HPHUJLQJ� HFRQRPLHV�� 5HVRXUFHV�� &RQVHUYDWLRQ� DQG� 5HF\FOLQJ�� ����0DUFK���
KWWSV���GRL�RUJ���������M�UHVFRQUHF������������ 
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,PSRUWDQFH�RI��SURSHUO\��LQFOXGLQJ�IRRG�ZDVWH�DW�UHWDLO�DQG�FRQVXPHU�LQ�/&$�
�

/DXUD�6FKXPDFKHU�
��(OOLH�:LOOLDPV���(OOHQ�0HLMHU���
�

�/&$�H[SHUW��35p�6XVWDLQDELOLW\��$PHUVIRRUW��WKH�1HWKHUODQGV�
�&RQVXOWDQW��35p�6XVWDLQDELOLW\��$PHUVIRRUW��WKH�1HWKHUODQGV�
�
.H\ZRUGV��)RRG�ORVV��UHWDLO��FRQVXPHU��/&$��
�

&RUUHVSRQGLQJ�DXWKRU��7HO�������������������
�(�PDLO�DGGUHVV�VFKXPDFKHU#SUH�VXVWDLQDELOLW\�FRP�
�
0RUH�DQG�PRUH�SHRSOH�DUH�SD\LQJ�DWWHQWLRQ�WR�VXVWDLQDELOLW\�RI�IRRG��%XW�KRZ�GR�\RX�GHWHUPLQH�LI�
IRRG� LV� VXVWDLQDEOH"� $� OLIH� F\FOH� DVVHVVPHQW� �/&$�� FDQ� EH� D� JUHDW� ZD\� WR� SURYLGH� IDFW�EDVHG�
LQIRUPDWLRQ� RQ� WKH� HQYLURQPHQWDO� LPSDFW� RI� D� IRRG� SURGXFW��0DQ\� IRRG� SURGXFHUV� DUH� H[HFXWLQJ�
/&$¶V�IRU� WKHLU�SURGXFWV��7KH\�NQRZ�WKHLU�SURFHVVHV�DQG�VXSSO\�FKDLQ� OLNH�QR�RWKHU��+RZHYHU��DV�
VRRQ�DV�WKH�SURGXFW�OHDYHV�WKHLU�IDFWRU\�RU�GLVWULEXWLRQ�FHQWHUV�LW�LV�RXW�RI�WKHLU�FRQWURO��7R�DQDO\]H�
WKH� IXOO� OLIH� F\FOH�� /&$� SUDFWLWLRQHUV� KDYH� WR�PRGHO� WKHVH� ODVW� VWHSV� EDVHG� RQ� DVVXPSWLRQV�� 7ZR�
LPSRUWDQW�DVVXPSWLRQV�/&$�SUDFWLWLRQHUV�PXVW�PDNH�LQ�IRRG�SURGXFW�/&$V�DUH�WKH�SHUFHQWDJHV�RI�
IRRG� ZDVWH� DW� UHWDLO� DQG� FRQVXPHU�� :LWK� IRRG� ZDVWH� EHLQJ� UHVSRQVLEOH� IRU� ������ RI� WRWDO�
DQWKURSRJHQLF�*+*�HPLVVLRQV��0ERZ�HW�DO����������LW¶V�FOHDU�WKDW�WKH�DVVXPSWLRQV�PDGH�FDQ�KDYH�D�
ODUJH� LQIOXHQFH� RQ� WKH� HQYLURQPHQWDO� IRRWSULQW�� 7R� SURSHUO\� DFFRXQW� IRU� IRRG�ZDVWH� LQ� /&$� DQG�
DFFXUDWHO\�UHSUHVHQW�WKH�WUXH�HQYLURQPHQWDO�IRRWSULQW�RI�WKH�IRRG�SURGXFW��SUDFWLWLRQHUV�QHHG�WR�ILQG�
UHOLDEOH�GDWD�VRXUFHV��
��
$SSURDFK�PHWKRGRORJ\�
,Q�DQ�/&$�VWXG\�IRU�D�ODUJH�IUR]HQ�IRRG�PDQXIDFWXUHU�ZH�WULHG�WR�ILQG�WKLV�PRUH�UHOLDEOH�IRRG�ZDVWH�
GDWD��,Q�WKLV�VWXG\��ZH�FRPSDUHG�WKH�IXOO�FUDGOH�WR�JUDYH�HQYLURQPHQWDO�IRRWSULQW�RQ����IUR]HQ�IRRG�
SURGXFWV� DQG� WKHLU� DOWHUQDWLYH� SURGXFWV� �L�H�� WKH� VDPH� SURGXFW� RI� GLIIHUHQW� SUHVHUYDWLRQ�PHWKRGV���
/RRNLQJ� IRU� VHFRQGDU\� GDWD� VRXUFHV� IRU� SURGXFW� DQG� SUHVHUYDWLRQ� PHWKRG� VSHFLILF� IRRG� ZDVWH�
SHUFHQWDJHV�DW�UHWDLO�DQG�DW�FRQVXPHU��ZH�UDQ�LQWR�VRPH�FKDOOHQJHV�GHVFULEHG�EHORZ���
�
&KDOOHQJHV�RI�ILQGLQJ�IRRG�ZDVWH�SHUFHQWDJHV�
3URGXFW�FDWHJRULHV�DUH�WRR�EURDG��
7KH� 3URGXFW� (QYLURQPHQWDO� )RRWSULQW�PHWKRG� �3()�� RI� WKH�(XURSHDQ�&RPPLVVLRQ� �=DPSRUL� DQG�
3DQW�� ������ SURYLGHV� GHIDXOW� YDOXHV� DQG� JXLGDQFH� IRU� DGGUHVVLQJ� DVVXPSWLRQV� PDGH� LQ� SURGXFW�
/&$¶V��7KH�3()�SURYLGHV�ZDVWH�SHUFHQWDJHV�IRU�WKH�ELJJHVW�SURGXFW�FDWHJRULHV��VXFK�DV�IUHVK�IUXLWV�
DQG�YHJHWDEOHV��+RZHYHU��ZLWK�VXFK�D�ELJ�SURGXFW�FDWHJRU\�\RX�DUH�FRPSDULQJ�DSSOHV�ZLWK�RUDQJHV��
�
&RQWUDGLFWLQJ�GHILQLWLRQV�RI�IRRG�ZDVWH�
:KHQ�ORRNLQJ�IRU�RWKHU�GDWD�VRXUFHV��LW�LV�LPSRUWDQW�WR�UHDOL]H�GLIIHUHQW�GHILQLWLRQV�RI�IRRG�ORVV�DQG�
ZDVWH� H[LVW�� $� FRPPRQ� VSOLW� LV� PDGH� LQWR� FDWHJRULHV� VXFK� DV� DYRLGDEOH�� SRVVLEO\� DYRLGDEOH� DQG�
XQDYRLGDEOH� IRRG� �:5$3��������RU�HGLEOH��TXHVWLRQDEO\�HGLEOH�DQG� LQHGLEOH� IRRG��15'&���������
7KHVH�FDWHJRULHV�DUH�PHDQW�WR�LQGLFDWH�WKDW�QRW�DOO�IRRG�ORVV�DQG�ZDVWH�FDQ�EH�SUHYHQWHG��%RQHV��SLWV��
LQHGLEOH�SHHOV�DQG�RWKHU�SDUWV�PD\�EH�W\SLFDOO\�SDUW�RI�IRRG�SXUFKDVHG��EXW�ZHUH�QHYHU�H[SHFWHG�WR�
EH� FRQVXPHG�E\�KXPDQV��6RPH� IRRG�SDUWV�PD\�EH� FRQVLGHUHG� HGLEOH�E\� VRPH�SHRSOH�EXW�QRW�E\�
RWKHUV�� FRYHULQJ�PDQ\� WKLQJV� IURP�SRWDWR� SHHOV� WR� FKLFNHQ� IHHW��7KHVH� IDOO� XQGHU� WKH� FDWHJRU\� RI�
µSRVVLEO\�DYRLGDEOH¶�RU�µTXHVWLRQDEO\�HGLEOH¶�IRRG�ORVV�DQG�ZDVWH��)RRG�ORVV�DQG�IRRG�ZDVWH�DUH�WZR�
GLIIHUHQW� WKLQJV��$FFRUGLQJ� WR� WKH�)$2� �Q�G��� IRRG�ZDVWH� LV� WKH�GHFUHDVH� LQ�TXDOLW\�RU�TXDQWLW\�RI�
IRRG� E\� UHWDLO�� IRRG� VHUYLFH� SURYLGHUV�� DQG� FRQVXPHUV��:KHQ� WKH� GHFUHDVH� LQ� TXDOLW\� RU� TXDQWLW\�
WDNHV�SODFH�DW�DQ�HDUOLHU� VWDJH� LQ� WKH�IRRG�VXSSO\�FKDLQ�� WKLV� LV�FDOOHG� IRRG� ORVV��$QRWKHU�SRLQW�RI�

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV�������
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´�
������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH��
�

� �

GLVFXVVLRQ�DURXQG�WKH�GHILQLWLRQ�RI�IRRG�ORVV�DQG�ZDVWH�LV�ZKHWKHU�RU�QRW�IRRG�WKDW�LV�XVHG�DV�DQLPDO�
IHHG� LV� IRRG� ORVV�ZDVWH�� ,Q� WKH�)$2�GHILQLWLRQ� WKLV� IRRG� WKDW� LV�XVHG�DV�DQLPDO� IHHG� LV�QRW�VHHQ�DV�
IRRG� ORVV�ZDVWH� VLQFH� LW� UH�HQWHUV� LQ� DQRWKHU� SURGXFWLYH� XWLOL]DWLRQ�� $FFRUGLQJ� WR�:5$3� ��������
IRRG� XVHG� DV� DQLPDO� IHHG� LV� QRW� OHJDOO\� GHILQHG� DV� ZDVWH� VLQFH� LW� LV� VHHQ� DV� D�PHWKRG� RI� ZDVWH�
SUHYHQWLRQ��6LQFH�WKH�V\VWHP�ERXQGDULHV�RI�D�IRRG�/&$�GR�RIWHQ�QRW�LQFOXGH�WKH�DQLPDO�V\VWHP�WKDW�
XVHV�WKH�ZDVWH�DV�LQSXW��/&$�SUDFWLWLRQHUV�PLJKW�RIWHQ�ZDQW�WR�LQFOXGH�WKH�IRRG�VHQW�WR�DQLPDO�IHHG�
LQ�WKHLU�ZDVWH�SHUFHQWDJH���
�
7KHVH�GLIIHUHQW�GHILQLWLRQV�DQG�EURDG�FDWHJRULHV�PDNH�WKH�VHDUFK�IRU�VXLWDEOH��SURGXFW�VSHFLILF�GDWD�
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Context: Allocation is a key methodological issue in LCA, since allocation rules in ISO standards 
are commonly subject to several interpretations. Although ISO standards recommend avoiding 
allocation, it is often applied to agri-food systems, as LCA faces the problem of the multi-
functionality of agriculture and the complexity of the system extension (Notarnicola et al., 2017). 
The present study focusses on impacts allocation in  the meat supply chain, as this sector produces 
numerous products (meat) and co-products (e.g. skins, viscera, bones), with multiple uses and actors 
involved, leading to many conflicts of interest (Chen et al., 2017). Our study aims to develop a 
method determining the allocation rule as consistent, impartial, unbiased, and applicable as possible 
using as a case-study the meat supply chain.  
 
Methods: The study is conceived in three phases: (i) a general literature review of factors 
influencing the choice of allocation rules based on around 30 LCA guidelines and allocation-
focussed scientific articles (see Wilfart et al, 2021), (ii) the consultation of 22 stakeholders involved 
in the meat supply chain to identify underlying reasons for their allocation-rule preferences The 
interest of the workshop was more to cover a wide range of opinions and to decrypt them, than to 
build opinion profile types with a statistical approach. To avoid the subjectivity that often prevails 
when choosing an allocation rule, each allocation rule was analyzed through its properties 
determined during the workshop: basic principle, sensitivity to conditions, expected influence on 
the relative weight of each co-product, limits of validity, and position in the ISO hierarchy; (iii) and 
the building of assessment matrix of allocation rules. 
 
Results: The literature review shows divergent recommendations even if economic allocation is 
mainly preferred for agricultural products. Stakeholder consultation reveals the 4 criteria underlying 
the divergent choices (figure 1): meaning, compliance with recommendations, stability in time and 
space, and ease of implementation. This study highlights that the main criterion was the meaning, 
which is also the most subjective one, and which leads to two different rules - biophysical or 
economic allocation (figure 2). Stakeholders often ranked the economic or biophysical rule first, but 
never the physical rules. Each rule except economic one received the lowest score from at least one 
stakeholder, which highlights the diversity of opinions. 
 
Discussion: This study highlights two main consistent trends to allocate in attributional LCA of the 
meat supply chain: one based on social reality (economic rule) and another based on (bio)physical 
UHDOLW\��7KLV�ZRUN�VKRZHG�WKH�LQDELOLW\�WR�FKRRVH�D�VLQJOH�³EHVW´�DOORFDWLRQ�UXOH�EDVHG�RQ�VFLHQWLILF�
or technical arguments alone. IW� UHYHDOHG� WKH� SUHGRPLQDQFH� RI� ³PHDQLQJ´�� ZKLFK� LV� D� VXEMHFWLYH�
criterion that refers to different ways of representations and vocation of the sector. However, this 
study regrouped for the first time the ideas that underlie these two schools of thought and indicated 
consequences of their use. Besides helping LCA practitioners consider allocation in the meat supply 
chain, this study can help them spending less time on allocation rules choice, and share detailed 
arguments to conduct choices in participative approaches with their stakeholders. Ultimately, we 
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have to admit that no allocation rule is perfect in LCA, since allocation is always artificial a and 
compromise. 
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Figure 1. Mind map of criteria and qualities underlying the thinking patterns of the stakeholders. 
Gray ( ) for the principles, Black ( ) for Family of criteria and white ( ) for criteria. 
 

 
Figure 2. Box-and-Whisker plot (min, max, median, Q1 and Q3) of scores given by the 22 
stakeholders for the allocation rules (from 0 (no opinion) to 5 (top preference)). 
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Rationale Currently in Finland beef consumption is approximately 103 million kg, while the beef 
production covers about 80 million kg as about 7 million kg of the total production volume is 
exported (Luke 2022a, 2022b). Major part (80%) of the Finnish beef is produced as dairy breed. 
However, the number of dairy cows has declined 11% over period of ten years 2011-2021 (Luke 
2022c). Thus, the amount of beef from dairy breed is declining while the consumption rate has 
remained on the same level. The resulting gap is covered with import and increasing domestic beef 
breed production. Beef production is one of the largest sources of greenhouse gases within 
agricultural sector and thus, more ecologically efficient beef production is needed. According to 
Gerber et al. (2013), there is a lot of variation in the emission intensity within beef sector. Recent 
research has shown that the key factor to reduce both the gross GHG emissions and the emission 
intensity is to improve efficiency of the beef sector (Hietala et al. 2021; Quinton et al. 2017). 
Quinton et al. (2017) showed that both gross GHG emissions and the emission intensity can be 
reduced by improving the volume of production and as important is to have durable and small dams 
with good feed efficiency to reduce the environmental impacts of beef production. The key factor in 
obtaining the above-mentioned characteristics in the beef cattle is genetics. 
Objective This study aims to evaluate the impact of breeding with genomic selection of traits 
directed towards efficiency on global warming potential (GWP) of beef. Genomic selection is 
directed to improve the efficiency and self-sufficiency of Finnish beef production based on suckler 
cows by upgrading the current traditional beef breeding scheme into genomic evaluation scheme, by 
developing genomic evaluations for the selected traits. Impact of the beef production systems, 
ranked by the selection traits, are assessed for their GWP. 
Approach and methods The ranking of the slaughter animals was conducted in terms of breeding 
values. The best and poorest ranking (the best 25%, Q75, the worst 25%, Q25) slaughter animals 
within breed and sex were selected from the national slaughter weight evaluation and compared to 
average production within a cohort. Assessment was conducted for two different types of beef 
breeds: Hereford (Hf) and Charolais (Ch). Related environmental impacts were assessed with LCA. 
The LCA was conducted with the assessment model described in Hietala et al. (2021), following 
IPCC methods. It includes modules of animal production, on- and off-farm crop and grass 
production, manure management, input production, and quantifies related direct and indirect 
greenhouse gas emissions. LCA model was complemented with specific excretion and retention 
models for Hf and Ch (Nousiainen et al. 2022). It was assumed that the average Finnish beef breed 
production as described in Hietala et al. (2021) is representative for the different breeds as well. 
Collected, breed and sex specific data on the two breeds were used for slaughter weights, slaughter 
ages, daily growth and birth weights. The system boundary was set from cradle to farm gate and 
functional unit (FU) was defined as 1 kg carcass weight. Here, the assessment results of the 
slaughter animals are presented without allocated emissions from suckler cows. 
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Results and discussion  
The results of the slaughtered bulls and heifers indicated that in comparison to average production, 
the best ranking quarter based on breeding values performed also best regarding GWP. With 
Charolais and Hereford the difference in GWP of average and Q75 was -1.9 - -3.3% per FU (Fig.1 
and 2). Comparison between Q25 and Q75 revealed a difference of up to approx. 15% per FU.  

 

 
 
Fig.2 GWP of Finnish Hereford (above) and Charolais (below) beef, per kg carcass weight, for average (AVG) 
production and best quarter (Q75) and poorest quarter (Q25). Bulls and heifers are presented separately. 
 
Discussion and Conclusions The study highlighted that the best genetics for slaughter traits 
resulted in the lowest emissions. It was found that best performing quarter had the lowest emissions. 
Between average and best performing quarter, the difference was less than between average and 
poorest quarter, indicating that efficient breeding is a powerful tool to mitigate emissions. Between 
the best and poorest quarters, the difference was up to 15% in emissions. Yet, uncertainty analyses 
are to be conducted further in the study. Finland is currently upgrading its breeding scheme from 
traditional into genomic evaluation. Thus, it is expected that the difference between best and poorest 
genetics will be even higher. In this study, only the slaughter animals were studied without suckler 
cows. Suckler FRZ¶V performance and efficiency can affect GWP largely. Thus, in further studies 
the investigation is to be extended to include emissions from suckler cows.  
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The agri-food sector adversely affects the environment through the loss of biodiversity, climate and 
land use change as well as the risk of chemical contamination. It can also have repercussions on the 
economic fabric due to difficult access to food and its distribution (Campi et al., 2021) just as on the 
social structure because of insufficient protection of human health and food quantities, often of poor 
quality (FAO et al., 2018). Within the life cycle of an agri-food product, the agricultural phase is 
responsible for most of the negative aspects mentioned above. It is characterised by an excessive 
use of land, fertilisers and others resources and a bad management of agro-losses (Ingrao et al., 
2021). For these reasons, the aim of the research is to highlight the environmental impacts of tomato 
cultivation, in Sicily (Italy), by comparing a traditional cultivation model and an innovative one, to 
determine the most sustainable. The first represents an agro-ecological model, which envisages a 
reduced use of inputs in the cultivation process and the reduction of machinery used. At the same 
time, the objective of the traditional model is to represent a regenerative one for the ecosystem 
aimed at preserving and increasing organic matter in the soil, while reducing the synthetic inputs 
employed. The innovative model, on the other hand, is a productivist one that has provided 
important negative externalities over time having repercussion on functional biodiversity (Gurr et 
al., 2017), KXPDQ�KHDOWK��%DUDĔVNL�HW�DO���������DQG�WKH�HQYLURQPHQW��%HUQKDUGW�HW�DO��������� It is 
based on the intensification of chemical use and the employment of advanced machinery, 
abandoning manual cultivation practices such as transplanting and harvesting. The tomato 
cultivations examined, follow the conventional method. They differ only in the degree of innovation 
implemented, such as the number and type of machinery used, as well as the quantities of 
fertigation and pesticide treatments. Many comparative lca studies on tomatoes can be found in the 
literature, which mainly focus on: imported tomatoes compared with local ones (Webb et al.,2013); 
composting (Martínez-Blanco et al., 2009), urban farming (Ceron-Palma et al., 2012), and pest 
management (Anton et al., 2004). Other studies instead combine LCA with new perspectives, such 
as social LCA (Petti et al., 2018), ready-made meals (Schmidt Rivera et al., 2014), new impact 
category methods (Mu~noz et al., 2010), packaging (Ganczewski et al., 2014), and improved 
methodologies (Chapagain and Orr, 2009). For this reason, the aim of the study is to compare two 
cultivation processes, which although apparently similar in terms of following conventional farming 
principles, differ greatly in the level of technologies and inputs employed. 
The methodology used for quantifying environmental impacts is Life Cycle Assessment. The study 
was carried out considering 1 ha of area cultivated with tomatoes for each farm examined, and 1 kg 
of product harvested. For this purpose, the LCA was carried out with a ³from cradle to farm gate´ 
approach, setting the boundaries of the system from the finding of the seed to the harvesting of the 
product. The inventory analysis was implemented through the use of primary and secondary data. 
The former collected through questionnaires and face-to-face interviews with farmers and the latter 
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extrapolated from databases of recognised value such as Ecoinvent 3.6 (Wernet et al., 2016) 
available on the SimaPro 9.1 software used for the analysis. Secondary data mainly concern the 
preparation of materials and energy inputs used in all steps of the investigated systems (Zingale et 
al., 2021). The available literature on the subject shows how comparative evaluation involves the 
comparison of two or more equivalent products or services to determine which has better 
environmental performance (Pineda et al., 2021). In addition, no allocation was implemented of the 
analysis. With regard to impact analysis, this consists of quantifying potential environmental 
impacts through the selection of impact categories. 18 were analysed, including: Global warming, 
Terrestrial acidification, Freshwater eutrophication, Land use, Mineral resource scarcity, Fossil 
resource scarcity, Water consumption and others. The results of the study conducted on 1 ha of 
cultivated area, in order to study the ecological function of the cultivation process, showed a higher 
impact of innovative tomato (IT) than traditional tomato (TT) for all impact categories analysed. 
Table 1 shows the results per ha of cultivated area while Table 2 shows the results per kg of 
harvested product. 
Table 1 comparative lca per ha of cultivated area (*) 
Impact category Unit Traditional Tomato Innovative Tomato 
Global warming kg CO2 eq 2848.55 4737.77 
Stratospheric ozone depletion kg CFC11 eq 0.07 0.08 
Ionizing radiation kBq Co-60 eq 31.40 124.22 
Ozone formation, Human health kg NOx eq 10.64 16.86 
Fine particulate matter formation kg PM2.5 eq 9.12 16.81 
Ozone formation, Terrestrial ecosystems kg NOx eq 10.73 17.05 
Terrestrial acidification kg SO2 eq 17.53 27.10 
Freshwater eutrophication kg P eq 0.40 0.81 
Marine eutrophication kg N eq 0.02 0.06 
Terrestrial ecotoxicity kg 1,4-DCB 5550.20 16404.23 
Freshwater ecotoxicity kg 1,4-DCB 101.57 363.12 
Marine ecotoxicity kg 1,4-DCB 129.52 459.00 
Human carcinogenic toxicity kg 1,4-DCB 28.38 100.16 
Human non-carcinogenic toxicity kg 1,4-DCB 2520.55 5580.01 
Land use m2a crop eq 32.32 303.35 
Mineral resource scarcity kg Cu eq 10.10 70.62 
Fossil resource scarcity kg oil eq 337.75 839.50 
Water consumption m3 810.24 4063.88 

(*) our elaboration 
 
Table 2 comparative lca per kg of fresh mass (*) 
Impact category Unit Traditional Tomato Innovative Tomato 
Global warming kg CO2 eq 0.0159518565 0.0525892318 
Stratospheric ozone depletion kg CFC11 eq 0.0000003707 0.0000009321 
Ionizing radiation kBq Co-60 eq 0.0001758422 0.0013788852 
Ozone formation, Human health kg NOx eq 0.0000595811 0.0001871733 
Fine particulate matter formation kg PM2.5 eq 0.0000510578 0.0001866427 
Ozone formation, Terrestrial ecosystems kg NOx eq 0.0000600641 0.0001892269 
Terrestrial acidification kg SO2 eq 0.0000981507 0.0003007998 
Freshwater eutrophication kg P eq 0.0000022635 0.0000090454 

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On ³The role of emerging economies in global food security´ 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 3 

Marine eutrophication kg N eq 0.0000000968 0.0000006428 
Terrestrial ecotoxicity kg 1,4-DCB 0.0310811357 0.1820869353 
Freshwater ecotoxicity kg 1,4-DCB 0.0005687894 0.0040305847 
Marine ecotoxicity kg 1,4-DCB 0.0007253165 0.0050948528 
Human carcinogenic toxicity kg 1,4-DCB 0.0001589382 0.0011118057 
Human non-carcinogenic toxicity kg 1,4-DCB 0.0141151019 0.0619380830 
Land use m2a crop eq 0.0001809921 0.0033671787 
Mineral resource scarcity kg Cu eq 0.0000565578 0.0007838922 
Fossil resource scarcity kg oil eq 0.0018913771 0.0093185001 
Water consumption m3 0.0045373593 0.0451091010 

(*) our elaboration 
The higher impact of IT is due to the increased amount of fertilisers and pesticides used as well as 
the increased use of machinery for the cultivation process. The same is confirmed for the kg of 
product harvested, where the objective of the study is the production function and where TT 
performed even better than IT due to the higher yields and despite the reduced level of technology 
applied. The results highlighted by the LCA of Sicilian tomato cultivations, comparing two farms 
that differ in their level of innovation but not in their method of cultivation, show that the degree of 
mechanisation and the high quantity of inputs used do not always represent an advantage for the 
environment and for the farmer. Reduced environmental impacts as well as higher yields 
demonstrate this double advantage. Improving tomato cultivation sustainability requires increasing 
production by reducing losses and the associated environmental burden. In relation to the different 
production contexts of tomatoes, innovative cultivation might be the best choice in cases of reduced 
available labour, high cultivated areas and limited product quality requirements. 
The aim of the study is to provide farmers with a framework of useful practices to pursue 
sustainable development; therefore to support them in the choice of agroecological practices in 
order to make tomato cultivation more sustainable, providing products which contains both 
environmental and health value due to lower quantity of inputs used.  
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6WUDWHJLHV�IRU�UHGXFLQJ�WKH�FDUERQ�IRRWSULQW�LQ�PDL]H�VLODJH�EDVHG�GDLU\�FDWWOH�
IDUPV�IURP�WKH�%DVTXH�&RXQWU\��QRUWKHUQ�6SDLQ� 


+DULW]�$UULDJD��(GXDUGR�5RVD��-RVHED�/L]DUUDOGH��/DXUD�5LQFyQ��3DWULFLD�*DOOHMRQHV��ÏVFDU�GHO�
+LHUUR��3LODU�0HULQR� 

1(,.(5��%DVTXH�5HVHDUFK�DQG�7HFKQRORJ\�$OOLDQFH��%57$���'HULR��7KH�%DVTXH�&RXQWU\��6SDLQ� 
 
.H\ZRUGV��GDLU\�FDWWOH��FDUERQ�IRRWSULQW��PLWLJDWLRQ��PLON��QXWULWLRQ��IDUP�PDQDJHPHQW� 
 

&RUUHVSRQGLQJ�DXWKRU��7HO�����������������������)D[��������������������� 
�(�PDLO�DGGUHVV��KDUULDJD#QHLNHU�HXV 
 
5DWLRQDOH��0LON�LV�RQH�RI�WKH�PRVW�SURGXFHG�DJULFXOWXUDO�FRPPRGLWLHV�ZRUOGZLGH��DFFRXQWLQJ�IRU�
DSSUR[LPDWHO\�����RI�WKH�JOREDO�YDOXH�DGGHG�RI�OLYHVWRFN�SURGXFWLRQ��)$2���������'XULQJ�WKH�ODVW�
GHFDGH��WKHUH�KDV�EHHQ�DQ�LQFUHDVLQJ�LQWHUHVW�RQ�DVVHVVLQJ�WKH�HQYLURQPHQWDO�LPSDFWV�RI�GLIIHUHQW�PLON�
SURGXFWLRQ�V\VWHPV�LQ�(XURSH��SDUWLFXODUO\�UHJDUGLQJ�WKH�FDUERQ�IRRWSULQW��&)��RI�UDZ�PLON�IURP�GDLU\�
FDWWOH��2
%ULHQ�HW�DO���������&RUWHV�HW�DO����������0LWLJDWLRQ�RI�JUHHQKRXVH�JDV��*+*��HPLVVLRQV�SHU�
XQLW�RI�PLON�KDV�EHHQ�LGHQWLILHG�DV�D�NH\�LVVXH�IRU�WKH�(XURSHDQ�GDLU\�VHFWRU��2
%ULHQ�HW�DO����������
7KLV�REMHFWLYH�LV�H[SHFWHG�WR�EH�PRUH�DPELWLRXV�LQ�WKH�QH[W�IXWXUH�LQ�DFFRUGDQFH�ZLWK�WKH�(XURSHDQ�
*UHHQ�'HDO��(*'��DJUHHPHQW��ZKLFK�DLPV�WR�PDNH�(XURSH�WKH�ILUVW�FDUERQ�QHXWUDO�FRQWLQHQW�E\������ 
 
2EMHFWLYH��7KH�DLP�RI�WKLV�VWXG\�ZDV�WR�DQDO\]H�WKH�SRWHQWLDO�RI�GLIIHUHQW�IHHGLQJ�DQG�PDQDJHPHQW�
VWUDWHJLHV� LQ� UHGXFLQJ� WKH�&)� LQ�PDL]H� VLODJH� EDVHG� GDLU\� FDWWOH� IDUPV� IURP� WKH�%DVTXH�&RXQWU\�
�QRUWKHUQ�6SDLQ��� 
 
$SSURDFK� DQG�PHWKRGRORJ\��7KH� VWXG\�ZDV� FRQGXFWHG� RQ� D� W\SLFDO� GDLU\� FDWWOH� IDUP� IURP� WKH�
%DVTXH�&RXQWU\��1RUWKHUQ�6SDLQ���LQ�ZKLFK�PDL]H�VLODJH�LV�DQ�LPSRUWDQW�IRUDJH�VRXUFH��7KH�IDUP�ZDV�
FKDUDFWHUL]HG�DFFRUGLQJ�WR�GDWD�FROOHFWHG�IURP����GDLU\�IDUPV��ZKLFK�EHORQJHG�WR�WKLV�W\SRORJ\��57$�
�����������&���SURMHFW���7KH�GDLU\�KHUG�KDG�����FRZV������PLONLQJ�FRZV������KHLIHUV�DQG����FDOYHV��
7RWDO�PLON�SURGXFWLRQ�ZDV�����������NJ�)3&0�\HDU��0HDQ�DJH�DW�ILUVW�FDOYLQJ�ZDV����PRQWKV��7KH�
UDWLR�RI�PDL]H�VLODJH�WR�JUDVV�VLODJH�LQ�WKH�UDWLRQ�RI�PLONLQJ�FRZV�ZDV��������DQG�WKH�PHDQ�FRQFHQWUDWH�
LQWDNH�ZDV������NJ�FRZ�GD\��&RQFHQWUDWHV�ZHUH�FKDUDFWHUL]HG�DFFRUGLQJ�WR�WKH�LQJUHGLHQWV�LGHQWLILHG�
LQ�WKH�VXUYH\V�FRQGXFWHG�DW�IDUP�OHYHO��7KH�WRWDO�XWLOL]HG�DJULFXOWXUDO�DUHD��8$$��ZDV����KD�������KD�
JUDVVODQG�����KD�PDL]H�FURSODQG��DQG�����KD�IRU�JUD]LQJ��KHLIHUV�DQG�GU\�FRZV���&RQVLGHULQJ�WKH�PDL]H�
FURSODQG�DUHD�DQG�WKH�PDL]H�VLODJH�FRQVXPSWLRQ�E\�WKH�PLONLQJ�KHUG��LW�ZDV�DVVXPHG�WKDW�QR�PDL]H�
VLODJH�ZDV�SXUFKDVHG�DW�WKH�IDUP��7KH�IROORZLQJ�&)�DEDWHPHQW�VFHQDULRV�ZHUH�VLPXODWHG���L��UHGXFWLRQ�
RI�VR\EHDQ�PHDO�LQ�WKH�FRQFHQWUDWHV��IURP�����WR�����LQ�'0����LL��LQFUHDVHG�GLJHVWLELOLW\�RI�UDWLRQV�
GXH�WR�LPSURYHG�IRUDJH�TXDOLW\��������LLL������UHGXFWLRQ�LQ�UHSODFHPHQW�KHUG���LY������UHGXFWLRQ�LQ�
UHSODFHPHQW�KHUG�GXH�WR�DQ�HDUOLHU�DJH�DW�ILUVW�FDOYLQJ�����PRQWKV����Y��LQVWDOODWLRQ�RI�VRODU�SDQHOV�DW�
WKH�IDUP�������UHQHZDEOH�HQHUJ\����YL��VRLO�&�VHTXHVWUDWLRQ��DQG��YLL��WKH�FRPELQDWLRQ�RI�SUHYLRXVO\�
GHVFULEHG�VFHQDULRV��1R�PLON�\LHOG�FKDQJHV�ZHUH�DVVXPHG�IRU�ERWK�QXWULWLRQDO�VWUDWHJLHV��$OWHUQDWLYH�
FRQFHQWUDWHV�WR�VR\EHDQ�PHDO�UHSODFHPHQW�ZHUH�LVRSURWHLF�DQG�LVRHQHUJHWLF�LQ�UHODWLRQ�WR�WKH�UHIHUHQFH�
FRQFHQWUDWH��6RLO�RUJDQLF�&��62&��VHTXHVWUDWLRQ�RI�JUDVVODQGV�ZDV�HVWLPDWHG�DFFRUGLQJ�WR�WKH�YDOXH�
UHSRUWHG�E\�3HWHUVHQ�HW�DO����������ZKR�VWDWHG�WKDW������RI�62&�DGGHG�WR�VRLO�LQ�WHUPV�RI�PDQXUH�RU�
FURS�UHVLGXHV�ZRXOG�EH�VWRUHG�LQ�D�����\HDU�SHUVSHFWLYH�� 
 
$�FUDGOH�WR�JDWH�/&$�DSSURDFK�ZDV�XVHG��6LPXODWLRQV�ZHUH�FDUULHG�RXW�XVLQJ�6LPD3UR�����VRIWZDUH��
ZLWK�DQ�DOORFDWLRQ�RI�������WR�PLON�SURGXFWLRQ��,3&&��������PHWKRGRORJ\�ZDV�XVHG�WR�FDOFXODWH�RQ�
IDUP�*+*�HPLVVLRQV��DQG�����\HDU�JOREDO�ZDUPLQJ�SRWHQWLDO��*:3��YDOXHV�UHSRUWHG�E\�,3&&��������
ZHUH�DSSOLHG��7KH�IXQFWLRQDO�XQLW�ZDV�NJ�&2��HT�NJ�)3&0��IDW�DQG�SURWHLQ�FRUUHFWHG�PLON��� 
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5HVXOWV�DQG�GLVFXVVLRQ��7KH�&)�RI�WKH�UHIHUHQFH�IDUP�ZDV������NJ�&2��HT�NJ�)3&0��LQ�ZKLFK�HQWHULF�
&+��HPLVVLRQ�IURP�GDLU\�FDWWOH��DQG�WKH�VR\EHDQ�PHDO�RI�FRQFHQWUDWHV�ZHUH�WKH�PDMRU�FRQWULEXWRUV�WR�
&)��7KH\�DFFRXQWHG�IRU�������DQG�������RI�&)��UHVSHFWLYHO\��)LJXUH���VKRZV�WKH�GLVWULEXWLRQ�RI�WKH�
GLIIHUHQW�HOHPHQWV�WKDW�FRQWULEXWHG�WR�&)�DW�WKH�VLPXODWHG�GDLU\�IDUP��FXW�RII��FULWHULD������2Q�IDUP�
*+*�ORVVHV�DFFRXQWHG�IRU�������RI�WRWDO�&)� 

 
����������)LJ�����&RQWULEXWLRQ�RI�WKH�PRVW�UHOHYDQW�SURFHVVHV�LQ�WKH�FDUERQ�IRRWSULQW�DW�GHIDXOW�GDLU\�IDUP� 
 
7KLV�YDOXH�ZDV�VOLJKWO\�KLJKHU�WKDQ�WKH�PHDQ�&)�������NJ�&2��HT�NJ�)3&0��UHSRUWHG�E\�&RUWpV�HW�DO��
�������LQ�*DOLFLD��QRUWKHUQ�6SDLQ���$�VLPLODU�PHWKRGRORJLFDO�DSSURDFK�ZDV�FRQGXFWHG�LQ�ERWK�VWXGLHV��
6XFK�GLIIHUHQFH�ZDV�DWWULEXWHG�WR�WKH�IDUP�W\SRORJ\�VHOHFWHG�LQ�RXU�VWXG\��7KH�KLJK�FRQFHQWUDWH�LQSXWV�
DW�IDUP�OHYHO��LQ�ZKLFK�VR\EHDQ�PHDO�������NJ�&2��HT�NJ�VR\EHDQ�PHDO��6SDLQ��DFFRXQWHG�IRU�§����
RI�WKH�LQJUHGLHQWV��ZRXOG�KDYH�PRVWO\�FRQWULEXWHG�WR�WKH�KLJKHU�&)�REVHUYHG�LQ�RXU�VWXG\��%HVLGHV��
&RUWpV�HW�DO���������DVVHVVHG�WKH�&)�RI����GDLU\�FDWWOH�IDUPV�DOORFDWHG�WR�GLIIHUHQW�PLON�SURGXFWLRQ�
V\VWHPV�� 
 
)LJXUH���VKRZV�WKH�HIIHFW�RI�GLIIHUHQW�&)�DEDWHPHQW�VWUDWHJLHV�DW�WKH�GHIDXOW�GDLU\�IDUP��7KH�SDUWLDO�
VXEVWLWXWLRQ� RI� VR\EHDQ� PHDO� LQ� FRQFHQWUDWHV� E\� UDSHVHHG�PHDO� DQG�PDL]H� ''*6�ZDV� WKH� PRVW�
SURPLVLQJ�DEDWHPHQW�VWUDWHJ\�DV�&)�ZDV�UHGXFHG�E\������������NJ�&2��HT�NJ�)3&0���,QFUHDVLQJ�WKH�
WKHRUHWLFDO�GLJHVWLELOLW\�RI�UDWLRQV�E\�LPSURYLQJ�WKH�TXDOLW\�RI�IRUDJHV��PDL]H�VLODJH�DQG�RU�JUDV�VLODJH��
UHGXFHG�WKH�&)�E\�DSSUR[LPDWHO\������������NJ�&2��HT�NJ�)3&0�� 
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�����������)LJ�����&DUERQ�IRRWSULQW�DIWHU�GLIIHUHQW�DEDWHPHQW�VFHQDULRV�DW�GHIDXOW�GDLU\�IDUP� 
 
:KHQ�JUDVVODQG�62&�VHTXHVWUDWLRQ�ZDV�LQFOXGHG�LQ�WKH�VLPXODWLRQ��WKH�&)�RI�WKH�UHIHUHQFH�IDUP�ZDV�
�����NJ�&2��HT�NJ�)3&0��7KH�PLWLJDWLRQ�UDWH�DWWULEXWHG�WR�JUDVVODQG�62&�VHTXHVWUDWLRQ�LQ�WKLV�VWXG\�
�������ZDV�VOLJKWO\�KLJKHU�WR� WKRVH�UDWHV�UHSRUWHG�E\�2¶%ULHQ�HW�DO�� �������IRU�PDL]H�VLODJH�EDVHG�
GDLU\�IDUPV�LQ�8.�DQG�86��,W�VKRXOG�EH�QRWHG�WKDW�WKHUH�LV�QRW�FXUUHQWO\�FRQVHQVXV�RQ�KRZ�WKH�LPSDFWV�
RI�ODQG�XVH�RQ�62&�VWRFNV�ZRXOG�EH�EHVW�TXDQWLILHG�ZKHQ�SHUIRUPLQJ�/&$�RI�DJULFXOWXUDO�SURGXFWV�
�-RHQVXX�HW�DO��������7KH�UHGXFWLRQ�HVWLPDWHG�IRU�WKH�UHVW�RI�VFHQDULRV�GLG�QRW�H[FHHG����RI�&)�RI�WKH�
UHIHUHQFH�IDUP��7KH� MRLQW�DSSOLFDWLRQ�RI�DERYH�PHQWLRQHG�VWUDWHJLHV�UHGXFHG�&)�E\�������DW�IDUP�
OHYHO�������NJ�&2��HT�NJ�)3&0���7KH�VXFFHVV�RI�WKH�SUDFWLFHV�DERYH�GHVFULEHG�LQ�WKH�DEDWHPHQW�RI�
&)�GHSHQGV�RQ�WKHLU�UHDO�DGRSWLRQ�DW�IDUP�OHYHO� 7KLV�GHSHQGV�RQ�SXEOLF�DQG�SULYDWH�LQFHQWLYHV��SXEOLF�
SROLFLHV�DQG�WD[HV��FRVWV�DQG�ORJLVWLFV�RI�LPSOHPHQWDWLRQ��DQG�WUDGH�RIIV��+HUUHUR�HW�DO��������� 
 
&RQFOXVLRQV�� ,W� LV� FRQFOXGHG� WKDW�&)� UHGXFWLRQ� LQ�PDL]H�VLODJH�EDVHG�GDLU\�FDWWOH� IDUPV� IURP� WKH�
%DVTXH�&RXQWU\��QRUWKHUQ�6SDLQ��LV�IHDVLEOH�WKURXJK�QXWULWLRQDO�DQG�PDQDJHPHQW�VWUDWHJLHV��§������
$PRQJ�VLPXODWHG�VFHQDULRV��KHUG�QXWULWLRQ�VWUDWHJLHV�ZRXOG�KDYH�WKH�KLJKHVW�PLWLJDWLRQ�SRWHQWLDO�� 
 
$FNQRZOHGJHPHQWV��)XQGHG�E\�,QWHUUHJ�$WODQWLF�$UHD��³'�)���3URSDJDWLQJ� LQQRYDWLRQV� IRU�PRUH�
UHVLOLHQW�GDLU\�IDUPLQJ�LQ�WKH�$WODQWLF�DUHD�´�($3$B��������� 
 
5HIHUHQFHV 
 
&RUWpV��$���)HLMRR��*���)HUQiQGH]��0��DQG�0RUHLUD��0�7��������3XUVXLQJ�WKH�URXWH�WR�HFR�HIILFLHQF\�
LQ�GDLU\�SURGXFWLRQ��7KH�FDVH�RI�*DOLFLDQ�DUHD��-RXUQDO�RI�&OHDQHU�3URGXFWLRQ������������ 
)$2��������7KH�*OREDO�'DLU\�6HFWRU��)DFWV�2QOLQH��KWWSV���ZZZ�ILO�LGI�RUJ�ZS�FRQWHQW� 
XSORDGV���������)$2�*OREDO�)DFWV���SGI� 
+HUUHUR��+���+HQGHUVRQ��%���+DYOtN��3���7KRUQWRQ��3�.���&RQDQW��5�7���6PLWK��3���:LUVHQLXV��6���+ULVWRY��
$�1��� *HUEHU�� 3��� *LOO�� 0��� %XWWHUEDFK�%DKO�� .��� 9DOLQ�� +��� *DUQHWW�� 7�� DQG� 6WHKIHVW�� (�� ������
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*UHHQKRXVH�JDV�PLWLJDWLRQ�SRWHQWLDOV�LQ�WKH�OLYHVWRFN�VHFWRU��1DWXUH�&OLPDWH�&KDQJH����������� 
,3&&�������������,3&&�*XLGHOLQHV�IRU�1DWLRQDO�*UHHQKRXVH�*DV�,QYHQWRULHV��,QWHUJRYHUQPHQWDO 
SDQHO�RQ�FOLPDWH�FKDQJH� 
,3&&��������&OLPDWH�&KDQJH�������7KH�3K\VLFDO�6FLHQFH�%DVLV��:RUNLQJ�*URXS�,�FRQWULEXWLRQ�WR�WKH�
)LIWK�$VVHVVPHQW�5HSRUW�RI�WKH�,3&&� 
-RHQVXX��.���5LPKDQHQ��.���+HXVDOD��+���6DDULQHQ��0���8VYD��.���/HLQRQHQ��,��DQG�3DORVXR��7��������
&KDOOHQJHV�LQ�XVLQJ�VRLO�FDUERQ�PRGHOOLQJ�LQ�/&$�RI�DJULFXOWXUDO�SURGXFWV²WKH�GHYLO�LV�LQ�WKH�GHWDLO��
7KH�,QWHUQDWLRQDO�-RXUQDO�RI�/LIH�&\FOH�$VVHVVPHQW��������±����� 
3HWHUVHQ��%�0���.QXGVHQ��0�7���+HUPDQVHQ��-�(��DQG�+DOEHUJ��1��������$Q�DSSURDFK�WR�LQFOXGH�VRLO�
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Introduction 
In 2019, dairy production used 26% of the land in The Netherlands, exported 7.8 bn euros and was 
the main income for around 17,000 farmers (ZuivelNL, 2020). The Netherlands represents 5% of 
the global dairy market exports (NZO, 2020). On the other hand, milk and meat products are seen as 
the food products with one of the highest carbon footprint (Parodi et al., 2018; Poore and Nemecek, 
2019). However, the carbon footprint of raw milk from different regions varies considerably (from 
6,67 kg CO2 eq. kg FPCM in SSA to 1,29 in North America) depending on the productivity level of 
the dairy farming systems (FAO and GDP, 2018). In the Netherlands, farmers, governments and the 
industry have worked over the last decades to improve productivity and reduce the environmental 
impact of dairy production. This has reduced the carbon footprint of raw milk, but the exact extent 
of this reduction and the drivers for reduction were unknown. In order to have reliable metrics of 
the progress, long term data series are needed. This raises a series of problems: availability of 
reliable data, evolving emission factors and global warming potentials, assumptions to be made. 
Here, we discuss the main challenges when determining the Dutch raw milk carbon footprint 
between 1990 and 2019. 

 
Materials and methods 
We applied Life Cycle Assessment (LCA) to estimate the carbon footprint of raw milk in the 
Netherlands for the period 1990 to 2019. To the best of our knowledge, this is the longest time-
series data of carbon footprint of a product. For this, we worked with the average Dutch dairy 
system following van Bruggen et al (2021). Data was collected from different sources including 
national statistics (CBS, 2021; van Bruggen, 2020; van Bruggen et al., 2021), and data from the 
farm accountancy data network (FADN, 2021). 
Purchased feed is one of the most relevant sources of GHG emissions in dairy systems. Up to now 
there is no Life Cycle Inventory dataset available for long-term carbon footprints of animal feeds. 
To obtain this, the historical recommended feed composition was retrieved from a knowledge and 
research institute for the feed industry (Schothorst Feed Research B.V.) and adjusted to align with 
other farm system data and nutritional requirements of the dairy herd. For feed ingredients origin 
we retrieved from FAO data (FAO, 2021)for im- and export of feed ingredients to the Netherland 
and production data of the crops in the identified sourcing regions. Land use change data were 
based on different sources based on the region of the world (FAO, 1988, 1976; Persson and Olan, 
1974). 
This is one of the first carbon footprint studies to include carbon sequestration on dairy farms over a 
longer time series based on dynamic model Roth-C (Coleman and Jenkinson, 1996). Working with 

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On “The role of emerging economies in global food security” 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 2 

carbon sequestration led to decisions into the method to assess sequestration, assumptions to define 
crop rotations, grassland renewal and rates of sequestration over time. 
A sensitivity analysis was performed on the most important methodology choices affecting the 
absolute carbon footprint  and the trend over the years to assure the reliability of both the absolute 
carbon footprint level as the reduction rate. 

 
Results and discussion 
Several challenges were found in the process of completing the data collection and performing 
calculations. Going back in time, further than 2015 with the same data source implied that data 
collected from individual dairy farms (Annual Nutrient Cycling Assessment – ANCA (KLW, 2020)) 
was not an option as these are only available from 2015 onwards.  
Estimating on farm land use for production of grass and maize production was another challenge. 
For this, we started from the cow’s feed intake and, through records on average yields per hectare, 
which were quite variable over time, we estimated the area used to produce the dairy feed. While 
this is the best option available, contradictions can arise when yields change due to climatic events 
such as droughts. Therefore we included a sensitivity analysis based on farm land ownership data. 
Connecting farm, national and companies’ databases into one logic and consistent database required 
a process of understanding and translating each other’s vision and interpretation on variables.  
This learning process highlighted the relevance of having consistent and reliable activity data and 
emission factors. Systems like the ANCA that collect farm specific yearly farm data to calculate 
different environmental impacts are key in order to have a solid basis for monitoring progress 
towards environmental targets. Furthermore, the main sources of emissions, the evolution and 
changes in particular events such as droughts or regulations give important learnings on how to 
reduce, or avoid an increase in GHG emissions from the dairy industry in the future. Moreover the 
study shows that differences in weather  between years and resulting yields affect farm productivity, 
the ration of cows and therewith the carbon footprint of milk as well as carbon sequestration rates. 
This is an important learning knowing that our future climate will be more variable.  
Data on compound feed composition was lacking. Therefore, compound feed composition was 
based on compositions optimized for lowest cost-price, based on single feed ingredient prices and 
availability in the specific year. We adjusted compound feed composition to match the protein 
content data retrieved. To make the match we needed to add single protein rich feeds to the diet. For 
the protein ingredients in the diets we assumed that 50% was soybean meal and 50% was rapeseed 
meal. This may not be the exact compound feed fed to the dairy herd. As soybean meal is a 
feedstuff with a high carbon footprint, this assumption has a significant impact on the carbon 
footprint of compound feed. For the period between 1990 and 2001, no information on compound 
feed composition was available and we used an average composition equal for all these years based 
on feed experiments.  
Our study shows that though productivity can reduce the carbon footprint per kg of milk, it also 
often leads to an increase of total milk production, i.e. less reduction in total GHG emissions, a 
relevant learning for countries that aim at reducing national GHG emissions through improving 
farm productivity. While we did this analysis ex-post, the same analysis could be done ex-ante 
before implementing regulations or planning for climate adaptation.  
Calculating carbon sequestration shed light on the need of an international standard to account for it 
in carbon footprinting and the high variability in year on year carbon sequestration due to weather 
circumstances, which makes carbon crediting of carbon removals problematic. The sensitivity 
analysis shows that though the choice of emission factors and assumptions of farm management 
affects the absolute level of estimated GHG emissions, the reduction rate however was largely 
unaffected by choices in carbon footprint methodology . 
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Conclusion 
Estimating the longest time series of carbon footprint of raw milk led to several challenges, 
including gathering reliable data, making assumptions and connecting data from different sources to 
represent a Dutch average farm. However a solid estimation of these time series was possible for 
the Netherlands and led to interesting lessons for the feasibility of future climate targets. In this 
process lessons were learnt over the potential of ex post analysis to do ex ante work, highlighting 
the relevance of having centralized databases on activity sources and emission factors. Furthermore, 
the collaboration between businesses (dairy and feed company) and researchers (consultants and 
university) provided synergies in knowledge, data access and validated methods to achieve the end 
goal. 
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1. Introduction: Dairy products are considered one of the most important products for our diet. 
Various studies have been focus on the environmental impact of the dairy industry, since it is 
classified the fifth consumer of energy after chemical industries, contributing to several 
environmental issues (Munir et al., 2014). On the other hand, the packaging stage has gotten a lot of 
attention, and different methodologies for reducing its environmental impact have focused on its 
weight and the use of recyclable and renewable resources.  

The circular economy plan aims to recycle 50% of plastics by 2025.Yet, to achieve the circularity 
objectives, doubling the present capacity of recycling is needed (Plastics Europe, 2022). For 
aluminium packaging, 51.9% of recycling rate was achieved in 2019 in Europe, being the cans the 
major aluminium food-packaging that undergo a recycling treatment (Eurostat, 2019a) . In 2018, 
36% of the aluminium metal supply in Europe was made up of recycled aluminium (pre- and post-
consumer scrap). By the middle of the century, post-consumer aluminium recycling might meet 
50% of the Europe needs for aluminium, thus earning ¼�� ELOOLRQ� IRU� WKH� (XURSHDQ� HFRQRP\� HDFK�
year (European Aluminium, 2018). 
 
The main objective of this study is to environmentally compare the use of aluminium or plastic for 
Danone custard packaging, using life cycle assessment (LCA), and evaluate their circularity, using 
the newest indicators to assess product circularity: the Material Circularity Indicator (MCI), 
proposed by the Ellen MacArthur foundation (EM Foundation, 2019), and longevity indicator 
introduced by Figge et al. (2018) (Figge et al., 2018). 
 
2. Materials and methods: The environmental impacts and the circularity of the containers have 
been anticipated using LCA, MCI, and longevity indicators. 
2.1. Life cycle assessment: $� µcradle-to-JUDYH¶� /&$�was used and preserving 100 g of custard 
during 45 days has been chosen as a functional unit. The processes studied were extraction of raw 
materials, packaging production, distribution and end of life. The Inventory data (Table 1) were 
collected based on a dairy factory and completed using Gabi Software, which was used to model the 
system. Several impact categories are presented: AP: acidification; CC: climate change; 
Ecotox_water: freshwater ecotoxicity; Eu_water: freshwater eutrophication; Eu_marine: marine 
eutrophication; Eu_T: eutrophication terrestrial; HT_cancer: Human toxicity, cancer; LU: land use; 
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OD: ozone depletion; POF: photochemical ozone formation; RU_fossils: Resource use, fossils; 
RU_mineral: Resource use, mineral and metals; Water: water use. 

                                                 Table 1: Inventory data of the containers 

   I: input, O: output, FU: Functional unit, R: recycling, L: landfilling, In: incineration 

    a: (Ministerio para la Transición Ecológica y el Reto Demográfico, 2019) 

2.2. Measuring circularity 

MCI indicator (EM Foundation, 2019): the Material Circularity Indicator (MCI) quantifies the 
linear flow minimization in comparison with the restorative flow, as well as how long and 
intensively it is used. MCI takes a value of 1 when the product is fully circular, and 0 for a linear 
product. The equation used to determine the MCI of a product is given below: 

ܫܥܯ                                                               ൌ ͳ െ ୐୊୍ൈ଴Ǥଽ�
ଡ଼

            Eq. (1)  
    Where:  X is the Utility and LFI is the Linear Flow Index 
Longevity indicator (Figge et al., 2018): the longevity indicator attempts to determine how long a 
product has been utilized (the length of time). It can be determined using the sum of three 
components as shown in Eq. (2), the initial lifetime (LA) of which a product is firstly used, the 
refurbishment lifetime (LB) of which a product is returned to use due to refurbishing and the 
recycling lifetime (LC) when the resources are reused due to recycling. 

Longevity = LA + LB + LC                      Eq. (2) 
 
2.3. Results:  

2.3.1. Environmental impacts of the container  

 

System 1                                        System 2 

Process Input/Output Amount/FU 
(kg/FU) Input/Output Amount/FU 

(kg/FU) 

Raw 
Materials 

I-Aluminium_cap  5.37E-04 I-Aluminium_cap  2.51E-04 

I-Aluminium_jar  3.99E-03 I-Polypropylene_jar  4.49E-03 

I-Cardboard  3.62E-03 I-Cardboard  2.90E-03 

Packaging 
production 

I-Electricity_jar 5.54E-04  kWh Electricity_jar 5.45E-03  kWh 

O-Waste_jar  3.63E-04  O-Waste_jar  1.27E-04 

 O-waste_cap  4.88E-05 O-waste_cap 2.28E-05 

Distribution 
to retailer  

Weight total  7.74E-03 Weight total  7.49E-03 

Distance  600  km Distance  600  km 

End of life 

O-Aluminium  

( 49.1% R, 51.9% L)
a

  4.10 E-03 

O-Aluminium  

( 49.1% R, 51.9% L)
a

  
2.28E-04 

O- Cardboard 

(72.9% R, 23.63% L, 3.47% In)
a 

       3.62E-03 

O-Plastic  

(51.5% R, 33.2% L, 15.3% 

In)
a

  

4.37E-03 

-   

O-Cardboard  

(72.9% R, 23.6% L, 3.47% 

In)
a

  

2.90E-03 
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As illustrated in Figure 1, the aluminium container presents the highest impacts for almost all 
impact categories, which is mainly attributed to the production of aluminium as seen in Figure 2.  

Figure 1: Environmental impacts of the aluminium and plastic containers. AP: acidification; CC: climate change; Ecotox_water: freshwater 
ecotoxicity; Eu_water: freshwater eutrophication; Eu_marine: marine eutrophication; Eu_T: eutrophication terrestrial; HT_cancer: human toxicity, 
cancer; LU: land use; OD: ozone depletion; POF: photochemical ozone formation; RU_fossils: resource use, fossils; RU_mineral: Resource use, 
mineral and metals; Water: water use. 

 
Figure 2: Environmental impacts of the aluminium container. AP: acidification; CC: climate change; Ecotox_water: freshwater ecotoxicity; Eu_water: 
freshwater eutrophication; Eu_marine: marine eutrophication; Eu_T: eutrophication terrestrial; HT_cancer: human toxicity, cancer; LU: land use; OD: 
ozone depletion; POF: photochemical ozone formation; RU_fossils: resource use, fossils; RU_mineral: Resource use, mineral and metals; Water: 
water use. 

2.3.2. Circularity indicators 

The Material Circularity Indicator (MCI) of the two containers was calculated using Eq. (1). Both 
containers are made from 100 % virgin sources. At the end of life, 53.7 % of aluminium (Eurostat, 
2019a) (Valpak Limited, 2017) , and 69.4 % of plastic packaging (Eurostat, 2019b) (Valpak 
Limited, 2017) are usually collected for recycling. The efficiency of the recycling process is 91.4 % 
for aluminium, and 74.2 % for plastic packaging  (Valpak Limited, 2017). Then, the MCI of the 
aluminium container is quantified to be 0.304, and that of the plastic container to be 0.268. 
 

���



��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�$VVHVVPHQW�RI�)RRG�������/&$�)RRGV������ 
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´ 
��-���2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH� 
 

The longevity indicator was measured of the two containers following Eq. (2). The corresponding 
data are used to measure it: 53.7% of returned aluminium containers (Eurostat, 2019a) (Valpak 
Limited, 2017), 91.4% of aluminium retained through recycling (Valpak Limited, 2017), LA (initial 
lifetime) of 45 days, 69.4% of returned plastic containers (Eurostat, 2019b)(Valpak Limited, 2017), 
74.2% of plastic retained through recycling (Valpak Limited, 2017). Then the longevity of the 
aluminium container is 88 days and of plastic container is 90 days. 

 
2.4. Conclusion: Most companies found in the market prefer packing the egg custard in aluminium 
containers, while plastic is reserved for other types of custards. No difference on the expiration date 
has been considered between both packaging. This study has evaluated for the first time the 
environmental impacts of aluminium and polypropylene containers used as custard packaging. The 
results revealed that the polypropylene container seems to be the best alternative with lowest 
impacts for almost all impact categories. However, regarding circularity measured by MCI, 
aluminium presented better results (higher circularity, MCI=0.30) against polypropylene 
(MCI=0.26), due to lower amount of waste landfilled at the end of life. Whereas, polypropylene 
presents better longevity (90 days) against aluminium (88 days). Increasing the recycling rate with a 
very efficient recycling process leads to a more circular product (MCI close to 1) 
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PLFUREHV��5LWDOD�HW�DO����������&HUHDO�VLGH�VWUHDPV�DUH�QRW�\HW�XVHG�HIILFLHQWO\��9DORSSL�HW�DO���������
7KH�DQQXDO�XVH�RI�RDW�LQ�IRRG�LQGXVWU\�LV�SUHGLFWHG�WR�EH�����PLOOLRQ�WRQQHV�LQ�(8��7KH�)LQQLVK�&HUHDO�
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EHHQ�VHW�RQ�QHZ�ILVK�IHHG�DOWHUQDWLYHV�DQG�SURWHLQ�VRXUFHV� 

/LIH�F\FOH�DVVHVVPHQW�DQDO\VHV� IDFLOLWDWH�TXDQWLWDWLYH�FRPSDULVRQ�DPRQJ�GLIIHUHQW� IHHG�SURGXFWLRQ�
V\VWHPV� WR� VXSSRUW� GHFLVLRQ�PDNLQJ� DQG� LPSURYHV� WKH� XQGHUVWDQGLQJ� RI� HQYLURQPHQWDO� DQG� VRFLR�
HFRQRPLF�SHUIRUPDQFH�RI�WKH�IHHG�FRPSDUHG�WR�FRQYHQWLRQDO�IHHG�DOWHUQDWLYHV� 

,Q�FRQWUDU\�WR�WKH�JHQHUDOO\�RSWLPLVWLF�YLHZV�RQ�QRYHO�IRRG�WHFKQRORJLHV��WKH�ILQGLQJV�RI�WKLV�ZRUN�
KLJKOLJKW�WKH�SDUDGR[LFDO�LPSDFW�RI�QRYHO�ILVK�IHHG�SURGXFWLRQ�V\VWHPV�RQ�WKH�HQYLURQPHQW�DQG�VRFLHW\��
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7KH�HFRQRPLF�DVVHVVPHQW�FRQVLGHUHG�WKH�FRVW�DQDO\VLV�RI�WKH�6&3�DQG�6R\3&�SURGXFWLRQ�PRGHOV�DW�
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6R\EHDQ�SURWHLQ�EDVHG�ILVK�FRQFHQWUDWH�KDG�����WR�����KLJKHU�ODQG�XVH�FRPSDUHG�WR�WKH�6&3V��'XH�
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Rationale. Iran is in the Earth's dryland belt, struggling with severe drought and other challenges due to 
climate changes, such as food insecurity. These challenges require us to seek techniques such as using 
grafted vegetable seedlings instead of traditional methods to produce high-quality crops with higher yields 
and lower energy and water use. There are two systems for healing and acclimatizing grafted seedlings: 
conventional tunnel systems (CTS) and LED-equipped vertical systems (LVS; Moosavi-Nezhad et al., 2022). 
Previous studies show these systems can be used in drought regions to produce more robust seedlings to 
reduce risks of uncertain climate changes while conserving energy and reducing costs of meeting increased 
production (e.g., Moosavi-Nezhad et al., 2021). Yet, there is a need to evaluate and improve these systems' 
overall efficiencies in achieving these goals. 
Objective. The objective of the current study is to assess and compare the energy use, economic, and 
environmental impacts of two different healing and acclimatization systems, the CTS and the LVS, in the 
production of grafted seedlings.  
Approach and methodology. A life-cycle assessment approach is used to characterize grafted watermelon 
seedling production systems, comparing CTS and LVS, using a functional unit of one million grafted 
watermelon seedlings (MGWS). Life cycle assessment (LCA), cumulative exergy demand (CExD), and life 
cycle cost analysis (LCCA) approaches are used to assess the impacts associated with the defined production 
systems.  
Main results and discussion. Overall, the energy and environmental impact analyses show that CTS 
contributes to higher energy consumption and damage to human health, ecosystems, and resources than LVS 
(Figure 1). 

 
Figure 1. Comparison analysis between conventional tunnel systems (CTS) and LED-equipped vertical systems (LVS) 

scenarios from weighted environmental damages perspective 
 
In addition, the economic analysis indicates that the net profit in LVS with only five floors is 24% higher 
than that of CTS (Figure 2). Specifically, higher seedling survival ratio, using less land area, higher 
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insulation of buildings (for accommodating LVS) than greenhouses (for accommodating CTS), and multi-
floors in LVS improve the overall environmental and economic aspects of these systems in the production of 
grafted watermelon seedlings (Moosavi-Nezhad et al., 2022). 

 
Figure. 2. Comparison analysis between conventional tunnel systems (CTS) and LED-equipped vertical systems (LVS) 
scenarios from economical (A) and cumulative exergy demands (CExD; B) perspective. 
 
The main contributors to energy consumption in CTS include diesel fuel (76%), nylon (8%), polystyrene 
(7%), electricity (3%), perlite (3%), and polypropylene (2%). The LVS main energy consumers are electricity 
(33%), polystyrene (31%), diesel fuel (16%), perlite (12%), and polypropylene (7%) (Moosavi-Nezhad et al., 
2022). 

 
Figure. 3. Percent of each input in total energy consumption for conventional tunnel systems (CTS; A) and LED-
equipped vertical systems (LVS; B). 
 
Conclusion. In conclusion, the study results show that LVS is a less energy consumptive, less 
environmentally burdensome, and more profitable system than the CTS. In addition to the previously noted 
benefit of LVS compared to CTS, the LVS can be further improved through modifications to the minimum 
day length and light intensity requirements for optimal seedling quality to define the best use of LED and 
reduce electricity usage. Also, determining best practices for organic fertilizer usage, biological controls (for 
pests and diseases), and minimum rhizosphere required for seedling roots will increase the overall energy 
and economic efficiencies of the LVS (Moosavi-Nezhad et al., 2022). 
 
References  
Moosavi-1H]KDG�� 0��� 6DOHKL�� 5��� $OLQLDHLIDUG�� 6��� 7VDQLNOLGLV�� *��� :ROWHULQJ�� (�-��� )DQRXUDNLV�� '��� ĩXN-
*RáDV]HZVND��.�� DQG�.DODML��+�0��� ������%OXH� OLJKW� LPSURYHV� SKRWosynthetic performance during healing 
and acclimatization of grafted watermelon seedlings. International journal of molecular sciences, 22(15), 
p.8043. 
Moosavi-Nezhad, M., Salehi, R., Aliniaeifard, S., Winans, K.S. and Nabavi-Pelesaraei, A., 2022. An analysis 
of energy use and economic and environmental impacts in a conventional tunnel system and a LED-equipped 
vertical system in healing and acclimatization of grafted watermelon seedlings. Journal of Cleaner 
Production, p.132069. 

A B 

A B 

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On “The role of emerging economies in global food security” 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 1 

LCA of two West African market vegetables value chains: a field-test for the 
agro-ecological transition 

 
Angel Avadí1,2,*, Moussa Dosso1,3, Frédéric Feder1,2 

 
1 CIRAD, UPR Recyclage et risque, F-34398 Montpellier, France 
2 Recyclage et risque, Univ Montpellier, CIRAD, Montpellier, France   
3 École Supérieure d'Agronomie (ESA), INP-HB, Yamoussoukro, BP 1313, Côte d’Ivoire 
 
Keywords: agro-ecology; conventional; organic; value chain mapping; West Africa 
 
*Corresponding author. Tel.: +33-4-67-61-59-67 
 E-mail address: angel.avadi@cirad.fr  
 
In West Africa, vegetable production most often takes place in urban and periurban (i.e. suburban) 
areas and commercial production is aimed at providing the cities. In various countries, such as in 
Côte d’Ivoire, the production of vegetables is insufficient to fulfil the national demand, thus the 
country resorts to importing vegetable products (de Bon et al., 2019). Moreover, vegetable 
production in the region is generally unsustainable due to a combination of factors (de Bon et al., 
2019; El Bilali, 2020; Levasseur et al., 2007):  

i) there are seldom national programmes for the introduction and selection of varieties,  
ii) vegetable crops are generally grown in a conventional manner (using chemical inputs that 

are often unapproved and overdosed) and in monoculture on large plots of land,  
iii) the level of production of the main vegetable crops is very low and sometimes insufficient to 

supply the local market,  
iv) exotic vegetables with a high added value are often preferred to (more robust, easier to grow 

and richer in nutrients and vitamins) local vegetables,  
v) yields remain very low, market garden crops are frequently sprayed with high doses of 

chemical pesticides (which reduce the quality of the produce, reduce biodiversity and pollute 
the environment),  

vi) soils are impoverished due to the intensification of practices,  
vii) the sanitary quality of products sold on local markets is not guaranteed (nor controlled and 

little studied by research), and, finally,  
viii) the regular arrival of new pests increases the use of chemical pesticides thus further reducing 

the natural enemies that could contribute to better regulate them.  
 
The so-called agro-ecological transition (or intensification) is expected to play a role in improving 
the sustainability of West African market vegetables production. Agro-ecological agriculture implies 
reducing chemical inputs such as pesticides (similar to the so-called Lean agriculture or Agriculture 
raisonnée (Rosenberg & Gallot, 2002)), but also other changes in agricultural practices, such as the 
total or partial replacement of mineral by organic fertilisers, the use of fertilising or sanitising 
service plants and/or of beneficial indigenous micro-organisms, and the diversification of cropping 
systems including a shift towards agroforestry. 
 
Through two research projects featuring a dominant LCA component, we analysed the market 
vegetables value chains in Benin (Avadí et al., 2020) and Côte d’Ivoire (https://www.projet-
marigo.org/), including an LCA component to assess their environmental impacts throughout the 
production continuum (from conventional to organic, through various stages of agro-ecological 
transition).  
 
In Benin, significant differences in environmental scores were found amongst some of the types of 
production in the continuum (consisting of conventional, lean and organic systems of carrots, 
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tomatoes, leafy vegetables such as lettuce and Cucurbitaceae), with the larger impact associated 
with organic production (Figure 1 and Figure 2). In this case, yields from organic systems are 
generally lower than those of conventional ones (the so-called organic/conventional yield gap 
(Ponisio et al., 2015)), yet the causes of differences in impacts are multiple and go well beyond 
yield (Avadí et al., 2021). Overall improvement of these systems would be achieved by improving 
organic waste processing and knowledge on the fertilising value of resulting organic fertilisers, and 
by enhancing agricultural extension services or technical guides on good agricultural practices to 
reduce over-fertilisation. 
 

  
Figure 1. Mean impacts (ILCD single 
score, in Pt) of three production types of 
vegetables production in southern Benin 

Figure 2. Contribution analysis of tomato produced in southern Benin, based 
on the single ILCD score per kg of product, all sites combined 

 
In Côte d’Ivoire, the productive continuum is dominated by conventional systems (de Bon et al., 
2019), but several initiatives support the evolution of horticultural systems towards more 
sustainable ones, and there are systems featuring diverse stages of transition into agro-ecological 
systems. Such initiatives should overcome the land tenure issues prevalent in the country, 
particularly affecting vegetable producers. A priori, the typology of producers is rather complex, as 
practices are geographically and technically heterogeneous. Results were not yet available at the 
time of writing this abstract, but we are currently studying the current situation and intend to assess 
the (expected) changes in impacts due to the introduction of agro-ecological practices.  
 
For the analysis on Benin vegetables production, compiled ICVs were representative of a specific 
moment in time, at which the studied systems were at a particular position in the productive 
continuum. For the analysis in Côte d’Ivoire, a sample of producers engaged in a transition towards 
agro-ecologic systems are being accompanied over a few years, and LCIs collected at different 
moments in time. 
 
These two case studies demonstrate the validity of LCA (in combination with socio-economic 
indicators) to compare the relative sustainability of agricultural production system alternatives. 
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The fertilizer consumption has been increasing in Zambia during the last 10 years. This has been 
FDXVHG�E\�WKH�=DPELD¶V�JRYHUQPHQW¶V�JRDO� WR� LQFUHDVH�WKH�IHUWLOL]HU�XVH�LQ�=DPELD�WR�UHGXFH�UXUDO�
poverty and hunger (IFDC, 2013). Since the production of chemical fertilizers is emitting 
remarkable amount of greenhouse gases (GHG), and the use of chemical fertilizers is known to 
increase the soil emissions, this study was made to study agroforestry as an option for higher 
fertilizer consumption to increase the maize yield levels in Zambia while reducing the carbon 
footprint. 

Objective of the study was to calculate the carbon footprint of three different maize 
production systems in the Central Province of Zambia, since maize is the most produced crop in 
Zambia (IAPRI, 2019). The three different systems were: the low-input maize monoculture scenario 
without other inputs than maize seeds for sowing, high-input maize monoculture scenario with 
chemical fertilizers and seeds for sowing, and maize-Faidherbia albida agroforestry scenario 
without other inputs than seeds for sowing.  

Cradle-to-gate Life Cycle Assessment (LCA) was done to assess and compare the carbon 
footprint of Low-input, High-input, and Agroforestry scenarios. The data for the yield levels in 
Low- and High-input scenarios were gathered from the national survey report (IAPRI, 2016), and 
the yield level for Agroforestry scenario was gathered from the peer-reviewed literature (Yengwe et 
al., 2018). The yield levels were 1690, 2530, and 2900 kg d.m. ha-1 maize grain yield in Low-, 
High-, and Agroforestry scenarios, respectively. Other data for the maize production systems were 
gathered from the national survey reports and peer-reviewed literature. Soil and land-use emissions 
were calculated by following IPCC guidelines (IPCC, 2006; IPCC, 2019). Data for the fertilizer 
production and maize seed production were gathered from Ecoinvent 3.7.1 cut-off regionalized 
database (Wernet et al., 2016). The data for the above-ground biomass of the F. albida in 
agroforestry scenario was calculated based on the equation by Beedy et al. (2016) (Eq. 1). 
 

 
 
Two different functional units (FU) were used to study the carbon footprint of the three different 
maize production scenarios under study. In the Case 1 the FU was 1000 kg d.m. maize grain and in 
the Case 2 the FU was 3 ha field, since this is an average farm size in Central Province of Zambia 
(IAPRI, 2019 p. 15). In Case 1, the land use change was considered, i.e., it was assumed that 
primary forest was cleared for maize production to produce 1000 kg d.m. maize grain yield. The 
carbon in above-ground biomass of F. albida was considered as a carbon stock since it was assumed  
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to be used as a construction material. In Case 1, the carbon stock in above-ground biomass of F. 
albida was not considered in the results, whereas in Case 2, the carbon stock in above-ground 
biomass of F. albida was considered to the results as the whole field system was studied. 

Agroforestry scenario had the lowest carbon footprint in both cases (Figures 1 and 2). The 
reason for the lowest carbon footprint found in agroforestry scenario in Case 1 was higher yield 
level, and therefore lower demand for the clearing of primary forest for the production of 1000 kg 
d.m. maize grain. The reason for the lowest carbon footprint of Agroforestry scenario in Case 2 was 
the carbon stock in above-ground biomass of F. albida. In the Case 2, where the 3 ha maize field 
system was studied rather than only maize, the carbon stock in above-ground biomass of F. albida 
was causing negative carbon footprint in agroforestry scenario because there were more carbon 
removals to above-ground biomass of F. albida than there were emissions from the system.  
 Considering the results of this study, as well as many other ecological benefits found in 
agroforestry systems in previous studies, the agroforestry system could be suitable to be used in the 
Central Province of Zambia as a maize production system, from the ecological point of view. Yet, 
other sustainability aspects need to be studied as well as more complex agroforestry systems. 
 

 
Figure 1 Carbon footprint (kg CO2-Eq.) for each scenario in Case 1 (FU = 1000 kg d.m. maize grain). Land use 

change was considered. 
 

 

 
Figure 2 Carbon footprint (kg CO2-Eq.) of each scenario in Case 2 (FU = 3 ha maize field). Carbon stock in 

above-ground biomass of F. albida in Agroforestry scenario was considered. 
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Introduction 
Agro-forestry is an important economic sector in Peru, an important producer and exporter of coffee, 
cocoa and Brazil nuts. Beyond the economic and social benefits of these expanding activities in 
Andean and Amazon areas of Peru, a set of environmental benefits have been identified in recent 
decades. These benefits, that included climate change mitigation through carbon sequestration or 
soli health enrichment, have fostered the promotion of these production systems by public policy. In 
IDFW��3HUX¶V�FOLPDWH�DFWLRQV�LQ�WKH�IUDPH�RI�WKH�3DULV�$JUHHPHQW�LQFOXGH�WKH�VHTXHVWUDWLRQ�RI carbon 
in agroforestry systems as part of the strategy to mitigate GHG emissions by 2030 (Vázquez-Rowe 
et al., 2019). 
 
In Peru, coffee production tends to be low-input and organic by-default (Jezeer and Verweij, 2015; 
Jezeer et al., 2018). However, recent scientific studies have highlighted poor soil management 
practices among producers, enhancing soil degradation (Pokorny et al., 2021) and leading to a 
process which consists in clearing primary forests in the search of new fertile cultivation areas 
(Barham and Weber, 2012). In certain regions this trend has shifted due to the fact that farmers are 
enrolling in voluntary certification standards (e.g., CUSAF), in which management practices have 
been adopted such as the application of soil amendments and fertilizers, the systematic pruning of 
plants or the implementation of composting systems to recirculate nutrients on site (Barham and 
Weber, 2012). However, in most cases, life-cycle studies to analyze the trade-offs of these changes 
in the production systems are not undertaken. 
 
In parallel, an increasing number of importers of green coffee, mainly in European nations, are 
demanding Peruvian producing cooperatives to implement environmental management schemes, 
which include, among other requirements, the measurement of their carbon and water footprints, the 
implementation of best available techniques to reduce environmental impacts and the compliance 
with the product environmental footprint (PEF) methodology. The rationale behind these 
requirements is linked with providing standardized environmental practices and environmental 
accountability and transparency to consumers. However, despite the fact that coffee is a buoyant 
sector in Peru, capacity building in these topics has been scarce in the sector, and the economic 
viability for coffee cooperatives to implement environmental management actions is limited.  
 
Considering these domestic and international trends, a consortium of public institutions in Peru, 
together with academia and NGOs, initiated a few years ago a process in which environmental 
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footprint accounting and measuring in the Peruvian coffee production sector was set as a priority to 
aid producers in becoming competitive in the international market. This process, in which UNEP 
and partners in other coffee-producing nations in Latin America participated, reached an important 
milestone in November 2020 with the presentation of the CalCafe software. This software, created 
by the Peruvian LCA & Industrial Ecology Network (PELCAN), with the support of UNEP, the 
Ministry of the Environment (MINAM) and PromPeru (i.e., the international commerce agency of 
the Peruvian government) is intended to provide a user-friendly framework for stakeholders in the 
Peruvian coffee sector to calculate the environmental impacts linked to coffee production. In this 
context, the aim of the present study is to present the CalCafé software from a methodological 
perspective, as well as describing the support that its use has given to the coffee sector since its 
official presentation in November 2020. 
 
Materials and Methods 
CalCafé is an open access Excel-based PEF compliant software that aims to provide a mathematical 
computation of the environmental impacts of coffee production and consumption of Peruvian coffee. 
From a standardization perspective, the software is based on the Product Category Rule (PCR) 
developed for green coffee in Costa Rica (INTECO, 2020), as well as on the ISO 14040 and 14044 
standards (ISO, 2006a, b). The software was adapted, thereafter, to local geographical, climatic and 
technological conditions in Peru, allowing users to select among a variety of traits depending on 
their production characteristics. Although the main functionality of the software is to provide a 
computation of green coffee, either organic or conventional, ready to export in a Peruvian port to 
other nations, a second functionality was added to measure the impact of consuming different types 
of coffee by consumers in Peru and selected European nations (e.g., Italy or Finland). 
 
From a data acquisition perspective, the user of the software is in charge of including most of the 
primary data manually for the main stages of production: nursery, cultivation, harvest, depulping, 
fermenting, drying and hulling, as well as storage and transport activities to a Peruvian port for 
export. Consequently, users have to introduce data on, for example, use of fertilizers, water use, 
pesticide application or transport distances of acquired raw materials or exported green coffee. Most 
foreground processes are covered with this system, whereas the background processes are included 
in the software based on the ecoinvent v3.5 database (ecoinvent, 2022). Carbon capture by coffee 
plants and other tree species in the canopy of shade-trees was computed following allometric 
equations for quantifying tree biomass and carbon sequestration, in which altitude of the cultivation 
area and plant and tree densities were also taken into consideration. It should be noted that land use 
changes (LUCs) were not included in the computational framework of the software, constituting the 
main limitation of the software. Although LUCs are important sources of GHG emissions, it was 
decided to exclude these given the lack of granularity of the software to detect the cultivation areas 
were LUCs may occur. 
 
From a life cycle impact assessment perspective, the five impact categories suggested by the Costa 
Rican PCR were considered (i.e., climate change, aquatic acidification, freshwater toxicity, 
eutrophication and water scarcity), and three additional categories were added (i.e., fine particulate 
matter formation, non-carcinogenic human toxicity and carcinogenic human toxicity). The latter 
were added as they can be important metrics to evaluate in terms of effects and damage on human 
health.  
 
Results 
Once CalCafé was constructed in its final version and verified by the scientific team, it was 
presented publically through virtual presentations in November 2020 with the support of MINAM, 
UNEP and PromPeru. This first presentation was divided into two main blocks. On the one hand, a 
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general presentation explaining the major environmental management challenges and policy 
repercussions that the use of the software could entail was performed for policy makers and 
academia. On the other hand, a first workshop was presented destined at transferring knowledge on 
the use of the software to technicians from the cooperatives. A second phase was established in 
August 2021, in which two separate initiatives allowed a series of activities that included capacity 
building, quantification of environmental impacts through the software and monitoring by 
PELCAN-38&3��DQG��ILQDOO\��WKH�UHFRJQLWLRQ�RI�HDFK�FRRSHUDWLYHV¶�HIIRUWV�WKURXJK�WKH�GHOLYHU\�RI�D�
diploma and environmental report with essential results linked to the  
 
The first initiative was led by PromPeru in an effort to train a set of 20 different coffee cooperatives 
in different Peruvian regions. Due to the aftermath of the COVID-19 pandemic, training sessions 
were virtual, as were the individual follow-up sessions with each cooperative in order to continue 
with practical training. The final outcome is a full computation of a significant sample of coffee 
producers in each cooperative which will help the sector to report their environmental footprint. 
Currently, a total of 17 coffee cooperatives throughout Peru have already undergone or are currently 
undergoing this process, which aims to empower them in terms of transparency and accountability, 
becoming more competitive in a context of increasing requisites to comply with environmental 
management policy and certifications. 
 
Conclusions 
CalCafe is aimed to become a reference calculation tool for the environmental footprint of Peruvian 
coffee production and can be seen as a proxy for the implementation of similar schemes in other 
agro-forestry products or in neighboring agro-export nations with similar limitations when it comes 
to empowering small producers. 
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Rational and objective 
Palm oil is the most important edible oil in the West Africa region (Awere, 2021). Crude Palm Oil 
(CPO) is processed from fresh palm fruits using various techniques depending on the level of 
mechanization and processing. According to their throughput and the degree of complexity, the 
scale of operations can be classified as traditional, small, medium or large-scale mills (MASDAR 
2011). In West Africa region, the palm oil processing industry is dominated by informal small-scale 
mills that produce 60 - 80% of the national production output (Angelucci, 2013, Osei-Amponsah et 
al., 2012). At most small-scale mills, the only mechanized operations are the digestion of boiled 
fruits and the pressing to extract the final oil product (Osei- Amponsah et al., 2012).  
Nevertheless, the production processes of CPO have undoubtedly been associated with several 
environmental impacts: the generation of solid and liquid waste, air, noise and odour pollution 
among many (Awere, 2021). Pollutants/by-products generated in palm oil processing mills: 
• Solid waste: This comprises of empty fruits bunches (EFB), Palm Pressed Fibre (PPF), Chaff 

and Palm Kernels (PK). The EFB is mostly not used readily as solid fuels for their high 
moisture content. The proportions of solid wastes produced are dependent on the variety of oil 
palm fruit (Dura or Tenera) but generally they are in the order EFB > PPF > PKS > chaff 
(Sulaiman et al., 2010). 

• Liquid waste: main liquid Palm Oil Effluent (POME), a mixture of water, uncovered oils, cell 
debris, and fibrous materials. At the small-scale mills, the wastewater is generated during 
boiling of fresh fruits and clarification of crude palm oil. The characteristics of the wastewater 
from the various unit processes differ. POME from small-scale mills is hardly given any form 
of treatment before disposal. 

• Air pollution: Small-scale mills do not have in place measures and appropriate technologies to 
control or manage smoke produced from their activities. Another source of air emission is 
biogas produced from digestion of POME. The wastewater undergoes anaerobic digestion 
releasing methane gas and odour into the environment. 

• Noise pollution: At the small-scale mills, there are no technology to control the noise 
generated by the machinery used for processing. 

 
Generally, across West Africa, small-scale mills have been cited for their failure to comply with 
environmental regulations. However, the extent of environmental impacts of the activities of small-
scale palm oil processing mills using life cycle methodologies have not been performed. Within this 
framework, the objective of this study is to analyse specific environmental burdens of a small-scale 
CPO production through the application of a life cycle-based approach.  

 
Methodology 
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The Life Cycle Assessment is indeed a powerful methodology able to assist in environmental 
impacts evaluation (ISO 14040, ISO 14044). Specifically, a gate-to-gate analysis was conducted, 
starting from the receipt of fresh fruits bunches (FFB) at the processing mill up to the final 
production of Crude Palm Oil (Figure 1). The distribution to external consumers and the eventual 
use and disposal of crude palm oil products were not considered part of the research. 

 

Figure 1 Crude Palm Oil processing processes.  
--- Dashed line represents the boundaries within which the impact assessment was calculated. 

 
 
The modelling was developed considering a functional unit equal to 1 ton of crude palm oil 
extracted and the calculation was performed using the SimaPro software version 8.5. Data gathered 
were mainly primary data obtained from studies conducted on 25 small-scale palm oil processing 
mills in Ghana. Nevertheless, secondary data were additionally collected from the Ecoinvent v.3 
database and then complemented by some literature data (Anyaoha et al 2018; Ohimain and Izah, 
2014; Ohimain et al 2013). Potential environmental burdens were calculated through the CML-IA 
baseline V3.05 methodology and considering 11 different impact categories. 
 
Results and discussion 
 
The results (Figure 2) shed light on important impacts especially imputable to the cooking and the 
stripping phase. The cooking stage has inevitably higher impacts due to frequency and the intensive 
operations of the boilers and due to the POME generation and disposal. This can particularly be 
observed in relation to marine and human toxicity, respectively contributing to the 85 % and the 
79 % of the total impacts. On the other hand, the initial stripping phase is mainly responsible for 
environmental burdens related to terrestrial ecotoxicity and to eutrophication. The said outcome can 
be a consequence of the untreated empty fruit bunches wasted during the stripping process. 
 
Upstream activities and the POME generation also specifically affect the global warming potential 
due to the origination of several air pollutants. A similar result was seen and discussed also in 
(Vijaya et al., 2008). 
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Figure 2 Life Cycle Impact Assessment. CML-IA baseline V3.05 results 
 
Conclusion 
Considering the present results some recommendations can be drawn to potentially lower the 
environmental impact profiles. The waste streams resulting from the main production flows (the 
stripping, the digestion and the oil extraction) should possibly be addressed by separate and specific 
end of life solutions. For instance, the Empty Fruits Bunches (EFB) could further be shredded and 
be used as a manure substitute in farming as seen in (Sung et al., 2010), the POME should 
adequately be treated in a waste water treatment plant supported by a biodigester to caption biogas 
for the cooking stage, and last, the boiling method could be changed to sterilization, which could 
potentially lower the water use by 50 %. 
 
However, those mentioned alternative solutions are not simply to be achieved by a small-scale CPO 
production. Especially a biogas capture requires high cost, good logistics and quite advanced 
technology to be installed as correctly underlined by (Vijaya et al., 2008). To this end, an interesting 
complementary analysis would be a comparison between a small, medium and large-scale palm oil 
industry to delineate strengths and barriers for a more sustainable small-scale crude palm oil 
production. 
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The Dominican Republic is a country with a great tradition in the coffee sector and the main source 
of income for 67% of family members of coffee farmers. This product is the main crop in the mount
ain areas and in particular in the 8 agricultural regions of the country, although mainly in the norther
n, central, central-northern and southern regions. 
The carbon footprint of green coffee was analyzed through the LCA analysis of coffee produced in t
he Dominican Republic in the coffee year 2018-2019, with the aim of formulating a project for a N
AMA strategy that makes it possible to propose innovative actions that help reduce the environment
al impact generated by its cultivation. The objective is to identify the actions most responsible for th
e environmental impact to reduce their effects and increase the environmental sustainability of gree
n coffee in the country. The study covered the entire coffee supply chain, from the production of see
dlings in nurseries, to sowing and crop management, up to post-harvest processes. 
Average size of the coffee area and farms: The most important producing regions are found in the m
ain mountainous areas of the Northern and Central Cordillera, Sierra de Neyba and Sierra de Bahor
uco. The largest coffee area is found in the central and southern regions, south of the Cordillera Cen
tral and the Sierra de Neyba; it represents 44% of the total cultivated area and concentrates 37% of t
he coffee plantations in the communities of the provinces of San Cristóbal, Peravia, Ocoa, Azua, Sa
n Juan and Elías Piña. In 2001, 133,000 hectares of coffee were registered on a national level; in 20
18 about 75,000 hectares, a stable value in recent years. In 17 years, the country has lost around 58,
000 hectares of coffee, with a 43% reduction in the area under coffee cultivation compared to 2001. 
The average size of coffee plantations is around 3.4 hectares. In general, these are small farms with 
a very low level of productivity, (almost 193 kg per hectare). This is due to a greater extent to the ol
d age of the plantations (it is estimated that 74% of the plantations are over 60 years old and 15% be
tween 25 and 30 years old), and to poor technology and innovation. National production is a theme 
directly linked to land occupation: in fact, the highest volumes were recorded at the beginning of th
e 80s, with subsequent significant reduction until the mid-90s. The following period recorded yields
 of about 40,000 tons per year with the worst coffee harvest in 2015 with just 9,900 tons of coffee, li
nked to the massive attack of coffee rust of 2009-2010. However, production has resumed since 201
5, mainly thanks to the promotion of rust-tolerant varieties of coffee, the renewal of plantations and 
the improvement of management with the use of fertilizers and other components. 
Methods The carbon footprint of coffee cultivation in the Dominican Republic was determined for t
he 2018-2019 coffee year. The study follows the standards relating to Life Cycle Assessment (ISO 1
4040-44). PCR 2018: 03 v1.0, espresso coffee, and PCR 2013: 21 v1.01, green coffee, were also use
d. The functional unit is 1 kg of green coffee, ready for transport (ex warehouse). The study covered
 the entire coffee supply chain, including: production of seedlings, establishment and management o
f plantations, harvesting and post-harvesting. The LCA calculations were performed with the LCA s
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oftware SimaPro 9.1.0, ecoinvent version (3.6, cut by classification). The population corresponded t
o 23,808 coffee producers in the D.R., stratified according to the size of the production unit (Small 
Producers: plantation with an area of less than 3.12 hectares; Average P.: area between 3.12 hectares
 and 12.5 hectares ; Large P.: surface greater than 12.5 hectares) and at the altitude of the company a
bove sea level (Altitude less than 500 meters; Altitude between 500 and 1000 meters; Altitude great
er than 1000 meters). Within these clusters, based on the percentage of participation in each one, su
b-samples were selected, for a total sample of 228 producers. The analyzed system includes all the o
perations and materials necessary for the cultivation of coffee, from sowing to harvesting, passing t
hrough processing in the coffee processing centers, ready for storage and subsequent shipment. The 
primary data used refer to the consumption of fossil fuels, water, electricity for processing in nurseri
es, plantations and mills; quantity of fertilizers, pesticides and soil improvers applied in nurseries an
d plantations. For other processes, such as the active ingredients of fertilizers and pesticides, or the 
gas and water emissions of fertilizers, secondary data with reference to the Ecoinvent database and l
iterature data were used. In the case of polycultures, an allocation between coffee and other species 
was envisaged only for nitrogen fertilizers (such as green coffee PCR). Products subject to recyclin
g and composting are considered inputs for the next life cycle, according to the cut-off approach. Th
e approach used to carry out the evaluation throughout the coffee life cycle is attributive. 
Biogenic CO2 emissions and sequestration: The carbon neutrality approach is adopted for atmosphe
ric CO2 emissions from materials of biogenic origin. Neither CO2 sequestration nor emissions relat
ed to materials of biological origin are evaluated, assuming that the net carbon sequestration is zero.
 This approach to carbon neutrality follows the guidelines issued by the IPCC 2006 - Vol. 4, chap. 5 
Agricultural land for annual crops. 
Land Use Change: Changes in the amount of stored carbon that have occurred over the past 20 year
s due to land use change for plantation settlement should have been included in the calculations. 
Environmental Impact Assessment Method: The method adopted for the assessment of environment
al impacts for this study is the IPCC 2013 method, developed by the International Panel on Climate 
Change. 
The impact of 1 kg of green coffee processed in Dominan Republic is 7,038 kg of CO2e. As mentio
ned, the final blend of green coffee is composed of a percentage of green coffee processed by manu
al mills (75.6%) and industrial mills (24.4%). The main causes of the impact are fertilizers, the com
bustion of diesel for cultural activities and the transport and management of cultural waste. Focusin
g in particular on the agricultural part, the analysis of the contribution shows that over 60% of emiss
ions are due to the production and emission of fertilizers, followed by the impacts of agricultural res
idues. The types of fertilizers applied have different origins and nitrogen has diversified from urea, 
chicken manure, manure and compost, and phosphorus and potassium from chemical sources. Most 
chemically applied NPK fertilizers have a 15-15-15 or 16-20-20 rating. Organic fertilizers applied a
re: abodom, compost, manure and chicken manure. For the latter, according to the publication of the
 EPA (National Environmental Protection Agency) and the technicians on site, the chicken manure 
was associated with the 2-2-0 rating and the others with the 5-0-0 rating. 
The ecoinvent processes chosen to define the fertilizers used in coffee cultivation do not evaluate th
e emissions into air, water and soil, which were included in the study using scientific models availa
ble in the literature. The methods chosen are EMEP (EEA 2013) for ammonia (NH3), IPCC 2006 fo
r N2O, SALCA-nitrate (Europe) and SQCB for nitrate, SALCA-P (Prasuhn 2006) for phosphorus a
nd Freiermuth (2006) for heavy metals. The choices made comply with the methodological guidelin
es of the WFLDB and the ecoinvent reports. Data analysis shows that there is a direct correlation be
tween the amount of N and the environmental impact on GWP (global warming potential). Urea has 
a greater impact on directly emitted CO2. NPK-type chemical fertilizers also have a minimal contri
bution to GWP due to their production, which is not the case with organic fertilizers. With respect to 
the impacts of the different methods of organic matter treatment, soil degradation in plantations app
ears to be the most impactful option for the environment, compared to discharge and incineration. 
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Introduction 
Food production is one of the main contributors to many environmental challenges of today, such as 
climate change, land degradation, water scarcity and biodiversity loss (Campbell et al. 2017; Poore 
and Nemecek 2018). The production of food requires vast amounts of land and about half of the 
habitable land on Earth is currently occupied for agricultural purposes. About 77% is used for 
livestock production, delivering only about 37% of the protein produced globally (Ritchie and 
Roser 2019). Land use and land-use change (LULUC) is known to be a main driver for biodiversity 
losses (Maier, Lindner, and Francisco 2019). Unsustainable land management practices are 
additionally increasing land pressure by soil degradation, leading to problems like loss of topsoil 
and desertification, thereby both releasing existing carbon stocks and eliminating the potential to 
store carbon into the soil biomass (Mirzabaev et al. 2019). Land use impacts are, however, rarely 
implemented in life cycle assessments (LCA) (Bos et al. 2020). Although life cycle impact 
assessment (LCIA) methods are available to estimate the impact of LULUC on biodiversity, none 
of these methods integrates all impacts contributing to biodiversity losses (Winter et al. 2017).  
 
Rational 
Western countries are known for having a high rate of animal±based product consumption leading 
to consumption-related environmental impacts. Many of these impacts are linked to LULUC that 
takes place in developing countries, such as GWP and loss of biodiversity (Wood et al. 2018). 
High-animal consumption pattern in western countries with a relatively small population, coupled 
with the high impact of animal-based products, could therefore potentially have a higher 
environmental impact globally than might sometimes be thought, including in nations with 
emerging economies. Therefore, we hypothesize that Finnish dietary changes will likely show 
potential pathways to reduce greenhouse gas (GHG) emissions and biodiversity losses on a global 
scale through changes diets that lead to differences in imported animal-based products, feed 
products and imported vegetables. In addition, a move towards regenerative agricultural practices 
could increase the biodiversity of the land.  
 
Expected results 
In this project, we aim to explore the potential effect of several dietary change and agricultural 
production scenarios in Finland on biodiversity impacts of terrestrial, marine and freshwater 
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ecosystems globally by 2030. Several different scenarios for 2030 will be presented showing a 
combination of different dietary pathways in combination with expected changes in agricultural 
practices, such as the implementation of regenerative farming techniques. Changes in land use will 
be visualized using a global GIS map indicating places that experience changes in both land 
pressure as well as changes on biodiversity as a result of the different scenarios.  
 
 
Data and Methods 
Data will be taken from the FABIO environmental input and output database, while data on 
regenerative agricultural practices can be taken from literature and projects such as Carbon Action 
(Baltic Sea Action Group, 2022). Historic consumption data, such as the FinDiet 2017 surverys, 
will be used to find dietary change trends that can be utilized to predict food patterns in 2030. Other 
dietary scenarios will be made based on dietary recommendations, considering both the nutritional 
composition and the environmental impact of the products (Mazac et al. 2022). Dietary changes will 
include both a switch between currently available products as well as the switch from current 
products to novel foods products produced through cellular agriculture. The functional unit will be 
expressed in terms of the food consumption of Finland. Possible changes in the Finnish population 
by 2030 will be considered. The LC-IMPACT method will be used to quantify the biodiversity 
impacts of terrestrial, marine and freshwater ecosystems as it considers several midpoint impact 
categories that impact biodiversity. The results of the LC-IMPACT assessment are multiplied with 
the global extinction probabilities (Verones et al. 2022). 
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Introduction  
Environmental metrics are increasingly used in public decision-making processes. They can even be 
displayed at consumer level. In 2020, the French government launched a call for proposals for 
methods and format of labeling in order to inform consumers on the environmental footprint of food 
purchasing products. In this context, the relevance of the underlying methodology is strategic to 
steer consumer choices.  
The question of land scarcity is, on a global scale, a major issue and food production is a major 
contributor. Livestock, as secondary producers, have mechanically a larger land footprint per 
kilogram than plant production. However, livestock are also cellulose transformers and can thus 
make use of non-arable grassland areas that are not in competition with food production for direct 
human consumption. On the other hand, grain-eating animals such as pork and poultry consume 
feed that is generally produced on land potentially usable for (vegetal) food production.  
With the goal of analyzing both food production and consumption (diets), we identified two 
relevant approaches i) ADEME study in France (Barbier et al., 2020a, 2020b) and ii)  land footprint 
in Australia (Ridoutt et al., 2020; Ridoutt & Garcia, 2020) 
The purpose of this work is therefore i) to compare the methodological choices of these two studies 
and ii) to examine the differences induced in the results per type of meat and diets. 
 
Material and methods 
For the Australian footprint, we use the "cropland scarcity footprint" which characterizes the 
intrinsic productive capability of land. Lands that cannot be used for crop production, including 
(permanent) grasslands, are not accounted for. 
First, we compared indicators of the soil footprint of various animal productions on their respective 
lands, per kg liveweight at farm gate. As the two metrics are not in the same unit, we normalize 
results to beef production.  
For diets, French food categories had to be grouped together to match the broader Australian 
categories. For both countries, we obtained three typologies of diet composition (in g/day) with 
detailed type of meat (livestock/pork/poultry).  
 
Results and discussion  
We observe a clear difference in hierarchy between meats according to the chosen methodology 
(Figure 1). In the French study, poultry is the least impactful, followed by pork. The impacts of beef 
and lamb are respectively 5 and 10 times greater. In the case of Australia, lamb has the least impact, 
followed by beef, poultry and pork, with a footprint 3 times greater than beef.  
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Figure 1: Land footprint of meat productions, normalized to beef A/ production in France, computation 
according to Barbier et al. (2020) B/ production in Australia, computation according to Ridoutt & Garcia (2020) 
 
We also analyzed the land footprint of diets. The share due to meat within diet footprint is around 
2,5 times higher in France, e.g. reaching for high-meat diets 72% of the total footprint in France 
(170gmeat/day), compared to 29% for Australia (154 gmeat/day).  
Despite some differences between countries in production techniques and yields, the two methods 
take different approaches. The French one only accounts for m2.yr used for production, whereas the 
Australian method discriminates between cropland and non-arable land (including grasslands). 
Cropland can indeed be used either for feed or food production, whereas grassland (especially used 
by livestock) is not in competition with direct human production. This methodological difference 
has major consequences in the hierarchy of meat products and in the share of meat within the land 
footprint of diets.  
These two approaches do not account for other functionalities of land, such as the preservation of 
biodiversity or carbon storage. 
 
Conclusion  
This study raises questions on the way to account for grassland surfaces in land foot printing, and 
shows that metric matters, especially in the context of consumer decision making. The Ridoutt 
metric addresses the feed-food competition and could be a relevant approach to account for in 
labeling methodology for consumers information.  
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Rationale and Objective of the Work:   
 The current food system, from farm to fork, has high impacts on the health of the 
environment and individuals (Campbell et al., 2017; Willett et al., 2019). Globally, there has been a 
substantial amount of research into the life cycle impacts of various dietary patterns 
(Aleksandrowicz et al., 2016). However, the majority of these studies have focused on a single 
country or region, and it is challenging to compare impacts between countries and regions due to 
differences in methodological approaches, including how dietary patterns are formulated and which 
environmental impacts are considered (Notarnicola et al., 2017). A limited number of studies have 
compared environmental impacts of multiple countries XVLQJ� LQGLYLGXDOV¶� IRRG� LQWDNH�GDWD, which 
can provide an average of usual intake at the group level (Mertens et al., 2019). A few studies have 
compared environmental impacts of food consumption for various regions of a country, using data 
from household surveys  (Esteve-Llorens et al., 2020; Vázquez-Rowe et al., 2017). These studies 
have found that the environmental impacts of food consumption vary across regions of a country 
mainly due to food choices.  
 Similarly, there are few studies that consider the life cycle stages from farm-to-fork 
(Corrado et al., 2019; Esteve-Llorens et al., 2019). This is an important aspect to consider because 
they could potentially contribute significant impacts based on the location of food production, 
transportation, and energy sources used. For example, for a particular country, fresh fish 
consumption could have lower environmental impacts in a region where it is harvested compared to 
another region where it is air transported. These regional differences are important to consider for 
providing further insights into the drivers of impacts.  

The purpose of this research is to evaluate the farm-to-fork environmental impacts of food 
consumption based on nutritional function, with consideration of life cycle stages IRU�&DQDGD¶V�WHQ�
provinces. The results are used to identify hot spots in each dietary pattern. This study will 
contribute to an enhanced understanding of the impacts of dietary patterns by including more 
impact categories and including all stages of the food system. It will also provide insights to inform 
appropriate policies and interventions for shifting towards sustainable food choices.  
 
Approach and Methodology   
 This research uses the life cycle assessment (LCA) approach as outlined by the ISO standard 
for conducting LCA studies (ISO, 2006b, 2006a). Canada has vast geography and a multi-cultural 
population, which results in large differences in which foods are produced locally and what 
individuals consume. We identify average food consumption for each province using the latest and 
comprehensive individual food intake data for up to 20,487 Canadians from the Government of 
&DQDGD¶V� ����� &DQDGLDQ� &RPPXQLW\� +HDOWK� 6XUYH\ (Health Canada, 2017). Comparisons of 
province food consumption and impacts are based on calories. Region-specific life cycle inventories 
are developed to reflect origins of production and regional technologies. We use openLCA software 
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with the ecoinvent v3.8 database for modelling life cycle inventories of foods consumed IURP�µIDUP�
WR�IRUN¶��We assess multiple environmental impacts of the diets using TRACI. 
 
Main Results and Discussion 
 Preliminary results from average diets in the province of Ontario show that beef contributes 
the most to the total global warming potential (GWP), followed by milk, greenhouse tomatoes, 
cheese, chicken, and fish. These foods make up 60% of the total GWP. The production stage for 
beef and greenhouse tomatoes contributes the most to GWP. This is because of both high carbon 
intensity of beef production, and the amount consumed. Similarly, greenhouse vegetables are 
known for being carbon-intensive in cold conditions due to additional heating from fossil fuels. 
Interestingly, the life cycle stages associated with fish consumption show similar impact 
contributions for the processing and transportation stage (35%), which are also very similar to the 
fish production stage (40%). These large contributions reflect aquaculture-sourced fish, which has 
been processed and transported by refrigerated truck for approximately 4500 km. Based on these 
preliminary findings, it is likely that hotspots of diets in life cycle stages will be different across 
provinces, due to amount of foods consumed, the regional electricity grid, etc. It is also expected 
that environmental impacts of dietary patterns across provinces will be different, as there are 
differences in consumption of animal-based foods (e.g. fish vs beef) across the various provinces. 
Similarly, in a study of three regions in Peru, Vazquez-Rowe et al. (2017), found that the higher 
GWP was due to the higher consumption of red meat in the Andean region. Similarly, Esteve-
Llorens et al. (2020) assessed the GWP across seventeen regions of Spain and found a higher GWP 
in the north relative to the south-east regions due to higher consumption of animal-sourced foods in 
the northern region.    
 
Conclusion  
 Preliminary results highlight the importance of what individuals consume, and the 
challenges of providing a healthy and low impact diet to Canadians in relation to food security and 
climate change mitigation. This research provides a baseline of environmental impacts of food 
consumption at a regional level that would help find strategies in consumption and food supply 
chain to meeting 2050 climate targets. Even though these findings provide insights for climate 
change mitigation and food security, the underlying demographic factors are not assessed. In future 
research, we are interested in understanding the effects of demographic factors for consuming 
certain food types.  
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Los alimentos son un recurso indispensable para la humanidad, y su demanda ha sido creciente 
durante los últimos años (FAO, 2019). Para satisfacer esta demanda, se estima que la producción de 
alimentos deberá aumentar en 50% al 2050 (FAO, 2019). El incremento de la producción generará 
efectos en el sistema alimentario, llevando a una mayor demanda de recursos naturales (Batlle-
Bayer et al., 2020; FAO, 2019; Xiong et al., 2020) y a una agricultura y ganadería cada vez más 
intensivas, lo que incrementará las cargas ambientales de la producción de alimentos (Batlle-Bayer 
et al., 2020; Chapa et al., 2020; Notarnicola et al., 2017). 
Debido a los múltiples subsistemas (combustible, fertilizante, electricidad, etc.) y flujos asociados 
que participan en el sistema alimentario, el análisis del ciclo de vida (ACV) se ha aplicado 
ampliamente en la industria de los alimentos (Batlle-Bayer et al., 2019; Djekic et al., 2018), como 
una herramienta para determinar impactos ambientales, puntos críticos ambientales. En este sentido, 
el ACV es una metodología que permite cuantificar aspectos e impactos ambientales asociados a un 
proceso o producto a lo largo de todo su ciclo de vida, desde la extracción de materias primas, hasta 
su disposición final (ISO 14.040, 2006). Por este motivo, este estudio buscó analizar los impactos 
ambientales del ciclo de vida de los alimentos, asociados a dietas según ubicación geográfica y 
nivel socioeconómico de habitantes de ciudades de Chile.  
El análisis fue llevado a cabo siguiendo la metodología de ACV establecida en los estándares 
internacionales ISO 14040 (ISO, 2006a) e ISO 14044 (ISO, 2006b). La unidad funcional utilizada 
fue la alimentación consumida por una persona al año. Por lo tanto, el flujo de referencia 
corresponde a la suma de todos los alimentos que permiten satisfacer las necesidades alimenticias 
de una persona durante un año. Para la obtención de datos de consumo de alimentos se realizaron 
encuestas en hogares de 6 ciudades distribuidas a lo largo de Chile. En la zona norte se aplicaron 
encuestas en la ciudad de Iquique, en el centro a Pedro Aguirre Cerda, Providencia y Macul (estas 3 
comunas parte del Gran Santiago), y en el sur a Temuco y Coyhaique. Se aplicaron 100 encuestas 
por ciudad con el objetivo de levantar información asociado al número de habitantes por hogar, 
promedio de ingresos per cápita, tipos y cantidad de alimentos consumidos. Se logró completar un 
total de 702 encuestas correspondientes a 2.851 personas. Para la evaluación de los impactos 
ambientales se utilizó el método ReCiPe Midpoint (H), seleccionando las categorías de impacto de 
cambio climático (kg de CO2 eq), eutrofización de agua dulce (kg de P_eq), acidificación terrestre 
(kg de SO2 eq), agotamiento de recursos fósiles (kg Oil_eq), toxicidad humana (kg de 1,4-DCB eq), 
ecotoxicidad terrestre (kg de 1,4-DCB eq) y uso de suelo (en m2Âaño eq). Tanto la modelación del 
sistema producto como la evaluación de impactos ambientales fue realizada a través del software 
SimaPro 9.0. 
Los resultados muestran que las carnes rojas son el principal punto crítico ambiental en las 
categorías de impacto de cambio climático (31%), acidificación terrestre (43%), eutrofización de 
agua dulce (64%) y uso de suelo (52%). Los cereales son el principal punto crítico ambiental en 
ecotoxicidad terrestre (34%), y el segundo en importancia en eutrofización de agua (32%) y uso de 
suelo (21%). Las verduras son el principal punto crítico ambiental en ecotoxicidad de agua con 19% 
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del impacto y, además representan el segundo grupo de importancia ambiental en las categorías de 
ecotoxicidad terrestre (25%). Los lácteos representan el segundo grupo que contribuye con mayores 
cargas ambientales en las categorías de impacto de cambio climático (17%) y acidificación terrestre 
(18%), y el tercer contribuyente en eutrofización del agua (14%) y uso de suelo (18%). 
En relación con las ciudades, Coyhaique es la que presenta los impactos ambientales más elevados 
en todas las categorías evaluadas, lo que se debe a características propias de su ubicación geográfica. 
Coyhaique está ubicada al sur de Chile por lo que el transporte de alimentos juega un rol importante, 
además de presentar el mayor consumo de alimentos con respecto al resto de las ciudades evaluadas. 
Junto a esto, presenta mayor consumo del grupo de carnes rojas que son uno de los principales 
puntos críticos ambientales.  
En conclusión, la etapa de producción de alimentos es la que presenta mayor carga ambiental dentro 
del ciclo de vida de los alimentos, seguido de la pérdida y desperdicio de alimentos. Para los 
distintos grupos alimenticios estudiados, la mayor contribución de impactos ambientales la genera 
la producción de alimentos de origen animal, en especial las carnes rojas, a excepción de las 
categorías ecotoxicidad terrestre y ecotoxicidad del agua, en donde los alimentos de origen vegetal 
son el principal punto crítico ambiental. Además, los impactos ambientales se ven influenciados por 
el consumo de alimentos que varía según la ubicación geográfica debido a la cantidad y tipo de 
alimentos que se consumen en cada región, así como el nivel socioeconómico de sus habitantes.  
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Rationale and objective  
Meat is a major source of proteins (28 g of protein per capita daily) and calories (30%) in the 
current average diet of Europeans (Bonnet et al., 2020). Meat production is often associated with a 
large share of HQYLURQPHQWDO�LPSDFWV��H�J���OLYHVWRFN�HPLWV���ௗ7Jௗ1ௗ\Uí1, equivalent to one-third of 
current human-induced N emissions (Uwizeye et al., 2020). In case the tendencies of meat 
consumption remain, it is also predicted that by 2030 it will be responsible for 37% and 49% of the 
greenhouse gas emissions (GHGE) budget allowable under the 2°C and 1.5°C targets, respectively 
(Harwatt, 2019). Consumers increasingly seek for options to enjoy the taste of meat without 
negative environmental and health consequences. ³0HDW� DQDORJs´� WKHUHIRUH�GHWHUPLQHG�DV�a quite 
complex range of products, which can be further differentiated according to the product intended 
application (processing functionality) into meat analogs mimicking: (1) whole muscle tissue, (2) 
mimicking prepared fragmented whole muscle tissue (e.g., minced meat); (3) processed meat 
products (e.g., sausage) (McClements et al., 2021). This review accounts for the potential variations 
in the level of processing of meat substitutes but relies RQ�³PHDW�DQDORJV´�DQG�³PHDW�VXEVWLWXWHs´�DV�
interchangeable terms referring to physically, enzymatically, or biologically structured meat imitates 
composed of proteins, fats, carbohydrates, and other substances originated from non-animal sources 
and less commonly consumed animal species. Therefore, the study aims to systemize the latest 
available knowledge both from own research and from the literature on the technological demands, 
substitution of nutrients and environmental footprints of meat substitutes and analogs.  
Approach and methodology 
The study is based mainly on a review of the studies published in the last 10 years containing 
quantitative information on environmental impacts and/or resource demands and dealing with the 
analysis of meat substitutes in its wide understanding (including plants, microalgae, insects and 
cultured meat).  
Main results and discussion 
Plant-based foods in human diets provide the most of proteins (63%) and calories (82%), while 
being responsible for the smaller share of impacts (17% of farmlands, 42-44% of different 
emissions) comparing to animal-based products (Poore and Nemecek, 2018). It can be tempting to 
conclude that all plant-based proteins always lower the environmental impacts of the meat 
substitutes as compared to all meat. However, processed plant-based meat substitutes have 1.6-7 
times higher environmental impacts (different impact categories) than less processed sources (e.g., 
tofu, pulses, and peas) (Santo et al., 2020). Extruded plant-based meat substitutes in certain 
conditions could have a carbon footprint very similar to chicken meat, and in terms of resource 
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demand (land, energy, water), it could be even higher (Detzel et al., 2021). Impacts of both animal 
and plant-based ingredients can vary widely, and there is a range in which results of impact 
assessment overlap (Poore and Nemecek, 2018). Beef is typically taken as a product with high 
environmental impacts, higher than most meat substitute ingredients. Still, for some protein sources 
like microalgae, the analysis shows that, on a weight basis, the GHGE and the non-renewable 
energy (NRE) demand of microalgae can be much higher than beef and plant raw materials. Cell-
based cultures and insects also tend to increase the environmental impacts when added as meat 
substitute ingredients. The water footprint was not indicative with results being different in a few 
orders, which could relate to the application of different assessment methodologies. 
The incorporation of raw materials in ready-to-consume products shifts the relative impacts. Plant-
based extrudates (intermediate products) demonstrate to be quite low in GHGE, having an impact in 
the lower range compared to chicken meat: 7.7-7.9 kg CO2eq. kg-1 protein versus 7.7-11.3 kg 
CO2eq. kg-1 of chicken meat protein (Detzel et al., 2021). Plant-based meat substitutes at the same 
time are significantly lower in carbon footprint than hypothetical cultured meat; however cultured 
meat has a potential to have a lower impact than beef and farmed crustaceans.  
Meat-based foods had higher environmental impacts in terms of GHGE and land use than most 
products, with only a few cases falling in the upper impact ranges of mycoproteins and pea-based 
foods. Such differences are not that obvious when NRE and water footprints are compared. For the 
last categories mycoprotein and plant-based meat substitutes can have higher impacts than meat 
products on a kg basis. The analysis of impacts of meat substitutes on the protein basis did not 
define the significant difference between plant- and mycoprotein-based products in all categories. It 
was not possible to draw conclusions due to the limited data available in some categories (NRE and 
water footprint). Availability of comparable data is quite limited for microbial protein, cell meat, 
pea protein, nuts and microalgae and the spread of data for such sources is of low agreement. 
Conclusion 
Meat analogs can be a great strategy for food system impact reduction, if assured they substitute 
meat on the market instead of adding another product and impact to the existing diet. Plant-based 
meat substitutes on average have at least 50% lower environmental impacts than meat products in 
most impact categories; however, some exceptions connected to the specific cases of raw materials 
production (e.g., the water footprint of nuts, ecotoxicity due to pesticide use and deforestation 
problems) and levels of processing (protein isolation and reutilization) could demonstrate as high 
environmental impact as poultry and pig meats. Meat substitutes based on mycoprotein, microalgae, 
and meat cultures demonstrate a positive tendency to be environmentally beneficial products; 
however, in some categories (energy use, water footprint) their impact is very high. Insect biomass 
can be a promising source for hybrid meat substitutes; however, a careful selection of relevant 
species is needed for beneficial techno-functional properties.  
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Overview of the research:
An experimental lettuce indoor farm was assessed with a Life Cycle Assessment for acquiring
feasibility insights and strategies for an holistic approach. Results presented are average of the 05
crop cycle performed for each cultivation system evaluated, hence all inputs/outputs were registered
for the study. Biomass yield obtained for each system were equivalent to retail unit mass of lettuce,
and carbon footprints obtained were relatively higher in comparison with the literature overview, in
consequence of laboratory experimental conditions. quantitative results should be expressed based
on the International System of Units

Water and energy consumption per lettuce in each experimental growth system

Introduction: Urban Agriculture has been spotlighted as a potential alternative to secure food
supplies, thus alleviating stress on agriculture land (Specht et al., 2014). Indeed, this has arisen
multiple forms of UA approaches in cities, e.g. are post-construction adaptations in buildings like
rooftop gardens, indoor farms or rooftop greenhouses (fig 1); further, these tend to use various
fertirrigation methods, predominantly hydroponics-based systems (Martí Rufí-Salís et. al, 2020).
This study applies a Life Cycle Assessment to analyze 03 different farm methodos in UA for lettuce
under an experimental indoor space. Main goal was acquiring feasibility insights and primary data
for LCA in order to evaluate metrics performance and propose strategies for mitigation of GHG in a
corporate scenario.
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Material and Methods: Lettuce specimens were cultivated in 50 day-period cycle groups using
three of the most mainstream application forms in UA across the world: a deep water culture
hydroponic system, a hydroponic tower system (also called aeroponic) and an artificial soil-bed
mainly composed of peat moss, vermiculite, perlite and compost (Martin, M. et al., 2019;
Shrivastava, A. et al., 2021; Wang, M. et al., 2019).
A photoperiod of 12 h was assigned for the specimens. Light was supplied by a chip-on-board LED
linear system distributed for each cultivation track, subsequently after day 12 of trial, end of
seedling stage, time got increased to 14 h/day, this based on the reviewed literature (Ahmed, H. A.
et al., 2020; Chen, P. et al., 2020). Energy requirements of the system were managed by an
independent timer manufactured for the research and consumption was allocated by following ratios
of household consumption. Water consumption of each system was quantified.
The Life Cycle Impact Assessment (LCIA) was carried out through the software SimaPro 9.3 and,
computed using the most updated ReCiPe midpoint method (Hierarchical approach) and primary
data (Huijbregts et al., 2016). FU: 1 kg Lettuce (Lactuca sativa L).

Pictures of the experimental farm, energy self-made timer for each item and system boundary of the
cultivation systems assess, based by Martin M. et. al, 2019

Results:
●Specimens got minior tip burns in some leaves and irregularities in the growth ratio of
stem/leaves.
● A major contributor is artificial lighting, a consequence of its production-stage and energy. Raw
materials of fertilizers are the second main contributor.
●Feasibility of production was proven with no sunlight from seed to harvest, and crops were
perfectly consumable, in that sense, some specimens were
mature enough for an early
harvest after day 30.
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Conclusions:
●Inconsistency in biomass and burdens per FU are linked to the scalability of the experimental
approach, thus feasibility of cultivation (mostly any leafy vegetable) in an Urban Area as Lima was
proven with a remarkable CO2 footprint driven by energy and fertilizers inputs.
●Modularity of inputs-outputs of the system should be a priority tier in any UA application in order
to amend GHG.
●Holistic approaches of UA (e.g. hybrid of artificial/natural lighting) should be promoted for
acquisition of primary data.

kg CO2-eq per kg of lettuce - average biomass harvested

References:

Ahmed, H. A., Yu-Xin, T., & Qi-Chang, Y. (2020). Optimal control of environmental conditions
affecting lettuce plant growth in a controlled environment with artificial lighting: A review. South
African Journal of Botany, 130, 75–89. https://doi.org/10.1016/J.SAJB.2019.12.018

Brown, K. H., & Jameton, A. L. (2000). Public health implications of urban agriculture. Journal of
Public Health Policy, 21(1), 20–39. https://doi.org/10.2307/3343472

Cohen, A., Malone, S., Morris, Z., Weissburg, M., & Bras, B. (2018). Combined Fish and Lettuce
Cultivation: An Aquaponics Life Cycle Assessment. Procedia CIRP, 69, 551–556.
https://doi.org/10.1016/J.PROCIR.2017.11.029

Chen, P., Zhu, G., Kim, H. J., Brown, P. B., & Huang, J. Y. (2020). Comparative life cycle
assessment of aquaponics and hydroponics in the Midwestern United States. Journal of Cleaner
Production, 275, 122888. https://doi.org/10.1016/J.JCLEPRO.2020.122888

Kulak, M.; Graves, A.; Chatterton, J. Reducing greenhouse gas emissions with urban agriculture: A
Life Cycle Assessment perspective. Land Urban Plan. 2012, 111, 68–78.

Martin-Gorriz, B., Maestre-Valero, J. F., Gallego-Elvira, B., Marín-Membrive, P., Terrero, P., &
Martínez-Alvarez, V. (2021). Recycling drainage effluents using reverse osmosis powered by
photovoltaic solar energy in hydroponic tomato production: Environmental footprint analysis.
Journal of Environmental Management, 297, 113326.

3

https://doi.org/10.1016/J.SAJB.2019.12.018
https://doi.org/10.2307/3343472
https://doi.org/10.1016/J.PROCIR.2017.11.029
https://doi.org/10.1016/J.JCLEPRO.2020.122888
Eizo Muñoz Sovero 
740



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022)
On “The role of emerging economies in global food security”
12-14 October 2022, Lima, Peru (hybrid conference)

https://doi.org/10.1016/J.JENVMAN.2021.113326

Martin, M., & Molin, E. (2019). Environmental Assessment of an Urban Vertical Hydroponic
Farming System in Sweden. Sustainability 2019, Vol. 11, Page 4124, 11(15), 4124.
https://doi.org/10.3390/SU11154124

Romeo, D.; Vea, E.B.; Thomsen, M. Environmental Impacts of Urban Hydroponics in Europe: A
Case Study in Lyon. Proc. CIRP 2018, 69, 540–545

Rufí-Salís, M., Petit-Boix, A., Villalba, G., Sanjuan-Delmás, D., Parada, F., Ercilla-Montserrat, M.,
Arcas-Pilz, V., Muñoz-Liesa, J., Rieradevall, J., & Gabarrell, X. (2020). Recirculating water and
nutrients in urban agriculture: An opportunity towards environmental sustainability and water use
efficiency? Journal of Cleaner Production, 261, 121213.
https://doi.org/10.1016/J.JCLEPRO.2020.121213

Specht, K.; Siebert, R.; Opitz, I.; Freisinger, U.; Sawicka, M.; Werner, A.; Thomaier, S.; Henckel,
D.; Walk, H.; Dierich, A. Urban agriculture of the future: An overview of sustainability aspects of
food production in and on buildings. Agri. Hum. Values 2014, 31, 33–51.

Stolwijk, J.A.J. 1984. The sick building syndrome. In: Recent Advances in Health Science and
Technology, vol. 1 (pp. 22–29). Proceedings of the Third International Conference on Indoor Air
Quality and Climate. Stockholm: Swedish Council for Building Research.

Wang, M., Dong, C., & Gao, W. (2019). Evaluation of the growth, photosynthetic characteristics,
antioxidant capacity, biomass yield and quality of tomato using aeroponics, hydroponics and porous
tube-vermiculite systems in bio-regenerative life support systems. Life Sciences in Space Research,
22, 68–75. https://doi.org/10.1016/J.LSSR.2019.07.008

4

https://doi.org/10.1016/J.JENVMAN.2021.113326
https://doi.org/10.1016/J.JCLEPRO.2020.121213
Eizo Muñoz Sovero 
740



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On ³The role of emerging economies in global food security´ 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 1 

 
 

 
Evaluation of the environmental impacts of citrus management practices 

applying Life Cycle Assessment 
 

Alessandro Scuderi1, 0DULR�'¶$PLFR1, Gaetano Chinnici1, Elisabetta Nicolosi1, Mariarita 
Cammarata1,*,Giuseppe Timpanaro1,  

 

1Department of Agriculture, Food and Environment, University of Catania, Catania, Italy 
 
Keywords: Orange, Mediterranean, Sustainability, LCA, LCC 
 
*Corresponding author.  
 E-mail address: mariarita.cammarata@phd.unict.it 
 
Citrus growing involves several countries and reveals a huge geographic dynamism, with an ever-
changing role for each country during time, especially for the strong development this sector has 
experienced from last century. In view of this global upward trend citrus productions, there is the 
need of differentiating the production in terms of quality and geographic origin. In the 
Mediterranean basin, more specifically in Italy, the citrus sector is experiencing a dichotomous 
situation: on the one hand, citrus farming that is clearly in crisis and, on the other, efficient citrus 
farming with production models that tend towards quality and sustainability. The relentless negative 
effects of climate change, now more than ever, make it necessary to determine which cultivation 
method is less impactful on the environment and human health. For this purpose, a comparison of 
the different types of citrus grove management in different cultivation methods is proposed. 
In Italy production is concentrated for 60% in Sicily. The pedoclimatic characteristics of this region 
make this land, particularly suited to citrus growing. Here the production of red oranges, are 
concentrated at the foothills of the Etna volcano (Pergola et al., 2013). Sicily is mainly characterised 
by four types of plantations: ancestral ones (heritage crops), characterised from very longevity 
plants and cultivation operations carried out almost exclusively manually; traditional ones, which 
are more widespread on the island and cultivated according to the conventional method; organic 
plants, which have become more widespread in recent decades; and innovative ones, following the 
principles of precision farming (Agriculture 4.0). The study is based on the application of the Life 
Cycle Assessmnet (LCA) methodology, which was chosen to highlight each life-cycle 
environmental hotspot and allow to design a more sustainable process based on its results (Falcone 
et al., 2016). The sample analysed consists of 40 farms specialised in citrus production, they were 
divided into four groups of 10 farms each, with each group characterised by a different citrus grove 
management. Orange production was the focus of the study and, in accordance with Li et al. (2022), 
with the system boundary extending from inputs including mineral and fossil-fuel extraction to 
yields at the farm gate after harvesting. The environmental impact was determined using 1 kg of 
oranges as the functional unit (FU) of analysis. The calculation method used instead is Recipe 2016 
Midpoint in order to study 18 impact categories covering the environmental and human health 
dimensions. The LCA was carried out using primary and secondary data, the former collected 
directly in the field and the latter relating to the production of materials and fuels extrapolated from 
the Ecoinvent 3.6 (Wernet et al., 2016) database, available on the Sima Pro 9.1 software.  
Table 1 and Figure 1 show the results of the comparison between the different citrus management 
systems adopted in Sicily.  
 
Table 1 Comparative LCA of different management types in Sicilian citrus farms 
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Impact Category Unit 
ancestral 
management 

innovative 
management 

organic 
management 

traditional 
management 

Global warming 
kg CO2 
eq 0.08404 0.06370 0.05790 0.14813 

Stratospheric ozone 
depletion 

kg 
CFC11 
eq 0.00000 0.00000 0.00000 0.00000 

Ionizing radiation 
kBq Co-
60 eq 0.00570 0.00438 0.00283 0.00370 

Ozone formation, 
Human health 

kg NOx 
eq 0.00069 0.00017 0.00036 0.00038 

Fine particulate matter 
formation 

kg 
PM2.5 
eq 0.00037 0.00018 0.00025 0.00049 

Ozone formation, 
Terrestrial ecosystems 

kg NOx 
eq 0.00070 0.00017 0.00037 0.00038 

Terrestrial acidification 
kg SO2 
eq 0.00053 0.00062 0.00039 0.00210 

Freshwater 
eutrophication kg P eq 0.00003 0.00005 0.00002 0.00930 
Marine eutrophication kg N eq 0.00000 0.00000 0.00000 0.00000 

Terrestrial ecotoxicity 
kg 1,4-
DCB 0.42896 0.35467 0.43352 0.71297 

Freshwater ecotoxicity 
kg 1,4-
DCB 0.01416 0.01205 0.00968 0.01259 

Marine ecotoxicity 
kg 1,4-
DCB 0.01752 0.01481 0.01227 0.01594 

Human carcinogenic 
toxicity 

kg 1,4-
DCB 0.00362 0.00273 0.00258 0.00377 

Human non-
carcinogenic toxicity 

kg 1,4-
DCB 0.13172 0.09302 0.14358 0.21835 

Land use 
m2a 
crop eq 0.00296 0.00623 0.00300 0.00397 

Mineral resource 
scarcity 

kg Cu 
eq 0.00045 0.00087 0.00075 0.00210 

Fossil resource scarcity 
kg oil 
eq 0.02567 0.01577 0.01877 0.02654 

Water consumption m3 0.25218 0.21997 0.09120 0.04241 
 
The analysis of the sample examined, representative of the Italian citrus production system, presents 
some very interesting and unexpected insights in relation to the nature of the sample. The choice of 
analysing only the management of the citrus groves allowed the impact linked only to the inputs and 
cultivation practices adopted, leaving out the entire life of the citrus grove and the management of a 
quantity of data that may lead to unreliable results with such large samples. Using the FU of 1 kg of 
oranges made it possible to highlight the production function and not the ecological function linked 
instead to a functional unit of area, also because as reported in the literature (Van Stappen et al, 
2015; Tricase et al, 2018; Timpanaro et al, 2021), the less intensive methods that do not use 
chemicals (ancestral and organic) almost by definition have a lower impact per hectare in many of 
the impact categories analysed. This is also confirmed in the samples we analysed, which show 
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significantly higher values per hectare for traditional farms, followed by innovative organic and 
ancestral farms. Our analysis referring to the production of 1 kg of oranges totally reverses the 
results. The sample of ancestral farms, which despite being characterised by the application of a 
reduced quantity of fertilisers, cultivation operations such as motor hoeing, and irrigation using the 
submerged-flow method, has a greater impact than the other samples due to the lower yield 
obtained (16,300 kg/ha). It should be considered that these farms have a marginal significance in 
the production context, and over time they tend to disappear in relation also to the age of the owners 
and their economic relevance. The organic production method, based on the application of organic 
fertilisers and natural plant protection products, had a lower impact than the traditional method but a 
higher impact than innovative systems. The analysis of the results shows that some of the greatest 
impact comes from soil tillage and organic fertiliser distribution, as well as lower yields compared 
to innovative systems (19,700 kg/ha). The traditional method characterised by nutrient management 
with chemical fertilisers, a lot of soil tillage, phytosanitary treatments with high-impact synthetic 
chemicals reports higher values both per hectare and per kg of product, making it an obsolete 
production model, even though it now accounts for more than 50% of Italian farms. Finally, we 
have the sample of innovative farms, which present better results in terms of environmental 
performance. They are characterised by the use of fractionated nutrition with micro-dose and with 
chemical and organic products, biostimulants, and the application of synthetic chemicals in low 
doses for crop protection. In this case, irrigation is micro-dose and in many cases with the 
application of water-deficit techniques. The innovative method overall is based on the application of 
Agriculture 4.0 techniques, which combined with the high yields (36,500 kg/ha) results in a 
sustainable management model.  
 
Figure 1 Representation of the environmental impacts of four different citrus management 

 
In conclusion, it can be said that there are two sustainable production models in Italy. The first is the 
one dictated by the standards of organic farming production, which also follows the directions of 
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the Green Deal 2030 to lead us towards sustainable agriculture. On the other hand, an innovative 
model that, while departing from the green model, is sustainable due to both its high production 
yields, a not insignificant element with respect to the goal of reducing world hunger and increasing 
production costs, and the help of research that reduces its impact. Overall, based on the results 
obtained, it can be said that in the coming years we will be faced with a dichotomous scenario in 
which on the one hand the organic model will prevail, following the lines dictated by the Green 
Deal, and on the other hand the innovative model involving the use of new technologies aimed at 
limiting emissions. Which method prevails for citrus production will depend on the production 
contexts and the macroeconomic scenario that will also be defined by the de-globalisation we are 
currently witnessing, and the production or environmental priorities we will have in the near future. 
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Introduction 
 
Toxicity-related impacts are not fully modeled in life cycle assessment studies of livestock 
production systems. Commonly, the pesticide use in feed production and manufacturing of the 
inputs (such as mineral fertilizers, pesticides, and energy) are considered with regard to toxicity-
related impacts. Aspects such as the use of veterinary pharmaceuticals, the use of cleaning agents, 
or heavy metals contamination because of the application of livestock manure to fields are often not 
included in assessments.  
 
Therefore, a framework for assessing toxicity-based impacts was defined by using state-of-the-art 
methodology available based on the case of Danish pork. Furthermore, human toxicity (cancer and 
non-cancer) and ecotoxicity impacts were characterized for Danish pork. Finally, challenges and 
limitations were identified and suggestions for advancing toxicity modeling were discussed. 
 
Methodology 
 
Firstly, the life cycle of Danish pork was considered to identify chemicals used in the production at 
different stages (manufacturing of inputs, feed production, animal production at farm level, and 
slaughtering process). Then, the state-of-the-art methodology available was identified for these 
chemicals. In terms of emission modeling, the PestLCI Consensus (Dijkman et al., 2012; Fantke et 
al., 2017) and Nemecek and Schnetzer (2011) models were used for pesticides and heavy metals, 
respectively. For veterinary pharmaceuticals, a mass balance approach incorporating excretion 
routes in animals was defined. The USEtox model (Rosenbaum et al., 2008) was the consensus 
model regarding the impact assessment phase and thirty-five characterization factors were 
calculated. 
 
To characterize human toxicity and freshwater ecotoxicity impacts for Danish pork, data regarding 
WKH�XVH�RI�FKHPLFDOV�LQ�WKH�FKDLQ�ZHUH�TXDQWLILHG���7KH�IXQFWLRQDO�XQLW�XVHG�ZDV���NJ�³PHDW´�OHDYLQJ�
the slaughterhouse, which was defined as the parts of the pig that are used for human consumption 
including fresh meat, bones, and edible offal. Challenges and limitations were identified based on 
the case study of Danish pork. Suggestions for improving toxicity modeling in livestock life cycle 
assessment studies were discussed based on literature review data. 
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Results 
 
The main chemicals used in Danish pork production were quantified. 3HU� NJ� ³PHDW´� 1.3 g a.i 
pesticides, 0.04 g a.i. veterinary pharmaceuticals and 0.12 g cleaning agents were used. These 
corresponded to the modeling of 107 pesticides, 21 veterinary pharmaceuticals, 7 heavy metals, and 
5 cleaning agents. Furthermore, the use of cleaning agents and other inorganic substances could not 
be characterized with the existing models.  
 
The toxicity results were presented separately for organic substances and metal-based substances. 
Feed production was the main contributor to all analyzed impacts for both categories of substances 
with pesticide use driving the impact for the organic substances and the heavy metals emissions 
related to manure application to fields driving the impact for metal-based substances. Copper and 
zinc emissions were dominant for freshwater ecotoxicity and human toxicity (non-cancer), 
respectively. The veterinary pharmaceuticals had a small contribution to freshwater ecotoxicity.  
 
Discussion  
 
Gaps and limitations were identified in relation to toxicity modeling for organic pesticides, 
veterinary pharmaceuticals, metal-based substances, and inorganic substances.  
 
For organic pesticides, important challenges were the emission modeling approaches and the 
transformation of products. Regarding modeling approaches, primary distribution emission 
estimates from the PestLCI model were found to account for space-integrated emissions. The 
alternative could be the use of default emission distribution fractions developed by OLCA-Pest 
(2020). Furthermore, the model by Van Zelm et al. (2010) was suggested to account for impacts 
related to the transformation of products, which were found to be considerable, but very uncertain.  
 
Additionally, the essentiality of zinc in modeling human toxicity (non-cancer) could be addressed 
by using nonlinear dose-response relationships as recommended by Fantke et al. (2018).  
 
Data availability was a key factor regarding toxicity modeling for livestock production systems, 
thus, the recommendation to introduce digitalization approaches and establishment of better 
databases. These are further detailed by Fantke et al. (2021). 
 
Conclusion  
 
The life cycle assessment framework defined in this study for assessing toxicity-related impacts for 
livestock products included chemicals to be quantified and state-of-the-art methods to be used in 
modeling. Furthermore, useful information for improving the identified limitations and challenges 
was provided. 
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Background and Objective 
Direct methane (CH4) emissions from paddy fields contribute a large share of all greenhouse gas 
(GHG) emissions in agriculture. It is well known that water managements such as mid-season 
drainage (MD) and alternate wetting and drying (AWD) are effective in reducing CH4 emissions 
(Kajiura et al., 2018; Tirol-Padre et al., 2018). In addition, precise water management extending the 
mid-dry period by about one week (EMD) suggested an additional 30% reduction of CH4 compared 
to the MD management in Japan (Itoh et al., 2011). However, EMD management needs precise 
water management, which usually requires a great deal of labor, and it is highly inefficient to check 
water levels in all rice fields, especially in the case of large-scale cultivation farms. To solve this 
problem, automated water management systems utilizing information and communication 
technology (ICT) are expected. There is a strong need for a clear perspective of the environmental 
implications of such an ICT-based precise water management system.  

This study aims to reveal the GHG reduction effects due to the adoption of ICT-based EMD 
management compared to MD. The co-benefit or tradeoff among various impact categories will also 
be discussed in the next step. 
 
Methods 
The targeted ICT-based EMD adopts an automatic water management system WATARAS (Kubota 
ChemiX Co., Ltd.), which can remotely and automatically manage irrigation and drainage of paddy 
fields and monitor water level using a smartphone or personal computer. The system mainly 
contains an electric actuator unit, which can operate over the Internet to open or close valves, and a 
communication repeater unit, which transmits user-made settings to the electric actuator via a radio 
broadcast (specific low-power) through cloud servers on the Internet. 

The adoption of the system is expected to reduce direct CH4 emissions and minimize the 
discharge of pesticides and nutrient loads into the surrounding environment due to changes in the 
water balance. To construct LCI data at the management practice level, we created a new LCI with 
SimaPro software for the manufacturing and operation (energy consumption, data transmission) of 
WATARAS. Changes in yield and direct CH4 emissions due to adopting WATARAS will be 
observed directly. In addition, process-based models will be adopted to estimate pesticide emissions 
and fertilizer-derived nitrogen and phosphorus load from paddy fields. 

The following summarizes the details for estimating only GHG emissions, as this study is still 
in progress. Direct CH4 emissions for continuous flooding and MD were collected from the JAPAN 
National Greenhouse Gas Inventory Report (GIO, 2021). Because CH4 emissions in ICT-based 
EMD have not yet been measured, we assumed a 30% reduction compared to MD based on existing 
literature (Itoh et al., 2011). The yield was assumed to be the same as that for MD. Other GHG 
emissions from the cultivation system were calculated based on a simplified agricultural LCA tool 
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(Kiyotada, 2011) with farm accountancy data in Tochigi prefecture.  
  

Results 
The results of climate change impact on three water management systems are shown in Figure 1. 
CH4 emissions significantly affected up to 77% of total GHG in continuous flooding. The switch to 
MD resulted in a reduction in CH4 emissions of approximately 31%. Furthermore, the adoption of 
ICT-based EMD resulted in an additional 21% decrease in total GHG compared to MD, considering 
changes in direct CH4 and CO2 emissions from WATARAS production. The result suggested that 
the increase in CO2 emission due to WATARAS is slight, and therefore the contribution of the 
reduction of CH4 derived from the introduction of ICT technology is significant.  

As for the WATARAS system, the CO2 emission due to data communication was small, and 
that from the production of circuit boards adopted in both units of electric actuator and 
communication repeater was the largest, accounting for about half of the total CO2 emission. 
 

 
Fig. 1 Impact of climate change for three water management systems. 

 
Discussion/Interpretation 
In the next step, the GHG reduction effects of ICT-based precise water management against 
conventional AWD will be performed based on the above method. In addition, impacts other than 
climate change will also be assessed for the various water management methods. Finally, although it 
is beyond the scope of this study, in order to provide a comprehensive picture of the effects of ICT-
based EMD, the effects of labor reduction should also be considered in addition to environmental 
impacts. 
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Context: Cheese is a widely consumed product worldwide and it is particularly appreciated in 
France (La filière laitière française, 2013). A large number of cheeses varieties exist and they are 
known to have significant environmental impacts as animal products (Borges Soares, 2021). Most 
of the time, studies focus on the environmental evaluation of a single cheese. Yet the environmental 
impacts of the studied cheeses vary from one to another: for instance, hard cheeses seem to have a 
higher environmental impact than soft cheeses (Finnegan et al., 2018). Nevertheless, since these 
different cheeses were not studied in a same study, the variability observed in the literature can be 
the result of differences in the implemented models.   
 
Objective: We wanted to study the variability of environmental impacts between a wide range of 
cheeses along three objectives: (i) To define the environmental hotspots of each of them; (ii) To 
determine the specificities of these hotspots relative to the characteristics of these cheeses; (iii) to 
make recommendations on what to focus on in order to improve their environmental profiles. We 
also wanted to identify the main factors responsible for the variations of environmental impacts 
between cheeses in order to make recommendations on what to focus on in order to reduce them.  
 
Methodology: In order to study the environmental impacts of different cheeses, the LCA approach 
was followed. 
 Scope and goal 
We have chosen to study the 45 French PDO (Protected Designation of Origin) cheeses. This allows 
us to compare cheeses produced by different technologies and from different milks (highland cow, 
lowland cow, goat and sheep). This choice has also a practical advantage since PDO cheeses must 
be produced according to very precise specifications available in free access, which allowed us to 
find a certain amount of information easily. The scope of the system we studied goes from the 
agricultural production of milk to the ripening step (included). The functional unit used is 1 kg of 
cheese after ripening. PDO cheeses can be produced in an artisanal or industrialized way. In this 
study, we focused only on artisanal production. Nevertheless, in order to study the influence of the 
ripening room on the environmental impacts of cheeses, two ripening room scenarios were 
explored: a small room scenario (commonly used in artisanal productions) and a large mutualized 
ripening room scenario.  

Inventory analyses 
The inventory data needed for the LCA were collected in different ways: information from the 
specifications, on-site measures (from previous INRAE projects), data from equipment technical 
sheets and expert estimates. From these documents the masses of co-products were also estimated 
for each cheese and impact allocation was assigned relative to the masses in dry basis between 
products and co-products. 

Impact assessment 
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LCAs were conducted on SimaPro 9.1.0.11 software using the "EF 3.0 Method (adapted) V1.00 / 
EF 3.0 Normalization and Weighting Set" (Fazio et al., 2018). 

Interpretation of the results 
The results showed that the environmental impacts of cheeses vary widely between the studied 
cheeses, mainly due to differences related to milk and to ripening scenarios, while the cheese 
technolog\�XVHG�GRHVQ¶W. For example, the impact of the cheese with the highest impact on climate 
change is more than 3 times higher than the one of the cheese with the lowest impact.  
Milk. For both scenarios, the agricultural production of milk is a major hotspot. The amount of milk 
needed to produce one kilogram of cheese is positively correlated to the global environmental 
impact of cheeses, and this correlation is much stronger for the large mutualized ripening room 
scenario than for the small ripening room scenario. The origin of the milk (cow (lowland or 
highland), goat or sheep) also has an influence on the magnitude of the cheese environmental 
impacts. 
Ripening.The environmental impacts are higher for the small ripening room scenario than for the 
large shared room scenario, despite the increase in transport that the shared room scenario implies. 
In the small ripening room scenario, the ripening stage is a major hotspot for some environmental 
indicators. This poor performance of small ripening rooms is due to the electricity consumption, 
more optimized in large than in small rooms. The energy consumption is also strongly positively 
correlated to the time of maturation of the cheese. 
 
Discussion/Conclusion: The results show that the environmental impacts of cheeses can be 
variable meaning that the consumption of these cheeses cannot be considered as similar from an 
environmental point of view. They also show that particular attention must be paid to the quantity of 
milk used. Therefore, reducing milk losses during processing, as well as reducing environmental 
impact of milk farming could be interesting levers for reducing the environmental impact of cheeses. 
Particular attention must also be paid to the cheese ripening step. Reducing the ripening time as 
well as optimizing the ripening room (by both improving the energetic performance of its 
equipment and its filling rate) are therefore interesting levers for reducing the environmental impact 
of cheeses. Nevertheless, the electrical consumption data used for the small ripening room scenario 
come from experimental rooms that are not necessarily as optimized as real ripening rooms. In any 
case, the huge diversity of existing ripening rooms is not represented in this study and we believe 
that a real effort should be made to measure the electrical consumption of a large number of 
ripening rooms in order to be able to refine the calculations of the environmental impacts of cheeses. 
Nevertheless, attempts to improve the environmental performance of the cheeses by improving the 
ripening rooms could be considered for further research, particularly for long-ripening cheeses.  
These results may be of interest to cheese makers wishing to reduce the environmental impact of 
their products and to consumers wishing to learn about the impacts of their consumption choices. 
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Introduction  
To reduce the impact of farms on climate, one of the most important agricultural producer and 
distributor associations in Switzerland (IP-SUISSE) launched a point system that was developed 
together with Agroscope. For this point system, we identified and assessed greenhouse gas mitigation 
measures regarding their effect on global warming potential (GWP) of farms. Since 2021, it is 
mandatory for the approximately 10,000 IP-SUISSE farmers to implement mitigation measures, 
which they can freely choose from a catalogue, and with which they have to achieve an individually 
set mitigation goal. This article presents the list of identified greenhouse gas mitigation measures and 
their assessment results. Apart from the mitigation measures, the other necessary components of the 
point system and its design is described in detail in the LCA foods 2022 contribution by Bystricky et 
al.. 
  
Approach and methodology  
Potential measures to reduce GWP on farms were identified in expert workshops according to their 
expected GWP reduction potential, reliability and feasibility. The measures selected for assessment 
were simulated on 4 model farms with different production focus: arable crops, milk, pigs and 
extensive cattle husbandry. For each model farm and measure, a full LCA was calculated using the 
SALCA methodology (Swiss Agricultural Life Cycle Assessment) in order to identify synergies and 
tradeoffs between GWP reduction and other environmental impacts.  
Results with the measure applied were then compared to the results without the measure at farm level. 
When a measure had unfavorable effects on other impact categories, this was documented and the 
measure only recommended with caveats. 
In order to transform the calculated GWP mitigations into the point system and thus onto the real 
farms, the GWP mitigations were set into relation with the quantities in which the measures were 
implemented on each model farm. The goal was to define the necessary amount per measure that 
relates to a mitigation of 1¶��� kg CO2eq. When those amounts differed between the 4 model farms, 
the mean value of all 4 farms was used. This average mitigation per amount of measure was then used 
in the point system. Farmers fill out the point system with the measures they apply on their farm and 
the corresponding amounts. The system then calculates how many points a farm achieves based on 
that information, one point equaling �¶����NJ�&2�HT�PLWLJDWHG� 
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Results and Discussion  
The selected climate protection measures are categorized in the groups: energy consumption and 
heating, animal housing, crop production, and recycling.  Table 1 shows the measures selected for the 
point system's catalogue. They enable a reduction of farm GWP, their feasibility was rated positive, 
and trade-offs with other environmental impacts were small. Mitigation measures in the category 
energy as well as technical measures in general have a low to medium reduction potential with 
relatively low uncertainties. Furthermore, there are only few tradeoffs and they show various 
synergies with other environmental impacts, in particular the use of non-renewable energy resources 
(Furrer et al., 2021; Alig et al., 2015).  
Mitigation measures in the categories animal housing and plant production vary more in their results. 
For animal housing, covering of liquid manure stores show a particularly high reduction potential. 
Increasing the number of lactations of cows, too, allows a good reduction and shows synergies with 
many other environmental impacts. Conversely, the reduction potential of feeding of extruded linseed 
comes at the cost of various trade-offs originating from linseed cultivation. In the category crop 
production, the mitigation measures agroforestry and, to a lesser extent, application of biochar show 
high GWP reduction potentials, but there are still notable uncertainties, such as the extent to which 
the variability in practical implementation matches the conditions and assumptions in the assessment.  
  
Table 1: measures in the point system climate protection with their reduction potential in points per 
amount. 2QH�SRLQW�HTXDOV��¶����NJ�&2�HT�PLWLJDWHG�� 

measure  point value  
 

Purchase of green electricity  �SW�����¶����N:K� 
Photovoltaic production  �SW�����¶����N:K� 
Frequency converter in the milking system  �SW�������¶����NJ�PLON� 
Heat recovery from milk cooling  �SW�������¶����NJ�PLON� 
Heat recovery from animal housing (poultry/pigs)  1pt. / 3120 kWh  
Wood heating (chips)  1pt. / 3.6 bulk cubic meter  
Solar panel heating  1pt. / 6.3 m2 panel area  
Reducing fuel consumption through no-till seeding  1pt. / 10 ha  
Reducing fuel consumption through ECOdrive  1pt. / 9.6 ha  
Increasing the number of lactations of cows  1pt. / 1.8 cows*lactation  
Linseed as feed for dairy cows  �SW�����¶����NJ�IHG� 
Phase feeding in pig fattening  1pt. / 9.4 pigs fed  
Covering of liquid manure stores  1pt. / 23 m3 store capacity  
Spreading of liquid manure with trailed hoses  1pt. / 770 m3 spread  
Recycling of silage films  1pt. / 300 kg recycled film  
Replacement of mineral fertilizers through biogas digestate  1pt. / 28.5 t spread  
Regular replacement of mower blades  1pt. / 350 ha mowed  
Agroforestry (tree density: 50 trees/ha)  1pt. / 0.18 ha  
Application of biochar on fields  1pt. / 810 kg biochar applied  
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Conclusion and outlook  
All measures included in the catalogue for the point system have a positive effect on GWP. However, 
the amount of greenhouse gas emissions saved varies widely. Some measures with high GWP savings 
come with higher uncertainties or too many trade-offs with other impacts, or they would require more 
work or financial input from the farmers. Measures with low GHG savings, e.g. in the category energy 
consumption, are more robust. If implemented widely, they can still contribute substantially to a 
significant reduction of greenhouse gases. In the next two years, we will monitor the adoption rate of 
each measure on the IP-SUISSE farms and assess their impact at the level of the whole association.  
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The transition towards sustainable crop production systems is key to feed the on-going growing 
population without threatening more the environment. In this regard, the agricultural practice of 
growing crops on the same field at the same time, known as intercropping, can play an important 
role. The most common intercropping is the combination of cereal and legumes. By taking 
advantage of the ability of legumes to get atmospheric N through biological nitrogen fixation (BNF), 
this cereal-legume intercropping may enhance crop yields, reduce chemical fertilization, which can 
be useful in low N availability systems (Bernas et al., 2021), as well as having other benefits, such 
as reducing pest and disease incidences (Mohler & Stoner, 2009).  
While experimental fields have been studying the potential benefits, how to integrate intercropping 
is an on-going question within the LCA community. As reviewed by Costa et al. (2020), most of the 
LCAs on intercropping use a mass- or area-based functional units (FU), and most studies claim the 
need to use more than one FU when assessing multi-product crop rotations. The current study 
assesses the environmental benefits of cereal±legume intercropping systems and compare them with 
monocrops located in Denmark, using the field data from Cowden et al. (2020). The system 
boundaries of the study are from cradle-to-farm gate and two FU are used: yield, and land demand. 
Moreover, a money-based FU is proposed. 
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Introduction: Food loss and waste is of great concern nowadays (FAO, 2015) and to prevent 
it, packaging plays an important role (Wohner et al., 2019). The primary function of 
packaging is to protect the product during distribution and storage (UNEP/SETAC Life Cycle 
Initiative, 2013). Packaging failures in the agri-food sector can lead to product damage and 
expose the food to oxygen, moisture, and microbes which may contribute to food loss and 
waste (Pauer et al., 2019). Moreover consumers, retailers and other stakeholders’ 
expectations are increasing when it comes to the functionalities of packaging and its 
environmental impacts (UNEP/SETAC Life Cycle Initiative, 2013). To reduce the 
environmental impact of packaging while optimising their functions, sustainable packaging 
design has become very important (Yokokawa et al., 2021).  

Objective: The aim of this study was to assess and improve the environmental performance 
and circularity of four conventional chicken meat packages. The characteristics of the four 
chicken meat-packaging systems are shown in Table 1.  
 
Methods: Life cycle assessment (LCA) methodology (ISO, 2006a, 2006b) was used to 
evaluate the environmental performance of the packaging per kg of chicken meat consumed. 
Choosing this functional unit was important to include the packaging impacts due to food loss 
at retailer and consumer into the evaluation (Wikström et al., 2016). Hence all inventories 
accounted for in this study were calculated based on the reference flow associated with this 
functional unit (European Commission, 2017). Cut-off (recycled content) allocation method 
was used to model the end-of-life of the packaging systems. All the packaging raw materials 
(granulates) were assumed to be virgin. The modelling was done using GaBi software 
(Sphera, 2022). The environmental impact of the chicken meat-packaging system was 
assessed using EF 3.0 impact assessment method (European Commission, 2017). The EF 3.0 
method consists of 16 environmental impact categories at the mid-point level. 
 
Results: To select the most significant impact categories for the systems studied, the results 
were normalised and weighted into single scores using EF 3.0 normalisation and weighting 
factors available in GaBi. The most significant impact categories contributed cumulatively at 
least 80% (excluding toxicity-related impact categories) to the total environmental impact 
single score (European Commission, 2017). For this study, the most significant impact 
categories were climate change (CC), fossil resource use (RU_fossil) and water use (Water). 
Relative values for these three impact categories and seven others are presented (see Figure 
1). PK1 (a PE bag) is the one performing better in all evaluated impact categories, while PK2 
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(PET tray and film) is the worst one in 70% of all impact categories presented. In addition, 
Meat (food)-to-packaging (MTP) ratios were also calculated (see Table 1) for all the 
packaging systems studied using the climate change impact category from cradle-to-gate. 
MTP ratios were calculated by dividing the impact of the meat by the impact of the 
packaging; a higher ratio means less impact of the packaging. These ratios guide the LCA 
practitioner/packaging designer where to focus their effort in improving the overall 
environmental performance of the meat-packaging system (Heller et al., 2019).  
 
Table 1 
Characteristics of four conventional chicken-meat packaging systems studied 

MA: modified atmosphere; PK: packaging; PE: polyethylene; PET: polyethylene terephthalate; PP: polypropylene; PA: polyamide; PS: 
polystyrene; PVC: polyvinyl chloride; MTP: meat-to-packaging  

 

 

Fig. 1 Percentage contributions of each packaging to 10 impact categories (relative to PK2, which is 
100%). 
CC: Climate Change - total [kg CO2 eq.]; Ecot_freshwater: Ecotoxicity, freshwater - total [CTUe]; Eu_freshwater: Eutrophication, 
freshwater [kg P eq.]; Eu_marine: Eutrophication, marine [kg N eq.]; Eu_terrestrial: Eutrophication, terrestrial [Mole of N eq]; 
Hum_tox_can: Human toxicity, cancer - total [CTUh]; Hum_tox_non-can: Human toxicity, non-cancer - total [CTUh]; RU_fossils: 
Resource use, fossils [MJ]; RU_mineral: Resource use, mineral and metals [kg Sb eq.]; Water: Water use [m³ world equiv.]      
 

Results of different packaging scenarios (assuming mono-layer packaging for all multi-layer 
packaging with the goal to improving their circularity) are also presented (see Figure 2) using 
the three most significant impact categories. A multi-layer plastic packaging is seldom 
recycled; this is the current situation in Spain (Lopez-Aguilar et al., 2022), where this study is 
carried out. Results show that for PK3, the best mono-layer material option according to CC 
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impact is to use PP considering that raw materials production is the most contributing stage 
of the life cycle (see Figure 2). 
 

 
Fig. 2 Climate change results for base case (PK1, PK2, PK3 and PK4) and mono-layer 
scenarios for PK3 and PK4 
 
Conclusions: Based on its MTP ratio and environmental performance, efforts should be 
directed at reducing PK2’s environmental impact such as including recycled content, since it 
is a monolayer packaging with relatively good material recyclability in Spain (22.3% of all 
packaging materials of its type (Lopez-Aguilar et al., 2022) ). For the multi-layer packaging 
(PK3 and PK4), efforts should be directed at improving their recyclability by using mono-
layer materials. However, all these should be done taking into account their food loss/waste 
attributes and other sustainable packaging attributes such as safety and inertness of food-
contact materials and consumer attitudes.   
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�������WKXV�OHDYLQJ�YDOXDEOH�UHVRXUFH�ZLWKRXW�SURSHU�WUHDWPHQW�DQG�FDXVLQJ�VHULRXV�HQYLURQPHQWDO�
SUREOHPV��7KH�PDLQ�SULQFLSOH�RI� WKH� FLUFXODU�HFRQRP\� LV� WKDW�DW� WKH�HQG�RI� LWV� OLIH�ZDVWH�PXVW�EH�
UHLQWURGXFHG� LQWR� DQ� LQGXVWULDO� SURFHVV� DV�PDWHULDO� RU� HQHUJ\� LQIORZ� FRPSO\LQJ�ZLWK� K\JLHQH� DQG�
VDIHW\�UHTXLUHPHQWV��2OLYHLUD��/DJR��DQG�'DO¶�0DJUR�������� 
:DVWH�&RRNLQJ�2LO� �:&2�� LV� D� IRRG�ZDVWH� IORZ� WKDW� LV� SUREOHPDWLF� UHJDUGLQJ� LWV� UHF\FOLQJ��:H�
DVVHVVHG�HQYLURQPHQWDO�LPSDFW�RI�WKH�QRYHO�:&2�XWLOL]DWLRQ�URXWH��L�H��DV�D�ORZ�FRVW�IHHGVWRFN�IRU�
SURGXFWLRQ� RI� PLFURELDO� ELRVXUIDFWDQWV� �%6�� ±� DQ� DOWHUQDWLYH� WR� QRQ�ELRGHJUDGDEOH� V\QWKHWLF�
VXUIDFWDQWV�V\QWKHVL]HG�IURP�SHWUROHXP��D�QRQ�UHQHZDEOH�VRXUFH��WKURXJK�FKHPLFDO�V\QWKHVLV�URXWHV�
WKDW�FDQ�EH�HQYLURQPHQWDOO\�KD]DUGRXV��6XUIDFWDQWV�DUH�RQH�RI�WKH�PRVW�LPSRUWDQW�EXON�FKHPLFDOV�WKDW�
DUH� XVHG� LQ� DOPRVW� HYHU\� SURGXFW� RI� KXPDQ� GDLO\� OLIH� ±� FOHDQLQJ� SURGXFWV�� FRVPHWLFV�� IRRG��
SKDUPDFHXWLFDOV��HWF��,Q�������WKH�JOREDO�VXUIDFWDQW�PDUNHW�LV�H[SHFWHG�WR�H[FHHG����ELOOLRQ�HXUR��7KH�
PDLQ�DGYDQWDJHV�RI�%6�LQFOXGH�WKHLU�UHQHZDEOH�RULJLQ��ELRGHJUDGDELOLW\��ORZ�WR[LFLW\��EHWWHU�IRDPLQJ�
SURSHUWLHV��DQG�VWDEOH�DFWLYLW\�DW�D�ZLGH�UDQJH�RI�FRQGLWLRQV��&RQVLGHULQJ�WKHLU�DGYDQWDJHV�PLFURELDO�
VXUIDFWDQWV�KDYH�D�KXJH�PDUNHW�SRWHQWLDO��HVSHFLDOO\�ZKHQ�SURGXFHG�IURP�ZDVWH�� 
,Q�WKLV�VWXG\��ZH�SHUIRUPHG�/LIH�&\FOH�$VVHVVPHQW��/&$��IRU�VRSKRUROLSLGV��PLFURELDO�VXUIDFWDQW��
SURGXFWLRQ�SURFHVV��7R�LGHQWLI\�WKH�SRWHQWLDO�DQG�OLPLWDWLRQV�RI�:&2�D�VXEVWUDWH�LQ�FRPSDULVRQ�WR�WKH�
VDPH�SURFHVV�ZLWK�5&2�DV�D�VXEVWUDWH�/&$�ZDV�SHUIRUPHG�WR�DOO�VWHSV�RI�SURGXFWLRQ��7KH�RYHUDOO�
VRSKRUROLSLGV�SURGXFWLRQ�SURFHVV� LV� WKH�VDPH�IRU�WKH�:&2��DQG�5&2�EDVHG�SURFHVVHV�DQG�FDQ�EH�
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3LORW� ELRUHDFWRU� �9 �/�� LV� XVHG� WR� SURGXFH� PLFURELDO� ELRVXUIDFWDQWV� VRSKRUROLSLGV� XVLQJ� \HDVW�
6WDUPDUHOOD�ERPELFROD�DQG�:&2�RU�5&2�DV�D�VXEVWUDWH��7KH�/&$�PHWKRGRORJ\�LV�XVHG�WR�HYDOXDWH�
HQYLURQPHQWDO�LPSDFWV�DQG�DYRLGHG�*+*�HPLVVLRQV�ZKHQ�PLFURELDO�ELRVXUIDFWDQWV�DUH�SURGXFHG�IURP�
:&2� LQVWHDG� RI� 5DZ� &RRNLQJ� 2LO� �5&2��� /LIH� F\FOH� DSSURDFK� LV� RQH� RI� WKH� FULWLFDO� LVVXHV� LQ�
VXVWDLQDEOH� GHYHORSPHQW� DOORZLQJ� WR� FRPSDUH� GLIIHUHQW� SURGXFWV� DQG� SURFHVVHV� IURP� GLIIHUHQW�
SHUVSHFWLYHV�� 
7KLV�SDSHU�UHSRUWV�WKH�SUHOLPLQDU\�UHVXOWV�RI�WKH�/&$�VWXG\�FDUULHG�RXW�IRU�WKH�SURMHFW�:DVWH�6XUI 
6XVWDLQDEOH� 0LFURELDO� 9DORULVDWLRQ� RI� :DVWH� /LSLGV� LQWR� %LRVXUIDFWDQWV� ������ ௅� ������� /&$�
PHWKRGRORJ\�LV�XVHG�WR�HYDOXDWH�HQYLURQPHQWDO�LPSDFW�RI�WKH�IHUPHQWDWLRQ�SURFHVV��FRPSDUH�ZDVWH�
VXEVWUDWH�WR�FRQYHQWLRQDO�UDZ�VXEVWUDWH�DQG�RSWLPL]H�WKH�SURFHVV�WR�REWDLQ�WKH�PRVW�HQYLURQPHQWDOO\�
VXVWDLQDEOH�VRSKRUROLSLG�SURGXFWLRQ�SURFHVV��)HUPHQWDWLRQ�SURFHVV�LV�FDUULHG�RXW�E\�SURMHFW�SDUWQHUV�
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KRPRJHQHLW\�� 
0HWKRGV 
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DW�HQGSRLQW�OHYHOV�DFFRUGLQJ�WR�WKH�5H&L3H�PHWKRG����� 
7R�FRPSDUH� HQYLURQPHQWDO�SHUIRUPDQFH�RI� VXEVWUDWHV�� ILUVWO\��ERWK� VXEVWUDWHV�ZHUH� FRPSDUHG��DQG�
DIWHUZDUGV� GLIIHUHQW� SURGXFWLRQ� RXWFRPH� VFHQDULRV� ZHUH� XVHG�� ,W� LV� DVVXPHG� WKDW� SURGXFHG�
VRSKRUROLSLG�RXWFRPHV�DUH�HTXLYDOHQW�IURP�ERWK�VXEVWUDWHV��(QYLURQPHQWDO�LPSDFW�RI�WKH�UDSHVHHG�RLO�
ZDV�XVHG�IURP�WKH�/&$�VWXG\�FDUULHG�RXW�E\�$��)ULGULKVRQH�(Fridrihsone 2020)��5DSHVHHG�RLO�ZDV�
XVHG�DV�D�5DZ�&RRNLQJ�2LO��5&2��WR�EH�FRPSDUHG�ZLWK�:&2��6LPSOH�FXW�RII�RU�UHF\FOHG�FRQWHQW�
DSSURDFK�������ZDV�DSSOLHG�WR�UHF\FOLQJ�SURFHVV� 
3UHWUHDWPHQW�RI�:&2�ZDV� VLPXODWHG�E\� DGGLQJ� H[WUD� VWHS�EHWZHHQ� WUDQVSRUWDWLRQ�DQG�SURGXFWLRQ�
SURFHVV�� ,W�ZDV� DVVXPHG� WKDW�SRSXODU�RLO� FOHDQLQJ�PHWKRG�ZLWK�EHQWRQLWH�ZDV�XVHG� WR� WUHDW�:&2�
EHIRUH�IHUPHQWDWLRQ��0DQQX�HW�DO�������� 
6LQFH� WKH� FKHPLFDO� FRPSRVLWLRQ� RI� WKH�:&2� ELRPDVV� FDQ� FKDQJH� UHJDUGLQJ� WKH� VRXUFH� RI� WKH�
VXEVWUDWH��ZH�DVVXPH�WKDW�DPRXQW�RI�WKH�SURGXFHG�VRSKRUROLSLGV�FDQ�FKDQJH�DV�ZHOO���7KUHH�RXWFRPH�
VFHQDULRV�ZHUH�DSSOLHG�ZLWK�UHGXFHG�RXWFRPH�ZKHQ�:&2�VXEVWUDWH�ZDV�XVHG� 
7KLV�UHVHDUFK�KDV�EHHQ�GHYHORSHG�LQ�FROODERUDWLRQ�ZLWK�D�FRPSDQ\�-6&�%,27(+1,6.$,6�&(1756��
ZKR�GHYHORSHG�IHUPHQWDWLRQ�WHFKQRORJ\�DQG�SURYLGHG�/&$�VWXG\�ZLWK�QHFHVVDU\�GDWD� 
5HVXOWV�DQG�'LVFXVVLRQ 
$W� WKH� UHVRXUFH� VHOHFWLRQ� VWDJH�� WKH� ELJJHVW� DGYDQWDJH� RI� XVLQJ� WKH� ZDVWH� PDWHULDO� LV� UHVRXUFH�
FRQVHUYDWLRQ�WKDW�ZRXOG�RWKHUZLVH�EH�XVHG�WR�SURGXFH�5&2��5HF\FOLQJ�RI�WKH�ZDVWH�PDWHULDO�UHGXFH�
WKH�QHHG�IRU�SULPDU\�SURGXFWLRQ�RI�PDWHULDOV��DQG�WKLV�LV�UHVXOWLQJ�LQ�DQ�HQYLURQPHQWDO�EHQHILW��:H�
DVVXPH�WKDW�E\�XVLQJ�:&2��LW�LV�SRVVLEOH�WR�DYRLG�5&2�SURGXFWLRQ�IRU�WKLV�SXUSRVH��)LJXUH���GLVSOD\�
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Figure 1 Comparison of environmental impact depending on substrate 
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Figure 2 Production process 
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Figure 3 Comparison of environmental impact between production processes with treated and 

pretreated substrates 
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Figure 4 Comparison of environmental impact between processes with different sophorolipid 
outcomes 
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In France, food waste represents 10 million tons of food, or 150 kg per person per year (MAA, 2019). 
Its origins and solutions depend on the territory (Aphale et al, 2015). Donations to food aid 
associations are one of the solutions put forward. Depending on hygienic criteria, a part of food waste 
can be reused as ingredient for new food or feed in circular economy projects. These projects may 
contribute to the reuse of unsold food, the creation of new unrelocatable jobs (Collard, 2020) and 
territorial development (Torre and Dermine-Brullot, 2019). In bread food chain in France, 10 % of 
produced industrial bread is thrown away representing 1.340 million tons of wheat, 1,236 kt CO2e 
(ADEME Carbon Base) and 2 billion €. These huge quantities and the reduced shelf life limit a direct 
consumption via donation. In parallel, spent grains are co-products of beer production (22 kg/hL of 
beer) with a limited shelf life. They can be used for animal feeding in the countryside but uses in 
towns are more limited. At the same time, in 2021 disabled persons, representing 4.06 % of French 
labor force, had 16% of unemployment rate, twice than able-bodied workers. Work Integration Social 
Enterprises (WISE) encounter some crisis, and they are looking for new activities. In this context, the 
association “Handicap Travail Solidarité” (HTS) has set up a social economy initiative to reuse food 
waste based on circular economy and working with the WISE: SoliFoodWaste (SFW). HTS is co-
financed by the European Union program LIFE (LIFE18 ENV/FR/000029) to upgrade this initiative, 
to assess, to monitor SFW’s rise and to enable its dissemination to other territories in Europe. 
Objectives: This research aims to assess, using LCA, the environmental impacts of two recipes of 
cookies produced from unsold foods (bread and spend grain) in WISE or in supermarket with WISE’s 
employees. As SFW is a social innovation initiative, a particular attention is also given to the social 
and economic impacts in the territory of implementation. Thereby, the objective is to present 
environmental impact associated with territorial impact. 
Material and methods: This research-action is carried out within the framework of research 
intervention to support the establishment of this sector while measuring its environmental impacts. 
These impacts will be compared to the objectives of achieving environmental, social, and economic 
performance in order to replicate the model in different country. That is why particular attention must 
be given to territorial specificities. The support brought by researchers consists of: 
- a territorial diagnosis of the local issues of unsold food in the territory of Nantes metropolis (Nantes 
Métropole, 2021). QGis software is used to create maps of deposits, actors, places of transformation 
and distribution of pastries. 
- LCA of two recipes of cookies and two different production modalities (in supermarket or WISE). 
LCA is done in SimaPro software with EcoInvent V3.6 and Agribalyse V3 databases and ReCiPe 
2016 (H) method. The functional unit is “produce 1kg of cookies”. Bread and spent grain are collected, 
crushed, or dried. As waste, they have no impacts apart from their transport and transformation. Then 
these saved ingredients are incorporated into cookies dough, which is then shaped and cooked. The 
limits of the studied systems go from the collection of unsold foods to the production of the cookies 
without packaging. The foreground data come from recipes, observations, maps, and calculations. 
Results: The mapping of initiatives and networks to fight against food waste on the territory of Nantes 
metropolis revealed many activities. The associations (eq. NGOs) are the main players involved in 
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setting up the recovery circuit for unsold items and organic waste. In addition, many infrastructures 
exist to facilitate the development of SFW project. For the dissemination of SFW, actor mapping can 
be used as a decision support tool and to define the catchment area to reduce environmental impacts.  

The comparison of the impacts of two types of cookies produced in WISE (Fig.1) allows to identify 
the less impacting cookie (recipe 2) and the main contributors to the impacts: the bought ingredients. 
The main contributors for almost all impact categories are chocolate chunks and butter for recipe 1; 
butter and hazelnuts for recipe 2. The electricity has an important contribution in ionizing radiation. 
Among the solutions to ecodesign, the choice of ingredients for the future recipes is of huge 
importance: butter’s substitution by sunflower oil can be interesting. The choice of unsold food is 
important: the reuse of unsold chocolate, even distant, is more crucial to avoid impact wastage than 
the reuse of local bread. In theory, production in supermarket with their own unsold food (no transport 
for bread) may seem more interesting, but impacts are reduced from 0% to 11.4% (linked to saved 
bread, Fig.1) and quantities of unsold food are more limited, more variable, more perishable, sales on 
site are not guaranteed and few WISE’s workers are able to work in this context. Even if production 
in WISE is more intensive in transport for unsold supply, it is interesting for the production volume 
and the more inclusive activity. In 2021, SFW project recovered of 405 kg of bread and 192 kg of 
spent grains, produced of 2.62 tons of cookies, and gave 5,000 hours of work for 18 WISE’s workers.  
Conclusions: LCA allowed to evaluate the environmental impacts of SFW’s products, even if some 
data (energy, distance) were difficult to estimate with precision (Notarnicola et al, 2017). The 
improvement in the completeness of inventory databases (Agribalyse, 2020) allowed to evaluate the 
environmental impacts with more accuracy. The current recipes were developed without the 
researchers’ support. The design of future manufactured products should include the LCA in addition 
to sensory and economic criteria. The recipes of the future products should be developed with more 
unsold products (10-20% currently), with a long shelf life and with bought ingredients with less 
impacts. Since LCA requires expertise and a high degree of technicality, the development of 
simplified LCA tool to assess environmental impacts of developing recipes would be helpful for R&D 
teams (Thomas et al, 2020). Finally, Nantes metropolis is rich in food producers and associations 
fighting against food waste. The presented results are focused on the association of both territorial 
and environmental analysis and constitute a solid basis for the analysis. As SFW is a circular economy 
project that contributes to reuse unsold food and reduce unemployment of disabled workers, its 
impacts go beyond environmental impacts: they are also social and economic. As some environmental 
recommendations can have negative effects on social and economic aspects, it is therefore important 
to integrate all these dimensions into the impact measurement (Billaudeau et al, 2022). 

<Hazelnuts 
<Spent grain 
<Chocolate chunks 
<Sodium Chloride 
<Chicken egg 
<Sugar 
<Butter 
<Saved bread 
<Wheat flour 
<Electricity 
 
Figure 1: Comparison of 
impacts of SFW cookies 
made in WISE. 
1: recipe with chocolate 
chunks 
2: recipe with spent grain 
and hazelnuts. 
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Introduction 
Economic sustainability for each actor in the value chain is necessary to obtain a change towards a 
net zero society. In Norway the agricultural sector has committed to reducing greenhouse gas 
(GHG) emissions by 5 million tonnes within 10 years. In the Agricultures Climate Plan (2021-2030) 
developed by the Norwegian Farmers association, better use of the manure resources and use of 
livestock manure for biogas production through anaerobic digestion (AD) are two of the eight 
proposed measures to obtain this. Currently only about 1% of the manure is treated in biogas plants 
(Lyng et al. 2019b). 
 
Various definitions of economic sustainability of agricultural systems can be found in literature. 
Spicka et al. (2019) defined economic sustainability on farm level as ³long term economic viability 
for the farm household´. Lebacq et al. (2013) defined economic sustainability as the economic 
viability of farming systems. In this paper we define economic sustainability of a GHG measure as 
obtaining increase in profit or break even at the farm, compared with the current situation.  
 
The purpose of this paper is 1) to assess the economic sustainability under the current framework 
conditions of farm scale and centralized biogas production from manure and 2) to document the 
GHG reductions that can occur not only on the farm, but throughout the value chain.  
 
Methods 
The study object is a typical Norwegian farm for combined meat and milk production. The farm 
scale biogas plant was assumed to generate heat on the farm, substituting electricity. The centralized 
biogas plant was assumed to co-digest the manure with other substrates and upgrade the biogas to 
be used as transport fuel, substituting diesel (Lyng et al. 2020). 
 
The GHG emissions for farm based and centralized biogas production was calculated and compared 
with reference scenarios, using the BioValueChain model which is based on life cycle assessment 
methodology (Lyng et al. 2015). The functional unit was defined as treatment of the annual amount 
of manure available for AD (see Table 1), including the associated benefits.  
 
Farm scale economic sustainability was based on (Lyng et al. 2019a), which calculated the annual 
economic results as alternative costs compared with the current situation for the two mitigation 
scenarios, as shown in Equation (1).  
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OPEX are the annual operational expenditures and CAPEX are the annual costs related to capital 
expenditures. Income consist of avoided of energy and mineral fertilizer as well as economic 
support from the Norwegian Agriculture Agency per tonne of dry matter of manure used for biogas 
production. 
 
 

Table 1 Amount of manure available for AD at the farm 
 Number 

of 
animals 

Manure for 
storage (excl. 
grazing) 

Tonne 
manure (wet 
weight) 

Tonne 
manure (dry 
matter) 

Dairy cattle 35 84% 545 57 
Suckling cows 23 69% 169 21 
Bulls for slaughtering 39 69% 174 19 
Total 97  889 97 

 
 
Results 
The results presented in Figure 1 show that centralized biogas production is the most preferred 
option both when it comes to annual economic results on form level and life cycle GHG emissions. 
These results are only relevant for farms that are located close to centralized plants. 
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Figure 1 Farm scale economic sustainability and potential impacts on climate change 
 
 
The farm scale biogas production is less economically sustainable for the farm under the current 
framework conditions, as the avoided costs from producing energy on the farm are not sufficient to 
cover the capital investments and operational costs. In both alternatives the current support system 
for manure to biogas production represent most of the income. The results are highly dependent on 
the agreement between the farmer and the centralized biogas plant regarding responsibility of 
transport and storage costs. 
 
Results for potential impacts on climate change show that the largest difference between farm scale 
and centralized biogas production is the avoided emissions when biogas substitute other energy 
carriers or fuels. The centralized biogas plant alternative obtains the largest emission reduction as 
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biogas is upgraded and used for transport, substituting diesel. These emissions do, however, occur 
outside of agriculture and will thus not be visible in their GHG reporting. 
 
Conclusion 
The results from this study show that to increase the amount of manure for biogas production and to 
obtain the largest emissions reduction, more centralized plants should be established in areas with a 
sufficient number of livestock farms. It also shows that maintaining or improving the current 
support system may be necessary to increase biogas production to obtain the goals of reducing 
GHG emissions from agriculture.  
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Rationale and objective of the work 
Direct connection between energy and food is threefold: energy necessary to provide food, energy 
provided by eaten food to humans, and energy required by uneaten food for waste processing. Food 
waste accounts for 30 - 40% of overall food production (around 1.3 billion tons) (Noleppa and 
Cartsburg 2015.) and should be considered in estimations of energy required to provide food. 
However, waste treatment system is complex, as food waste collection, separation and treatment 
differ a lot from case to case, depending on the type of food and available waste treatment 
infrastructure. This research aimed to identify energy of food waste treatment and compare it to 
energy needed to supply food to consumers. 
 
Approach and methodology 
Depending on the source and methodology, amounts of food yearly wasted in Germany range from 
10.9 to over 13 million tons (Noleppa and Cartsburg 2015.). Overall amount of food waste in 
German production and supply chains was estimated to about 3.6 million tons, of which about 1.4 
million tons were associated with primary production losses and about 2.2 with processing and 
manufacturing losses, but food waste at the German retail (including other distribution of food) and 
consumer levels, was estimated to 9.1 million tons (Leverenz et al., 2021).  
On the other hand, energy required to provide food, especially if including cooking, varies hugely, 
going from just over 1 MJ/kg for honey to an extreme of 220 MJ/kg for shrimps without shells 
(Carlsson-Kanyama et al., 2003). Unsurprisingly, animal products typically require more energy. 
Yet, the leading four food groups accounting for as much as 68% of food waste in Germany, fruits 
(20%), vegetables (18%), cereal products (16%) and potato products (14%) (Noleppa and Cartsburg 
2015.), are all of plant origin and typically, despite large variations depending on transport, growing 
and cooking technique, do not require large amounts of energy (3.5-115, 3.7-66, 1.0-26, 4.6-60 
MJ/kg, respectively) (Carlsson-Kanyama et al., 2003). However the full picture can only be 
obtained if waste treatment would also be included. 
To do that, a scenario typical for Germany was assumed. This meant including 4 waste treatments 
(anaerobic digestion, composting, wastewater treatment and incineration) and 5 sources of waste 
(primary production, processing and manufacturing, retail and wholesale market, restaurants and 
food services and households) (Leverenz et al., 2021). Primary production losses were not treated 
while the remaining food wastes were treated as shown in table 1. The underlying energy of food 
waste treatment was calculated from ecoinvent 3 (ecoinvent, Zurich, Switzerland) database in the 
software SimaPro 9.3.0.3 (PRé Sustainability B.V., Amersfoort, The Netherlands) and followed the 
standard LCA approach (ISO 14040, 2006 and ISO 14044, 2006). The methodology of the life cycle 
impact assessment was Cumulative Energy Demand V1.11 (Frischknecht et al., 2004). 
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Main results and discussion 
 
Predominant treatment of food waste in Germany was anaerobic digestion, followed by incineration, 
composting and wastewater treatment (Table 1) 
 
Table 1: Amounts and energy required per food waste treatment 
Treatment Amount of food waste 

(ton) 
Energy of food 
waste treatment 
(MJ/ton) 

Anaerobic digestion 4 145 800 660 
Incineration 3 451 000 380 
Composting 1 663 200 360 
Wastewater 1 654 000 6500 
Pet food 353 000 50 
Not treated 1 360 000 0 
 
On average, 1221 MJ of energy was needed for treatment of 1 ton of food waste. So, to account for 
the overall energy necessary to provide, per example, 1 ton of fresh bread from local bakery, we 
need to account for these losses as well. If we assume that above mentioned 16% of cereal products 
waste applies also to this bread, then it is necessary to produce 1.19 tons per 1 ton eaten. As 8.9 
MJ/kg are needed for production of this bread (Carlsson-Kanyama et al., 2003), for production of 
eventually wasted 190 kg, 1695 MJ of energy are needed. Further, the waste needs to be processed, 
on average requiring additional 231 MJ. So, providing 1 ton of consumed fresh bread from local 
bakery requires 10826 MJ, of which over 2% accounts for waste bread processing. This energy is 
over 20% higher energy requirement compared to originally estimated 8.9 MJ/kg. Therefore, LCA 
studies should consider specific data of food waste processing energy use instead of generalized 
assumptions common in practice.  
 
Conclusion 
In simultaneous energy and climate crisis that we are experiencing, energy necessary for waste 
processing must not be overlooked. This is particularly true for food waste which is generated in 
large amounts, and which is in some cases, even with our best efforts, unavoidable. Therefore, LCA 
studies, as well as other food waste, circularity or similar studies, should include specific data of 
food waste processing energy use into energy requirement estimations. 
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Introduction 
 
The poultry sector is the second largest producer, after pork, of meat worldwide (FAO, 2019). In 
Spain, the sector is increasing the production every year due to growing demand of chicken and 
turkey meat, as well as eggs. However, this demand is triggering serious environmental issues since 
poultry sector is responsible for the generation of large amount of waste and emissions (Billen et al., 
2015). In this sense, it can be remarked the generation and management of poultry manure which is 
stored and used as fertilizer in farm’s field. In this sense, the environmental impact of manure 
management depends highly on the storage time, the nitrogen content, and the excessive application 
on field —which may lead to greenhouse gas (GHG) emissions and eutrophication of land and/or 
water reservoirs due to the nutrient’s leakage. 
Attending to the GHG emissions, the poultry sector accounts by 8% of GHG emissions of livestock 
sector — 8 million tons of CO2 eq. Concerning the hotspots for poultry production, the largest 
impact contributor in terms of GHG emissions is the feed production followed by manure 
management and energy consumption in the farm (FAO, 2016). 
 
Methodology 
 
The project AVIENERGY develops an alternative and innovative solution to deal with 
environmental issues derived from poultry manure management. The project promotes on-site 
energy valorization of manure —by means of combustion (with a specially designed burner) and a 
micro-cogeneration unit— as alternative fuel to fossil fuels. Consequently, the farm not only 
reduces the amount of manure to be stored and applied to fields, but also decouples the farm’s 
energy supply –in terms of heating (e.g., natural gas) or electricity– from fossil fuels (Figure 1). 
The environmental profile of the innovative solution proposed is evaluated throughout Life Cycle 
Assessment (LCA). In this regard, two scenarios were evaluated: i) the traditional scenario (i.e., 
with no changes for manure management; and ii) the AVIENERGY scenario (i.e., with the 
implementation of the proposed solution for manure valorization).  
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Figure 1. Schematic representation of the innovative solutions proposed in AVIENERGY. 

 
Results 
 
The results obtained showed that poultry production for AVIENERGY scenario attained significant 
impact reduction when benchmarking with traditional scenario due to the following: 

x Lower necessities of field for manure spreading. 
x Lower emissions from manure management. 
x Lower electricity requirements from the grid. 
x Lower fossil fuels consumption for heating. 
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Objective: 
The current food system is unsustainable, causing a lot of damage to the environment (Poore & 
Nemecek, 2018). While increasing food production for growing population is important, the 
generation of food waste should not be left aside. Food waste has been under close attention 
because it keeps rising in both developed and developing countries. Food loss and waste along the 
chain is around one-third of all the food produced currently (FAO, 2011), and it releases 8% of 
Greenhouse Gas emissions (GHGs) (FAO, 2015). It is vitally important to find efficient ways to 
produce more food while, at thH� VDPH� WLPH�� GHFUHDVLQJ� UHVRXUFHV¶� H[SHQGLWXUH� DQG� WKH�
environmental impact of the production. This work aims to conduct an extensive literature search 
and identify conceptual ecodesign approaches, which can be applied to the specifics of perishable 
products of the agri-food system. Identification then follows with the establishment of a conceptual 
framework of food products ecodesign applicable for further practical and theoretical testing. 
Approach and methodology: 
The concept of ecodesign takes into consideration the combination of different environmental 
aspects into product design and development to reduce harmful environmental impacts throughout a 
SURGXFW¶V� OLIH� F\FOH (ISO, 2020). The objectives of this concept are in line with sustainability, as 
described by (Biron, 2018). The available literature shows that the application of this concept can 
be done through different methodologies (Rossi et al., 2016), such as ³'HVLJQ�IRU�;´. The review 
was conducted using the Google Scholar database. Here the following keywords were used 
"ecodesign", "design for x" and "food", yielding a total of 246 results. Further analysis and 
refinement narrowed down the results to 28 articles.  
Main results and discussion: 
It is known that the biggest improvements to the impact of a product is at the design stage 
(Basbagill et al., 2013). After an extensive literature search, it was found that the implementation of 
this concept can reduce: (1) The impact of current diets by 20-40% by decreasing animal protein 
consumption by 25-50% (Notarnicola et al., 2017); (2) Around 30% in current emissions when 
applying mitigation strategies in animal protein production (Gerber et al., 2013); (3) Between 22-
����LQ�*+*V¶�UHOHDVH��ZKHQ�FKDQJLQJ�IURP�WKH�FXUrent diets towards plant-based diets (Sabaté & 
Soret, 2014); (4) Inefficacy per hectare of food production (93%) and increase water use efficiency, 
soil health, fertility and pest control by shifting from current cultivation systems to alternative ones 
(Machovina et al., 2015); (5) The amount of avoidable food waste at consumer point that could 
potentially result in the reduction of GHGs of 800±1400 kg/tonne of food waste (Schott & 
Andersson, 2015); (6) Resource consumption with the use of new technologies and processes (Rohn 
et al., 2014): up to 30% in water use; between 6-25% in fuel use; and between 11-90% in herbicide, 
pesticide or herbicide use, and others (Liu et al., 2019).  
Conclusions: 
The implementation of the ³Design for X´ methodology of ecodesign on the development of food 
products to the most environmentally taxing parts of the life cycle of a product ± material sourcing, 
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processing stage and end of life ± we combine three design dimensions: ³Design for Sustainable 
Sourcing´��'I66���³Design for Optimized Resource Use´��'I258��DQG�ODVWO\�³Design for Reuse´ 
(DfR). With this it is possible to reduce the environmental impact of food products at different 
levels according to the stage of the value chain:  20-30% at the farming stage, around 5% at the 
transformation stage, and 15-20% at the end-of-life stage. With this is will help fulfil different 
SDGs. 
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Rationale and Objective LIFE Green Sheep (LIFE19 CCM/FR/001245) has been targeting a 
common Carbon Footpritnt (CF) assessment methodology at European level. In order to simplify 
the life cycle inventory, tools to estimate CF in dairy and meat sheep farm have already been 
developed in European countries such as France (CAP'2ER), Spain (ArdiCarbon) and Italy 
(Carbonsheep), and Irelanad  (Sheep LCA). Nevertheless, they are specifically adapted to local 
production systems in terms of collected inputs and algorithms used in the impact assessment. 
Consistent data inventories and shared plans of mitigation for sheep production farming at 
European level requires aligned approaches and tools. The objective of this study was to compare 3 
tools, already available in Europe, to estimate the carbon footprint of dairy sheep farming systems. 
 
Approach and Methodology The 3 compared tools were: CAP'2ER (C2E; “Institute de l’Elevage, 
France); ArdiCarbon (AC; Neiker, Spain); and CarbonSheep (CS; Univ. of Sassari, Italy). For the 
comparison in this study all tools were set at level 1 of model detail for simplified estimates, based 
on aggregate inputs from farms. Collected inputs and model impact assessments were based on 
customized algorithms and emission coefficients of IPCC (2019) for animal and farm emissions, to 
increase the tool flexibility at country level. Algorithms and equations to estimate animal 
requirements, food intake and excretion, coefficients adopted to calculate emissions from each 
hotspot or emission source and allocation formulas were not modified before the comparison. The 
LCA boundaries of the analysis were from cradle to farm gate. The comparison was performed 
collecting data from 3 sheep farms in France, Spain, Romania and Italy (n=12). Basic inputs 
required to run each tool (82 for C2E, 83 for AC and 52 for CS) were collected from the 12 farms 
copying the life cycle inventory of flock consistency, crops and pasture areas, fertilizers, purchased 
feed, fuel and electricity, and farm outputs of milk and meat. The model runs enabled assessment of 
aggregated emissions from the following categories: CF 100% allocated to milk, enteric methane, 
manure management, crops and fertilizers, feed purchased, electricity, fuel and other purchased 
inputs. Emissions were expressed per kg of CO2eq./kg of fat and protein corrected milk (FPCM). A 
total of 36 estimates were obtained running each tool with inputs from the 12 farms. The model 
evaluation was performed from differences between C2E vs. AC, C2E vs. CS and AC vs. CS 
analysed as mean bias and the root mean square error of prediction (RMSPE) (Tedeschi, 2006).  
 
Results and Discussions Collected inputs proceeded from a broad range of farm conditions. The 
farms involved in the study had 499±123 ewes, 187±118 ha, and produced 87.2±87.8 tons of milk 
per year. Most of the farms had semi-extensive farming systems with animals having access to 
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pasture. The estimated of CF, mean bias of differences and RMSPE of the 3 models were presented 
in Table 1.  The mean farm CF for the 3 tools was 3.57, 3.75, and 4.85 kg of FPCM for AC, CS, and 
C2E, respectively. Big differences were observed in the allocation percentage, which ranged from 
67% of C2E to 94% of CS. All tools reported high incidence of animal emissions (enteric methane 
and manure) on the total CF in line with the literature evidences. The lowest emissions were 
observed for electricity and other purchased inputs, which was resulted higher in AC than in C2E 
and CS. The differences in CF expressed as mean bias were higher than 1.0 kg of FPCM between 
C2E-AC and C2E and CS, but was very small for AC-CS, and similar proportions were also 
observed for the allocation percentage and other emission sources. It indicates that values predicted 
by one tool e.g., AC, were on average highly accurate when compared with CS but showed large 
underestimation when compared with C2E. But in this sense However, the mean bias does not 
allow to have a clear picture of the tool performance at farm level, since average values compensate 
by the negative and positive differences. When differences were evaluated as RMSPE, it was higher 
than the mean bias, and indicated that CF predicted by C2E was 1.7 kg of FPCM higher than AC 
and CS but also AC predictions were 1.2 kg of FPCM higher than CS. Large differences were also 
observed among tools for within each hotspot. When the RMSPE of each hotspot were expressed as 
percentage of the RMSPE of CF (Table 3) it was possible to observe that differences were due to 
enteric methane (67% of RMSPE for AC-CS), and to manure management (62% of RMSPE for 
C2E –AC). In particular, the highest differences were due to methane emission factor and animal 
excretion predictions considered by each tool for sheep categories, since the 3 tools adopted values 
customized at country level. Other detected differences relies on emission coefficients adopted for 
crops and feed purchased and on allocation formulas. 
 
Table 1. Estimated of Carbon Footprint performed with CAP'2ER/DEO (C2E), ArdiCarbon (AC) 
and CarbonSheep (CS), mean bias of differences and root square error of prediction (RMSPE), 

Variable 
CF predicted values  Mean bias  RMSPE 
C2E AC CS  C2E-AC C2E-CS AC-CS  C2E-AC C2E-CS AC-CS 

Carbon footprint, kg FPCM 4.85 3.57 3.75  1.28 1.11 -0.17  1.71 1.72 1.19 
Allocation for milk, % 67% 89% 94%  -22.8% -27.8 -5.0  24.2 29.5 6.2 
Enteric methane, kg/kg FPCM 2.04 1.68 1.87  0.31 0.17 -0.19  0.64 0.52 0.80 
Manure, kg/kg FPCM 1.36 0.36 0.71  1.02 0.66 -0.36  1.07 0.71 0.48 
Crop and fertilizers, kg/kg FPCM 0.40 0.58 0.16  -0.15 0.24 0.41  0.70 0.32 0.74 
Feed purchased, kg/kg FPCM 0.83 0.45 0.50  0.42 0.35 -0.05  0.58 0.61 0.31 
Electricity, kg/kg FPCM <0.01 0.04 0.03  -0.04 -0.03 0.01  0.05 0.04 0.03 
Fuel, kg/kg FPCM 0.22 0.33 0.24  -0.10 -0.01 0.09  0.21 0.11 0.15 
Other purchased, kg/kg FPCM < 0.01 0.07 <0.01  -0.07 < 0.01 0.07  0.14 < 0.01 0.13 
 
Conclusions The comparison indicated that algorithms and emission coefficients used in the 3 
tools, especially for methane emissions and manure management, need a careful alignment before 
run common estimates at European level. 
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This paper outlines the main aspects of a more detailed article (Hélias et al. 2022). The French 
government has enacted legislation to create an environmental labelling system for food products. 
During an experiential phase in 2020-2021 involving numerous stakeholders, many of whom 
proposed labelling systems, a multidisciplinary scientific council (SC) was set up to support the 
process. The SC addressed several issues related to the data and methods to be used, the 
environmental impacts to be considered and the label design to summarise all of the aforementioned 
aspects in a simple, informative and useful way. We present the main outcomes of the SC’s 
reflections (Soler et al, 2021), and conclude that operational and massive environmental labelling of 
food products is possible. The feasibility, stakeholder agreement and compliance with international 
recommendations were the basis for answering six questions. 
 
What environmental issues should be considered? Most environmental labelling systems 
implemented to date have focused on climate change, however, other environmental issues have 
become more acute, leading amongst others to a multicausal decline in biodiversity. Human health 
is not explicitly mentioned in the French law enacted in 2021, but is a major concern for consumers 
and citizens for which two domains must be distinguished. The exposure of populations to 
pollutants emitted into the environment should be included in the environmental labelling scheme. 
Health impacts associated with contaminants (e.g. pesticide residues) in food relate to food safety, 
which is regulated by the food legislation in the European Union (EU), including these health 
impacts in environmental labelling could prove incompatible with EU regulations and raise 
significant risks of legal challenge.  
 
What objectives should be targeted? Environmental labelling can act in two ways: highlighting the 
differences in impact within each food category, and between food categories (e.g., between animal 
and plant-based products). Determining the extent to which environmental labelling should focus on 
one or the other, or on both of these levers is a major issue in the choice of a labelling system. We 
consider that both should be encompassed. 
 
What data should be used, and by who? An intermediate pathway is possible between low-cost 
creation of generic data and the creation of more specific data at higher cost. Implementing a "semi-
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specific" approach would involve complementing the generic data with data for a range of high-
impact action levers e.g. recipe, transport or packaging. Different types of stakeholders – companies 
and digital app providers – can then attribute environmental impact values to products on the 
market. Collective rules must be defined. In all cases, evaluations should be part of a coherent and 
compatible methodological framework, be transparent and traceable to allow external verification or 
an institutional validation process. 
 
What methods for assessing environmental impacts? The European Commission has proposed the 
"Product Environmental Footprint" (PEF) method, for assessing the environmental impacts of 
products. For food labelling, improvements to the method and associated current data can be 
proposed. (1) LCA has to account for variations in soil carbon stocks in agro-ecosystems resulting 
from a change in practices or in land use. Taking these stock variations into account is legitimate 
and desirable in an environmental label, and French data are available. (2) Toxicity and ecotoxicity 
indicators are the subject of numerous debates by stakeholders. PEF uses an infinite time horizon. 
Given the need to aggregate the information into a single indicator, modulating the PEF with a 100-
year horizon would allow a better balance between the impacts of organic molecules and trace 
metals. (3) The relationships between agricultural practices and biodiversity are complex. Several 
proposals have been made but they have not yet been included in the PEF. A possible and rapidly 
operational solution would be to add a new impact category "field-level biodiversity" in the LCA 
framework. It would require defining two parameters: a coefficient expressing biodiversity benefit 
associated with various types of labels, and the weight given to this impact category, which is a 
matter of societal arbitration that needs to be made explicit.  
 
Which environmental scores should be chosen? LCA is mainly used in multicriteria comparative 
approaches, but for environmental labelling the information is aggregated in a single score 
expressed in millipoints. This scale can be changed for two reasons: (1) To express the impact of a 
food product relative to other foods and not in absolute terms, in order to facilitate comparison 
between products. (2) To introduce a non-linearity between the single score scale and the labelling 
scale, so that the latter can be fully used (with values all along the variation range and not only at 
the extremes). When changing scale, special attention must be paid to the equation (introduction of 
non-linearity) and to the bounds used (construction of the reference), scale changes must be 
transparent and argued.  
Modifying the environmental scores by introducing additional indicators may distort the food-
environment relationship established in the basic framework, and thus risk losing scientific rigour in 
order to gain on other dimensions. However, this may be acceptable to better highlight the benefits 
of actions that are consistent with public policy priorities (like in the EU ‘Farm-to-Fork’ strategy). 
These elements raise important strategic questions to be considered when thinking about 
complementary indicators, but their justifications are not only scientific but also political.  
 
What label format should be proposed? A label format refers to the visual that is presented to the 
consumer. An effective format must attract attention and have salience. For this, it is preferable that 
it be standardised, hence the importance of having a unique, immediately recognisable format, 
located in an expected place on the packaging. For salience, it is preferable that it be in colour. An 
effective format for changing behaviour must be synthetic. This can nevertheless be complemented 
by an analytical part, based on a sub-score decomposition or a numerical value revealing the actions 
of producers in a more detailed way than the aggregate score.  
 
Through the existence of the PEF, the life cycle inventory data in the Agribalyse database and the 
answers to the above questions, the LCA framework can be operationalized and adapted for 
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environmental labelling. Informing consumers about the environmental impacts of food products is 
therefore possible and is certainly a step forward in minimizing the human impact on nature. 
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Intoduccion y Objectivos Los inventarios del ciclo de vida para estimar la huella de carbono 
suelen ser muy detallados, requieren mucho tiempo en la toma de datos y en los cálculos del 
impacto, por lo que sólo un número limitado de explotaciones puede caracterizarse con este 
enfoque. El desarrollo de herramientas de soporte a la toma de decisiones para evaluar la eficiencia 
técnica y ambiental de las fincas es por otro lado fundamental para mejorar el uso sostenible de 
recursos naturales.  La herramientas simplificadas de análisis de ciclo de vida pueden ayudar a 
extender la cuantificación de las emisiones de gases de efecto invernadero a muchas explotaciones y 
planear la mitigación a nivel territorial.  
En el proyecto Europeo LIFE Forage4Climate (F4C; LIFE15CCM/00039) se ha desarrollado una 
herramienta para estimación simplificada de huella de carbono llamada CarbonSheep y basada en 
un numero mínimo de datos de la finca para un análisis de impacto rápida aplicable a un numero 
muy elevado de granjas ovinas de leche en el área de producción Mediterránea. El modelo de 
calculo se implementó directamente en un sistema informativo geográfico (SIG) para visualizar 
mapas de impacto generado por las explotaciones. El SIG estaba incluido en ARCGIS Online, una 
plataforma cartográfica y analítica de Esri Italia s.p.a. (Roma, Italia), accesible tambien desde 
moviles, y que permite: i) recopilar los datos esenciales de las explotaciones; ii) mostrar los 
resultados del LCA simplificado; iii) mostrar mapas de estadísticas descriptivas de las explotaciones 
registradas; iv) comparar el FC de las explotaciones con los valores de referencia territoriales 
(Figura 1). Con acciones de networking, a continuación del proyecto F4C, el modelo se ha incluido 
en los proyectos LIFE Sheep To Ship (StS; LIFE15CCM/00123) and Green Sheep (LIFE19 
CCM/FR/001245) para comparación con otros modelos Europeos (Abstract 153 y 154). Este trabajo 
tenia el objectivo de evaluar la CF del modelo simplificado CarbonSheep vs. Las estimaciones 
conseguidas con el estándar de análisis de ciclo de vida detallado y completo según la normas ISO 
internacionales. 
 

Figura 1. Resultados 
graficos en Sistema 
Informativo Geografico 
(SIG) de la herramienta 
Carbonsheep-  
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Aproche y método Para la evaluación se han considerado datos de 32 fincas lecheras de Sardinia 
(Italy) (promedio de 355 ovejas y 170 L/ano de leche per oveja). Una completa LCI se ha llevado a 
cabo con encuesta al ganadero y toma de datos de la finca. Los datos incluyan las categorías de 
ovejas, el tipo de establo, cantidad de leche y carne producidas, piensos y forrajes comprados, 
fertilizantes consumidos y rendimiento de cultivos, la energía y el combustible gastados. Los datos 
se analizaron i) con CarbonSheep (CS) y ii) según los estándares ISO 14040, 14044 y 14067 (ISO) 
con el software SIMAPRO®. CarbonSheep ha estimado la huella de carbono con solo 40 datos 
esenciales para describir el ciclo productivo anual. El modelo se desarrolló en Excel® inspirado por 
el nivel 2 del IPCC (2019), modificado con ecuaciones especificas para ovino de leche (ingestión de 
materia seca, excreción de N, etc) y coeficiente de emisiones en estudios de la misma área (Serra, 
2014). Como unidad funcional fue considerando el impacto para unidades de leche estándar (LN: 
kg de CO2eq./kg de leche con 6.5% grasa y 5.8% proteína). La evaluación se llevó a cabo con 
análisis de error medio y error cuadrático medio (RMSPE) y su descomposición (Tedeschi, 2006)  
 
Resultados and Discusiones Las estimaciones CS vs. las de ISO completo realizadas con el 
software SIMAPRO® fueron iguales a 3.89±1.01 vs. 4.22±1.2 kg CO2/kg de LN, con un error 
promedio CS-ISO de -0.56±0.43. La regresión de ISO vs. CS fue igual a y = 1.07*X + 0.09  
R² = 0.77 (Figura 2) con RMSPE igual a 0.47 ±0.48 kg CO2/kg de LN, debido por el 26% a error 
medio, 1% a error de regresión y 73% a error casual.  
 

Figure 2. Valores observados de la huella 
de carbono determinados en 32 
explotaciones de ovino de leche de 
Sardegna (Italia) con análisis ciclo de 
vida completo (ISO) frente a los valores 
previstos determinados con el Carbon 
Sheep. La línea de puntos indica la 
equivalencia y=x. 
 
 
 
 
 
 

 
Conclusions Carbonsheep puede considerarse una herramienta eficaz para seleccionar las 
explotaciones lácteas con alto potencial de huella de carbono candidatas a planes de mitigación y 
mostrar las emisiones de gases de invernadero in mapas territoriales. 
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Rationale 
 
Companies and other actors operating in food supply chains are becoming more and more involved 
in environmental impact assessments. This trend is necessary to overcome the initial evaluative and 
small-scale application of LCA and unlock its real potential. A proven option to accelerate this trend 
is to develop LCA-based tools that companies can use independently. Blonk (Blonk Consultants and 
Blonk Sustainability Tools) has been actively engaged in numerous collaborations focusing exactly 
on tool development. A successful example is the work that Blonk has been doing for IDH, The 
Sustainable Trade Initiative (IDH) and for the Floriculture Sustainable Initiative (FSI).  
 
Approach 
 
IDH is an organization (Foundation) that works with businesses, financiers, governments, and civil 
society to realize sustainable trade in global value chains. In several food crops and ingredients 
industries, IDH convenes actors in sector initiatives around common sustainability agendas and 
ambitions. IDH undertook the path of environmental assessments and LCA together with Blonk 
about 3 years ago, for several of its sector initiatives, starting with the fruit & vegetables sector, and 
since then continuing with spices and, in collaboration with FSI, flowers & plants in 2020, and 
aquaculture in 2021. These projects have enabled IDH (and FSI) members to better understand the 
environmental impact of their supply chains and make real positive change.  
 
After an initial trajectory focusing on raising awareness on key environmental issues, Blonk 
developed tools based on LCA methodologies for all the sectors mentioned above. The tools enable 
the user to collect data and calculate the environmental impacts of a certain supply chain. Currently, 
the environmental impact categories climate change, water scarcity, eutrophication, and ecotoxicity 
are included. Food losses are also accounted for as a key additional indicator.  
 
All tools satisfy certain fundamental requirements: user friendliness, completeness, consistency 
with existing LCA standards, and coherence with the supply chain. The tools are built in Excel as it 
is widely available globally and does not require any specific software or knowledge to use. The 
tools consist of two separate files. The Input Sheet file allows the user to collect data throughout the 
supply chain. Data is then imported into the Tool file, where calculations occur and results are 
displayed. This split between the data collection and the results files has the advantage of allowing 
to store data from hundreds of supply chains and aggregate and compare results relatively to 
important parameters such as the type of product or the year of production. This same structure 
applies for all tools and is adapted and modified where necessary thank to a process of dedicated 
pilots in the specific sectors. Piloting the tools with actual companies ensured that the requested 
data was realistic and easy to understand.  
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The tools are based on the same key LCA methodologies but are adapted to the specific 
characteristics of the sectors they apply to. The underlying methodologies are: the ISO 14040/14044 
(ISO, 2006a, 2006b), the Product Environmental Footprint Category Rules (European Commission, 
2017), the Flori-PEF (draft, to be published in 2022), the Hortifootprint Category Rules (Helmes et 
al., 2020). Background data is extrapolated from LCI databases such as Ecoinvent (Wernet et al., 
2016) and Agri-footprint (Van Paassen et al., 2019). Primary data is collected for every stage of the 
supply chain, from cultivation up to retail. The stages in between slightly vary as the sectors have 
different supply chain characteristics. For example, the tool developed for the spices sector, has a 
drying and processing stage both at the country of cultivation and at the country of import, as such 
activities might occur at different moments.  
 
Results 
 
Through a set of comprehensive dashboards, the tools enable companies to get insights into the 
environmental footprint of their products, as well as their entire product portfolio. Next to the total 
footprint of a product, the tools provide insights into how the different stages contribute to this 
footprint, as well as what are the main contributing factors to each of these stages. This enables 
users to identify the hotspots in their value chain and stimulate collaborative action to reduce the 
footprint. The progress of these reduction strategies and targets can be measured and tracked within 
the tool. Based on initial use of the tool, several of IDH¶s sector initiatives have adopted reduction 
targets for different sectors, and companies are now measuring progress towards these targets for a 
number of key commodities. 
 
Conclusion 
 
This series of tools shows the potential of making LCA knowledge and approach available to a wide 
range of stakeholders in international value chains. This allows stakeholders to take ownership of 
their environmental impact and act accordingly. Instead of using LCA as a one-off method to 
determine the environmental impact of a product at a certain moment in time, these tools make LCA 
knowledge accessible and actionable, and serve as a driver of change towards more sustainable food 
chains. 
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Abstract 
Animal production systems are a significant source of environmental impacts. The impacts can be 
substantially mitigated through various interventions such as system management changes, 
technical and feed improvements. Due to the diversity of animal production systems, it is 
challenging to determine the overall impact of various interventions. To facilitate the assessments 
and communicate impacts of animal derived protein including interventions along the value chain 
we developed the Animal Production Systems footprint tool (APS-footprint) to facilitate the 
establishment of LCAs of animal derived footprint at farm level. Here we present a case study of 
Beta carotene supplementation on an average dairy farm in The Netherlands. This shows that 
overall footprint can be reduced by 1-2% in various impact categories. The results presented here 
demonstrate that the APS-footprint tool can model complex interventions where multiple factors 
within an animal production system change simultaneously. The case of Beta Carotene shows that 
the APS-footprint tool can provide insights into the trade-offs associated with an intervention. 
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Introduction 
Animal production systems are essential for global food security. At the same time, they are a 
significant source of environmental impacts such as global warming, land use (water use, 
eutrophication, and acidification). The impacts can be substantially mitigated through various 
interventions such as system management changes, technical and feed improvements. 
 
Due to the diversity of animal production systems, it is challenging to determine the overall impact 
of various interventions. Life Cycle Assessments can be used to assess the environmental 
performance of these interventions. However, LCAs require specific knowledge about emission 
modelling and assessment standards. To facilitate the assessments and communicate impacts of 
animal derived protein including interventions along the value chain we developed the Animal 
Production Systems footprint tool (APS-footprint) to facilitate the establishment of LCAs of animal 
derived footprint at farm level. 
 
Methods 
The APS-footprint tool calculates impacts according to well-defined LCA standards and guidelines 
regarding methodology and data APS footprint consists of several so called APS protocols. An APS 
calculation protocol is a combination of an LCA standard, an emission model, a background 
database and an LCIA method. The APS protocols are defined per animal production system and are 
based on specific guidelines (table 1). Within these systems it is possible to model the effects of 
farm management interventions such as different feed, feed additives, efficiencies, herd 
management and other characteristics. Here we present the case of Beta Carotene as a feed additive 
applied to the average dairy farm in the Netherlands as an example. Beta Carotene improves fertility, 
as a result dairy cows live longer with shorter dry periods between lactations. Consequently, the 
amount of replacement animals, youngstock, and output of dairy cows to slaughter is reduced on the 
other hand dairy cow feed intake increases.  
 
The effect of Beta Carotene was modeled as an increase in milk production (+0.73%), feed 
consumption (+0.3%) and a decrease in animals to slaughter (-11.7%) and replacement animals 
present at farm (-15%). 
 
 
Table 1: Elements of the APS-footprint protocols2 

Module LCA-
methods Emission model Background 

database 
LCIA 
method 

Dairy3 PEFCR dairy 

IPCC 2006 & EMEP/EEA 2016 

Agri-
footprint 5.0 EF 2.0 

Pig4 PEFCR red 
meat Piglets4 

Broilers5 LEAP 
guidelines 
elaborated by 
Blonk 

LEAP 2016 & IPCC 2006 & 
EMEP/EEA 2016 Layers5 

Feed PEFCR feed  n.a. 
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Cultivation 
IPCC 2006, EMEP/EEA 2016, PAS 
2050, PEFCR guidance 6.3, GFLI 
methodology, AFP  

 
 
Results 
The reduction of replacement animals results in a reduction of direct emissions and feed related 
emissions of the youngstock. This is partially FRXQWHUEDODQFHG�E\�WKH�LQFUHDVH�RI�GDLU\�FRZV¶�IHHG�
consumption and by reduced output of dairy cows to slaughter. The overall results show a reduced 
impact, in a range of 1.1 up to 2.2 % (Figure 1). Beta Carotene addition has a stronger effect on 
respiratory inorganics, because this impact category is more dependent on youngstock because of 
their relatively higher contribution to this impact category. 
 
Discussion 
We presented the APS-footprint tool in which various animal production systems can be modeled. 
Unlike other tools. the APS footprint tool can not only be used to assess the existing situation, but 
also to assess the effect of interventions applied to the system. Where many existing tools for 
environmental assessment of animal production systems focus on a limited set of impact categories 
or on specific regions or countries, the APS-footprint tool provides full LCA results giving a more 
comprehensive picture of the environmental impact of an animal production system. In this way 
trade-offs in environmental footprint can be captured. However, effectively using the tool still 
requires some detailed knowledge about animal production systems and how an intervention will 
(indirectly) affect the system. 
 
Conclusion 
The main advantage of the APS-footprint tool is that it enables users with limited specialized (LCA) 
knowledge to conduct detailed and consistent assessments. In addition, it is relatively easy to do 
scenario analyses, using the intervention mechanism. The results presented here demonstrate that 
the APS-footprint tool can model complex interventions where multiple factors within an animal 
production system change simultaneously. The case of Beta Carotene shows that the APS-footprint 
tool can provide insights into the trade-offs associated with an intervention. 

���



13th International Conference on Life Cycle Assessment of Food 2022 (LCA Foods 2022) 
On ³The role of emerging economies in global food security´ 
12-14 October 2022, Lima, Peru (hybrid conference) 
 

 4 

Figure 1: Intervention results for Beta Carotene intervention for the average dairy farm in the 
Netherlands for selected impact categories. 

 

���



��WK ,QWHUQDWLRQDO�&RQIHUHQFH�RQ /LIH�&\FOH�$VVHVVPHQW RI�)RRG�������/&$�)RRGV������
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´
�������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH�

$�/LIH�&\FOH�7RRONLW�IRU�)RRG�3DFNDJLQJ�'HVLJQ

2VFDU�+XHUWD�
��&DUROLQD�0HOR���0D[LPLOLDQR�5XELR�� DQG $PHOLD�7LVND�
�3RQWLILFLD 8QLYHUVLGDG &DWyOLFD GH &KLOH� 6FKRRO RI 'HVLJQ DQG (QHUJ\ 5HVHDUFK &HQWHU� 6DQWLDJR� &KLOH� 1DWLRQDO
([FHOOHQFH�&HQWHU�IRU�WKH�:RRG�,QGXVWU\��&(1$0$'���3RQWLILFLD�8QLYHUVLGDG�&DWyOLFD�GH�&KLOH��6DQWLDJR��&KLOH�
�3RQWLILFLD�8QLYHUVLGDG�&DWyOLFD�GH�&KLOH��6FKRRO RI�'HVLJQ��6DQWLDJR��&KLOH�

.H\ZRUGV� 7RRONLW��SDFNDJLQJ��IRRG��OLIH�F\FOH��GHVLJQ� PHWKRG�


&RUUHVSRQGLQJ�DXWKRU��7HO��������������������������������
(�PDLO�DGGUHVV��RKXHUWD#XF�FO

5DWLRQDOH�DQG�2EMHFWLYH�RI�WKH�:RUN
)RRG SDFNDJLQJ VHUYHV PXOWLSOH IXQFWLRQV ZLWKLQ WKH IRRG LQGXVWU\� 3DFNDJLQJ SURYLGHV WKH
IXQFWLRQV RI SURGXFW SURWHFWLRQ� SURPRWLRQ� LQIRUPDWLRQ� FRQYHQLHQFH� XQLWLVDWLRQ� DQG KDQGOLQJ
�&RQVXPHU *RRGV )RUXP� ����D�� 7KH IXQFWLRQV RI SURWHFWLRQ� XQLWLVDWLRQ� DQG KDQGOLQJ DUH
UHOHYDQW� PRVWO\ IRU WKH IRRG SURGXFHU� VLQFH WKH\ HQDEOH WKH GHOLYHU\ RI D SURGXFW LQ SHUIHFW
FRQGLWLRQ� IURP IDFWRU\ JDWH WR SRLQW RI VDOHV� 2Q WKH RWKHU KDQG� SURPRWLRQ DQG LQIRUPDWLRQ VHUYH
PRVWO\ IURP VDOHV WR FRQVXPHUV� ZKLOH FRQYHQLHQFH DQG LQIRUPDWLRQ DUH DLPHG PRVWO\ DW WKH
FRQVXPHU� %HVLGHV WKH YLUWXHV RI SDFNDJLQJ� LW EULQJV FRQVLGHUDEOH HQYLURQPHQWDO LPSDFW� RI ZKLFK
PD\EH PRVW QRWRULRXV LV SDFNDJLQJ ZDVWH� %XW WKH LPSDFW LV GHULYHG� QRW MXVW IURP SDFNDJLQJ ZDVWH�
EXW�IURP�DOO�OLIH�F\FOH�VWDJHV�RI�D�SDFNDJHG�SURGXFW��VHH�)LJXUH����

)LJXUH��
3DFNDJHG�IRRG�SURGXFW�OLIH�F\FOH�GLDJUDP

1RWH� 7KH�GLDJUDP�GHSLFWV�D�JHQHULF�SDFNDJHG�IRRG SURGXFW¶V�OLIH�F\FOH��VKRZLQJ�OLIH�F\FOH�VWDJHV��PDLQ
PDWHULDO�IORZV��ZDVWH�DQG�UHWXUQDEOHV�PDQDJHPHQW��UHXVH��UHF\FOLQJ��ILQDO�GLVSRVDO�VFHQDULRV�DQG�E\SURGXFWV�
6RXUFH��+XHUWD��2���0HOR��&��	�5XELR��0����������0HWKRG�IRU�VWUDWHJLF�GHVLJQ�LQ�WKH�IRRG�SDFNDJLQJ�V\VWHP�
7KH���WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�0DQDJHPHQW��������6HSWHPEHU��6WXWWJDUW��*HUPDQ\�
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��WK ,QWHUQDWLRQDO�&RQIHUHQFH�RQ /LIH�&\FOH�$VVHVVPHQW RI�)RRG�������/&$�)RRGV������
2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´
�������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH�

:KLOH H[WHQGHG SURGXFHU UHVSRQVLELOLW\ OHJLVODWLRQ �(35� DGGUHVVHV WKH HQG RI OLIH VWDJH RI
SDFNDJLQJ� VLJQLILFDQW LPSDFW LV GHULYHG IURP DOO OLIH F\FOH VWDJHV� ,Q RUGHU WR PLQLPL]H DQG PLWLJDWH
SDFNDJLQJ�OLIH�F\FOH�LPSDFWV��VRPH�H[LVWLQJ�DSSURDFKHV�FDQ�EH�XVHG�LQ�SDFNDJLQJ�GHVLJQ�

(FRGHVLJQ SURYLGHV JXLGHOLQHV WR PLQLPL]H D SURGXFW¶V OLIH F\FOH HQYLURQPHQWDO LPSDFW
�:KLWH HW DO�� ������ %HLQJ SDFNDJLQJ LWVHOI D SURGXFW� HFRGHVLJQ FDQ EH XVHG IRU SDFNDJLQJ GHVLJQ�
6SHFLILFDOO\� SDFNDJLQJ HFRGHVLJQ DLGV LQ PLQLPL]LQJ LWV HQYLURQPHQWDO LPSDFW ZKLOH IDFLOLWDWLQJ
GRZQVWUHDP FRPSDWLELOLW\ ZLWK HQG RI OLIH SURFHVVHV IRU (35 FRPSOLDQFH �,+2%(� ������ 2Q WKH
RWKHU KDQG� WKH *OREDO 3URWRFRO RQ 3DFNDJLQJ DQG 6XVWDLQDELOLW\ SURYLGHV JXLGHOLQHV WR KHOS
LPSURYH SDFNDJLQJ VXVWDLQDELOLW\� DGGUHVVLQJ LWV HQYLURQPHQWDO� VRFLDO DQG HFRQRPLF SHUIRUPDQFH
�&RQVXPHU *RRGV )RUXP� ����E�� :KLOH DSSURSULDWH DQG XVHIXO� WKH IRFXVHV RI WKHVH DSSURDFKHV
DUH JHQHUDO� QRW EHLQJ VSHFLILF WR IRRG SDFNDJLQJ RU DQ\ SDUWLFXODU IRRG SURGXFW� 0RUHRYHU� WKH\ GR
QRW QHFHVVDULO\ KHOS PHHW HQYLURQPHQWDO RU VXVWDLQDELOLW\ IHDWXUHV WRJHWKHU ZLWK WUDGLWLRQDO IRRG
SDFNDJLQJ�FRQFHUQV�DQG�UHTXLUHPHQWV�

7KH PXOWLSOLFLW\ RI IXQFWLRQV WKDW IRRG SDFNDJLQJ PXVW IXOILOO FDOOV IRU LQWHUGLVFLSOLQDU\ ZRUN
GXULQJ SDFNDJLQJ GHFLVLRQ PDNLQJ� SODQQLQJ DQG GHVLJQ� 7KLV FDQ HQDEOH LQFRUSRUDWLQJ WKH
LQIRUPDWLRQ DQG UHTXLUHPHQWV WKDW DUH DSSURSULDWH DV LQSXWV IRU IRRG SDFNDJLQJ GHVLJQ� $OVR� ZKLOH
DEXQGDQW LQIRUPDWLRQ H[LVWV WKDW LV DSSOLFDEOH LQ SDFNDJLQJ GHVLJQ IRU EHWWHU IXQFWLRQDOLW\ DQG
HQYLURQPHQWDO�SHUIRUPDQFH��WKHUH�LV�QR�VSHFLILF�WRRO�WR�GR�WKLV�IRU�IRRG�SDFNDJLQJ�GHVLJQ�

7KH REMHFWLYH RI WKH ZRUN UHSRUWHG LQ WKLV DUWLFOH ZDV WKH FUHDWLRQ RI D WRRONLW WKDW FDQ KHOS LQ
IRRG SDFNDJLQJ GHFLVLRQ PDNLQJ� SODQQLQJ DQG GHVLJQ SURFHVVHV� HQDEOLQJ LW WR IXOILOO ERWK
WUDGLWLRQDO IRRG SDFNDJLQJ IXQFWLRQDO UHTXLUHPHQWV� DQG HQYLURQPHQWDO SHUIRUPDQFH FKDUDFWHULVWLFV
DQG�UHTXLUHPHQWV�

$SSURDFK�DQG�0HWKRGRORJ\
$ UHVHDUFK DQG GHYHORSPHQW SURMHFW ZDV FRQGXFWHG GXULQJ WKLUW\ PRQWKV� ZLWK WKH REMHFWLYHV RI
XQGHUVWDQGLQJ DQG GHVFULELQJ WKH FRPSOH[LWLHV RI IRRG SDFNDJLQJ V\VWHPV LQ &KLOH� DQG FUHDWLQJ D
PHWKRG WR DLG LQ GHFLVLRQ PDNLQJ� SODQQLQJ DQG GHVLJQLQJ IRRG SDFNDJLQJ ZLWK D V\VWHPLF DSSURDFK
�+XHUWD��0HOR�	�5XELR��������

7KH SURMHFW KDG WZR SKDVHV� 3KDVH RQH FRQVLVWHG RI D TXDOLWDWLYH VWXG\ ZLWKLQ WKH SDFNDJHG
IRRG LQGXVWU\ LQ &KLOH� 7KLV VWXG\ FRPSULVHG LQWHUYLHZV ZLWK H[SHUWV� RQ�VLWH REVHUYDWLRQV� DQG
TXDOLWDWLYH DQDO\VLV RI UHOHYDQW GRFXPHQWV� 3KDVH WZR FRQVLVWHG LQ WKH FUHDWLRQ RI D PHWKRG DQG
WRRONLW IRU IRRG SDFNDJLQJ GHVLJQ� 7KH UHVXOWV RI SKDVH RQH ZHUH LQSXWV WR WKH ZRUN SHUIRUPHG RQ
SKDVH�WZR�

'XULQJ WKH GHYHORSPHQW RI WKH PHWKRG DQG WRRONLW� VHYHUDO YHUVLRQV RI WKH WRRONLW ZHUH
SURGXFHG� 0XOWLSOH IRUPDWV ZHUH H[SORUHG� ZLWK YDU\LQJ VL]HV� LQFOXGLQJ VHWV RI FDUGV DQG RWKHU
NLQGV RI SULQWHG PDWHULDO� 0RFNXSV DQG SURWRW\SHV RI WKH WRROV ZHUH WHVWHG ZLWK XVHUV IRU VHYHUDO
IRRG�SURGXFWV��HLWKHU�LQGLYLGXDOO\�RU�LQ�LQWHUGLVFLSOLQDU\�WHDPV��GHSHQGLQJ�RQ�WKH�WRRO�

0DLQ�5HVXOWV
$IWHU WHVWLQJ WKH HDUOLHU YHUVLRQV RI WKH WRRONLW� VHYHUDO WKLQJV ZHUH IRXQG� ,W ZDV IRXQG WKDW
LQWHUGLVFLSOLQDU\ ZRUN SURYHG WR EH PXFK DSSURSULDWH LQ RUGHU WR SURYLGH FRPSOHWH DQG WLPHO\
LQIRUPDWLRQ WR XVH WKH WRRONLW GXULQJ IRRG SDFNDJLQJ GHFLVLRQ PDNLQJ DQG GHVLJQ SURFHVVHV� 7KH
H[SHULHQFH RI WHVW�GULYLQJ WKH WRROV DOORZHG ILQH�WXQLQJ WKH LQIRUPDWLRQ QHHGHG DV LQSXWV DQG WKH
ILHOGV WR EH FRPSOHWHG IRU WKHLU XVH� 7KH XVH RI FDUGV ZDV FRQVLGHUHG QRW WR EH D JRRG LGHD� EHFDXVH
WRR PDQ\ GLIIHUHQW FDUGV VKRXOG EH XVHG� ZKLFK ZHUH GLIILFXOW WR VHDUFK IRU DQG UHTXLUHG
FRQVLGHUDEOH WLPH� 7KH XVH RI FRORU LQ WKH PRFNXSV SURYHG QRW WR EH YHU\ XVHIXO DQG PDGH WKH
SULQWLQJ�RI�WKH�PDWHULDO�H[SHQVLYH�DQG�GLIILFXOW�WR�UHSURGXFH�E\�WKH�XVHUV�

%DVHG RQ WKH H[SHULHQFH JDLQHG� D QHZHU YHUVLRQ RI WKH PHWKRG DQG WRRONLW ZHUH GHYHORSHG�
7KHVH WRRN VKDSH LQ D PDQXDO ZLWK ERRN IRUPDW WR EH SULQWHG LQ EODFN DQG ZKLWH DQG XVLQJ VWDQGDUG

���
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2Q�³7KH�UROH�RI�HPHUJLQJ�HFRQRPLHV�LQ�JOREDO�IRRG�VHFXULW\´
�������2FWREHU�������/LPD��3HUX��K\EULG�FRQIHUHQFH�

VL]H IRUPDWV� 7KH PDQXDO FRQWDLQV DQ LQWURGXFWLRQ WR IRRG SDFNDJLQJ V\VWHPV DQG H[SODLQV KRZ WKH
PHWKRG LV DQG KRZ WR XVH LW� ,W DOVR FRQWDLQV D VHW RI VL[WHHQ WRROV WR EH XVHG ZLWKLQ WKH PHWKRG�
7KHVH WRROV DUH GLVSOD\HG LQ )LJXUH �� 7KH WRROV H[LVW DV GHWDFKDEOH VKHHWV RI SDSHU SULQWHG LQ EODFN
DQG ZKLWH� RQ VL]HV $� DQG $�� VR LW FDQ EH HDVLO\ SULQWHG RU SKRWRFRSLHG IRU ZRUNLQJ VHVVLRQV� 7KH
WRROV DUH LQWHQGHG WR KHOS FROOHFW DQG GLVSOD\ UHOHYDQW LQIRUPDWLRQ IRU IRRG SDFNDJLQJ SURMHFWV� DQG
WR KHOS SODQQLQJ DQG EULHILQJ ZLWKLQ WKHVH SURMHFWV� 6RPH WRROV FDQ EH XVHG E\ LQGLYLGXDOV� DQG
VRPH�PXVW�EH�XVHG�E\�LQWHUGLVFLSOLQDU\�WHDPV�RI�H[SHUWV�LQ�UHOHYDQW�DUHDV�IRU�D�SURMHFW�

)LJXUH��
6WDJHV��DFWLYLWLHV�DQG�WRROV�ZLWKLQ�WKH�/LIH�&\FOH�7RRONLW�IRU�)RRG�3DFNDJLQJ�'HVLJQ

1RWH� )LJXUH���VKRZV�WKH�VL[WHHQ�WRROV�WKDW�FRPSULVH WKH�/LIH�&\FOH�7RRONLW�IRU�)RRG�3DFNDJLQJ�'HVLJQ��7KHVH
WRROV�DUH�WR�EH�XVHG�ZLWKLQ�VL[�DFWLYLWLHV��ZKLFK�FDQ�EH�FOXVWHUHG�LQWR�WKUHH�VWDJHV��'LDJQRVH��'HILQH�DQG
9DOLGDWH�

'LVFXVVLRQ��&RQFOXVLRQ�DQG�1H[W�6WHSV
$FWLYLWLHV IURP � WR � RI WKH PHWKRG IRFXV RQ JDWKHULQJ UHOHYDQW LQIRUPDWLRQ� DERXW DQ H[LVWLQJ IRRG
SURGXFW� IRU D IRRG SDFNDJLQJ SURMHFW� ,WV DLP LV WR GHVFULEH DQG FKDUDFWHUL]H D SDFNDJHG IRRG
SURGXFW� LWV PDUNHW� LWV OLIH F\FOH� DQG WKH MRXUQH\ LW WUDYHOV IURP WKH PRPHQW WKH IRRG LV SDFNDJHG
XQWLO LW LV VROG WR WKH FRQVXPHU RU UHWXUQHG WR WKH SURGXFHU EHIRUH WKH H[SLUDWLRQ GDWH� 7KHVH WKUHH
DFWLYLWLHV FRPSULVH WKH XVH RI WHQ WRROV� HDFK RI ZKLFK DVNV IRU LQIRUPDWLRQ UHODWHG WR WKH SURGXFW
V\VWHP� 7KH WRROV FDQ EH WKRXJKW RI DV TXHVWLRQQDLUHV DQG GLDJUDPV WR EH FRPSOHWHG E\ WKH XVHUV� $W
WKH HQG RI HDFK DFWLYLW\� D VSHFLILF WRRO KHOSV XVHUV WR JDWKHU WKH ILQGLQJV SHU DFWLYLW\� $FWLYLWLHV IURP
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� WR � IRFXV RQ GHILQLQJ VWUDWHJLHV DQG DFWLRQV WR LPSOHPHQW IRU WKH GHVLJQ RI QHZ SDFNDJLQJ ZLWK D
V\VWHPLF�DSSURDFK��YDOLGDWLQJ�VXFK�GHFLVLRQV��DQG�EULHILQJ�VROXWLRQV�IRU�D�QHZ�SDFNDJLQJ�V\VWHP�

7KH LQIRUPDWLRQ UHTXLUHG WR DQVZHU WKH TXHVWLRQV DQG FRPSOHWH WKH GDWD WKDW WKH WRROV DVN
IRU� VKRXOG EH FRPSOHWH DQG GHWDLOHG� DQG PD\ QRW EH UHDGLO\ DYDLODEOH IRU WKH XVHUV RI WKH PHWKRG� ,W
PD\ WDNH VRPH WLPH WR JDWKHU WKH LQIRUPDWLRQ UHTXHVWHG� EXW LW LV ZRUWK LW LQ RUGHU WR JHW WKH PRVW
RXW RI XVLQJ WKH PHWKRG� ,Q RUGHU WR FRPSOHWH WKH LQIRUPDWLRQ UHTXHVWHG� SHRSOH WKDW DUH
NQRZOHGJHDEOH DERXW WKH SDFNDJHG SURGXFW PXVW EH LQYROYHG� 0DQ\ WLPHV WKH SURGXFHU LV WKH RQH
ZKR NQRZV EHVW WKH SDFNDJHG IRRG SURGXFW� DQG PD\ EH DEOH WR FRPSOHWH VRPH RI WKH LQIRUPDWLRQ�
+RZHYHU� VLQFH WKH DSSURDFK RI WKH PHWKRG LV V\VWHPLF� XSVWUHDP DQG GRZQVWUHDP LQIRUPDWLRQ LV
QHHGHG� DV ZHOO DV VSHFLILFV DERXW SDFNDJLQJ� GLVWULEXWLRQ� DQG ZDVWH PDQDJHPHQW� ,W LV WKHQ
QHFHVVDU\ WR ZRUN LQ LQWHUGLVFLSOLQDU\ WHDPV RI H[SHUWV LQ GLIIHUHQW DUHDV RI WKH SDFNDJHG IRRG
SURGXFW�V\VWHP�WR�XVH�WKH�WRRONLW�SURSHUO\�

7KH QH[W VWHS IRUZDUG LV WR SXEOLVK WKH SURSRVHG PDQXDO� LQFOXGLQJ WKH QHZHU YHUVLRQ RI
PHWKRG DQG WRRONLW LQ ERRN IRUPDW� (YHQ WKRXJK WKHUH KDYH EHHQ VHYHUDO LWHUDWLRQV RI XVH DQG
UHGHVLJQ RI WKH PHWKRG DQG WRROV GXULQJ WKHLU GHYHORSPHQW� WKH QHZHU YHUVLRQ LV \HW WR EH IRUPDOO\
WHVWHG LQ XVH� 6R DQRWKHU QH[W VWHS ZRXOG EH WR WHVW WKH QHZHU YHUVLRQ RI PHWKRG DQG WRRONLW ZLWK
XVHUV IRU UHDO IRRG SURGXFWV� LQ RUGHU WR XQGHUVWDQG WKH QXDQFHV RI WKHLU XVH� DVVHVV WKHLU
IXQFWLRQDOLW\��DQG�WR�HQDEOH�WKHLU�IXUWKHU�UHILQHPHQW�DQG�UHGHVLJQ�

$FNQRZOHGJHPHQWV
7KH DXWKRUV ZRXOG OLNH WR DFNQRZOHGJH WKH VXSSRUW� FROODERUDWLRQ DQG SDUWLFLSDWLRQ RI WKH IROORZLQJ SHRSOH� FRPSDQLHV
DQG RUJDQL]DWLRQV� 5HVHDUFK WHDP SKDVH �� 2VFDU +XHUWD� 3K�'�� &DUROLQD 0HOR� 0�$�� $PHOLD 7LVND� %�$�� DQG
0D[LPLOLDQR 5XELR� 0�$� 5HVHDUFK WHDP SKDVH �� (ULN &LUDYHJQD� 3K�'�� =LQQLD 6LOYD� 0�$�� 'HQLVVH 'tD]� 0�$�� DQG
6LOYLD 3HxDUDQGD� %�$� $GPLQLVWUDWLYH VXSSRUW� -RVHILQD *DHWH� %�$�� $QGUpV 9LOOHOD� 0�$�� &ODXGLR 3DUUD� 0�$� DQG
0DULDQD 3pUH]� 6SRQVRUV� &KLOH 7UDQVIRUPD $OLPHQWRV 1DWLRQDO 6WUDWHJLF 3URJUDP� E\ &RUSRUDWLRQ IRU WKH 3URPRWLRQ RI
3URGXFWLRQ� *RYHUQPHQW RI &KLOH� ,QQRYDWLRQ 3ODWIRUP LQ 3DFNDJLQJ &R�,QYHQWD� 3DFNDJLQJ /DERUDWRU\� 8QLYHUVLGDG GH
6DQWLDJR GH &KLOH� 6FKRRO RI 'HVLJQ� 3RQWLILFLD 8QLYHUVLGDG &DWyOLFD GH &KLOH� &RPSDQLHV DQG RWKHUV DV SDUWLFLSDQWV LQ
WKH VWXG\� :DWW
V� &RH[SDQ� &ULVWDOHUtDV &KLOH� ,QWHJULW\� 9ROONRUQ� )RUN� (FROyJLFD� 608� 09 'LVHxR� ,PLFDU 6�$��
&HWRSDQ� *RUDN� +\GUD� %DUXW� 'ROFH 3LVWDFFKLR� ,QQRYDWLRQ 3ODWIRUP LQ 3DFNDJLQJ &R�,QYHQWD� DQG 7RGR $USLOOHUD�
6XSSRUW��$1,'�%DVDO�)%��������1DWLRQDO�$JHQF\�RI�5HVHDUFK�DQG�'HYHORSPHQW��*RYHUQPHQW�RI�&KLOH�

5HIHUHQFH�/LVW
��&RQVXPHU�*RRGV�)RUXP�������D���$�JOREDO�ODQJXDJH�IRU�SDFNDJLQJ�DQG�VXVWDLQDELOLW\�>2QOLQH@�
$YDLODEOH�DW�
KWWSV���ZZZ�WKHFRQVXPHUJRRGVIRUXP�FRP�ZS�FRQWHQW�XSORDGV���������*OREDO�3DFNDJLQJ�5HSRUW��
����SGI
��&RQVXPHU�*RRGV�)RUXP�������E���*OREDO�3URWRFRO�RQ�3DFNDJLQJ�6XVWDLQDELOLW\�����>2QOLQH@�
$YDLODEOH�DW�
KWWSV���ZZZ�WKHFRQVXPHUJRRGVIRUXP�FRP�ZS�FRQWHQW�XSORDGV���������&*)�*OREDO�3URWRFRO�RQ�3
DFNDJLQJ�SGI
��+XHUWD��2���0HOR��&��	�5XELR��0����������0HWKRG�IRU�VWUDWHJLF�GHVLJQ�LQ�WKH�IRRG�SDFNDJLQJ
V\VWHP��7KH���WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�/LIH�&\FOH�0DQDJHPHQW��������6HSWHPEHU��6WXWWJDUW�
*HUPDQ\�
��+XHUWD��2���0HOR��&���5XELR��0��	�7LVND��$����������0HWKRG�IRU�VWUDWHJLF�GHVLJQ�LQ�WKH�IRRG
SDFNDJLQJ�V\VWHP��SDFNDJHG�SURGXFW�OLIH�F\FOH�WRRO� (�6�:HE�&RQI������������������� '2,�
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Introduction 
Within the general debate and effort to improve agrifood systems sustainability, which resulted in 
the development of multiple frameworks, conceptual approaches and methods to capture the 
complexity of this challenge, environmental schemes for food products play a relevant role 
supporting the properly ecolabelling and reward of green products by the market (McLaren et al., 
2021). In fact, the misleading communication of environmental performance causes asymmetric 
distribution of information that affects both producers, generating in addition economic barriers for 
accessing to competing labels and certification schemes, and consumers, which, often disoriented 
by the excess of environmental schemes and labels, tend to lose trust in these claims (Delmas and 
Burbano, 2011). Therefore, in 2013 the European Commission, with the Recommendation 
2013/179/EC, launched the Product Environmental Footprint (PEF) scheme, aimed to harmonize 
the assessment and communication of the environmental impacts of products using a life-cycle 
approach. Italy is a leading global agri-food products exporter, with Made in Italy, Protected 
Designation of Origin (PDO) and Protected Geographical Indication (PGI) labels recognized 
worldwide as high-quality standards with elevated reputation profile (Bonaiuto et al., 2021). This 
paper presents the elaboration process and main results of the product environmental footprint 
category rules (PEFCR) for the hard sheep milk cheeses, developed within the PEF scheme. In 
particular, the paper is focused on the preliminary PEF study (screening study) implemented on the 
Pecorino Romano PDO, which is considered the most representative product of the whole hard 
sheep milk cheese category. Pecorino Romano is a sheep milk cheese among the most exported in 
the world (Pirisi and Pes, 2011). 
 
Methodology 
The PEFCR for hard sheep’s milk cheeses were developed within the LIFE MAGIS - Made Green 
in Italy Scheme (LIFE18 GIE/IT/000735) project, aimed at launching and disseminating the PEF 
method and the recently introduced PEF-based “Made Green in Italy” scheme. The PEFCR were 
intended as an integration to the already existing “PEFCR for Dairy Products” v1.0 (EDA, 2018). In 
particular, the integration consisted in the inclusion of the product sub-category “hard cheese from 
sheep milk”, and the related representative product. The structure and content of these PEFCR have 
been developed in line with the “PEFCR for Dairy Products” but it differs in those parts 
characterizing sheep milk production and processing and which are not covered by the existing 
PEFCR that only includes raw milk (and its derived dairy products) produced by cattle. In general, 
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sheep milk farming is characterized by more extensive and pasture-based farming techniques, with 
lower animal productivity levels, compared to the dairy cow sector. Therefore, a specific LCA 
model is required. The representative product was defined as “Pecorino Romano PDO” (the second 
exported Italian cheeses in the world and the best-known Italian dairy product obtained from sheep 
milk) which is cooked, made with fresh or thermised whole sheep’s milk, derived exclusively from 
farms located in the regions of Lazio, Sardinia and the province of Grosseto in Tuscany. A 
preliminary PEF study was carried out on the representative product with the aim of identifying the 
most relevant life cycle stages, processes, elementary flows, impact categories and data quality 
needs to derive the preliminary indication about the definition of the benchmark for the sub-
categories in scope, and any other major requirement to be part of the final PEFCR. This screening 
study involved 18 sheep farms (data refer to 2016/2017) representing the main Italian sheep farming 
systems and 4 dairy sheep plants producing 23% of the total “Pecorino Romano PDO” production 
(data refer to 2019/2020). LCA calculations were made using EF version 2 (Fazio et al., 2018) 
impact assessment method. The following main limitations that are particularly relevant to the 
sheep dairy sector were considered: i) The benchmark is related to a representative product 
produced in Italy. Therefore, it can be used to compare PEF study results of products in the PEFCR 
scope. In particular, the profile of sheep milk production is representative of the Italian conditions in 
terms climate, soil, and technology, and differences could be expected from sheep farming systems 
of other geographic areas; ii) This benchmark is intended to be used by other companies belonging 
to the Pecorino Romano Consortia as reference to the PEF profile of their products; iii) Sheep milk 
production datasets were specifically developed based on background data from Ecoinvent Centre 
v3.6 (Moreno Ruiz et al., 2019) and Agri-footprint 4.0 (2017). 
 
Results and discussion 
The functional unit and its reference flow (Figure 1) was defined as 10 g dry matter equivalent of 
cheese, fit for human consumption and considered from milking to consumption up to the 
expiration date. The system boundaries include 7 life cycle stages: a) "Raw milk", b) "Dairy 
processing", c) "Packaging”, d) “Distribution”, e) “Use” and f) “End-of-life”, and the main cut-off 
rules concern i) cleaning agents and refrigerants at farm, ii) transportation of input products to the 
dairy unit accounting for less than 1% in mass and solid waste at dairy plant stage, and iii) capital 
goods. 
 

 
Figure 1. System boundaries diagram for hard cheese from sheep milk. 
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The most relevant impact categories, identified considering those that cumulatively contributed to at 
least 80% of the total environmental impact (excluding toxicity-related impact categories), were 1) 
Climate change (CC) (25.2%), 2) Water scarcity (WS) (23.3%), 3) Land use (LU) (22.3%) and 4) 
Resource use mineral and metals (RU m&m) (10.2%). For all the most relevant impact categories, 
raw milk supply was the most relevant life cycle stage (contribution above 94%), followed by dairy 
processing as additional relevant life cycle stage (Table 1). 
 
Impact category Raw 

milk 
Dairy 

processing Packaging Distribution Use End-
of-Life 

Climate change 95.51% 2.93% 1.17% 0.01% 0.01% 0.37% 
Land use 99.45% 0.09% 0.16% 0.29% 0.00% 0.01% 
Water scarcity 99.21% 0.37% 0.21% 0.13% 0.00% 0.08% 
Resource use, mineral and metals 94.95% 2.22% 1.62% 1.06% 0.01% 0.14% 

 

Table 1. The most relevant life cycle stages of hard sheep’s milk cheese, calculated as the life cycle stages 
that together contribute to at least 80% of any of the most relevant impact categories previously identified. 
Functional unit:10 g dry matter; impact assessment method: EF v.2 (Fazio et al., 2018). 
 
Impact categories as Eutrophication and Acidification, considered among the most relevant in 
PEFCR dairy, do not appear very significant in Pecorino Romano PDO manufacturing. That is 
probably due to less critical issues related to manure storage and disposal and feed production and 
supply in sheep farming systems compared to dairy cattle ones. 
Benchmarks were provided as characterised results (Table 2), normalised results and weighted 
results (Figure 2). 
 

Impact category Unit Life cycle excl. 
use stage Use stage Total 

Climate change kg CO2 eq 1.64E-01 2.03E-05 1.64E-01 
Land use Pt 6.75E+01 2.99E-04 6.75E+01 
Water scarcity m3 depriv. 5.52E-01 1.61E-05 5.52E-01 
Resource use, mineral and metals kg Sb eq 1.36E-06 9.12E-11 1.36E-06 

 

Table 2. Characterised benchmark values (most relevant impact categories) for hard sheep’s milk cheese. 
Functional unit:10 g dry matter; impact assessment method: EF v.2 (Fazio et al., 2018). 
 
Normalized and weighted impact values for CC, LU, WS and RU m&m in Pecorino Romano PDO 
were higher than the corresponding values reported in PEFCR dairy for cheeses (EDA, 2018). This 
result has been widely expected and can be easily explained considering the above mentioned 
technological and management differences between dairy cattle and sheep milk production systems. 
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Figure 2: Normalized and weighted values (Pt, points) and life cycle phases contribution of Climate Change 
(CC), Land Use (LU), Water Scarcity (WS) and Resource Use mineral and metal depletion (RU m&m) for 
10 g dry matter equivalent of Pecorino Romano PDO cheese, calculated using the EF method 2.0 (adapted) 
(Fazio et al., 2018). 

 
Conclusions 
PEFCR for hard sheep’s milk cheeses were developed as an integration of the already existing 
“PEFCR for Dairy Products”. In particular, specific rules for sheep milk production modelling were 
included (production systems of sheep and cattle differ largely for both productivity levels and 
animal nutrition management). Screening study indicated Climate change, Land use, Water scarcity, 
Resource use minerals and metals as the most relevant impact categories of the environmental 
footprint of Pecorino Romano PDO supply chain, with a very large contribution (around 94%) 
derived from milk production phase. The main differences among cattle and sheep systems’ PEFCR 
consist in the most relevant impact categories list and in the benchmark values. 
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Carbon modelling in LCA context is gaining momentum, notably in the context of refinements to 
the estimation of impacts on the climate change impact category (e.g. Albers et al. 2019; Bessou et 
al. 2019). Particularly in bioeconomy and biomass-oriented LCA (crops including perennials, 
grasslands, forests, biofuels stock, etc.), C exchanges between the biomass system and the 
environment take multiple forms, including sequestration in biomass and/or in soil, and releases 
associated with practices.  
 
When building inventories of agricultural systems, for instance, the practitioner must chose an 
approach for estimating the sequestration of C in biomass (above- and below-ground), at least when 
perennial species (perennial grasslands, trees, bushes, etc.) are present in the studied system. This is 
relatively simple, as the biomass accumulation dynamics of most plant species are known. Even the 
biomass inputs to soils can be easily estimated, by considering management inputs (organic 
fertilisers, plant residues, etc.). The challenge arrives when trying to estimate the evolution of soil 
organic carbon (SOC) of the studied system. The main reason for that is that there is a wide and 
confusing universe of SOC modelling approaches, which include  

x “empirical” models (e.g. IPCC stock-difference approaches, or very simple models based on 
the seminal Hénin-Dupuis model (Hénin & Dupuis, 1945)),  

x “soil” models that add complexity and consider key factors and mechanisms (such as the 
pools-based commonly used RothC or CANDY), and  

x fully-fledged “ecosystem” or “agro-ecosystem” models  that simulate soil-plants interactions 
(such as DNDC, DAISY or STICS) (FAO, 2019).  

 
Most LCA practitioners are likely to use IPCC-style models, but we affirm that the best suitable 
models in LCA contexts are intermediate models, not too simplistic nor too demanding in terms of 
expertise and data, such as soil models. This rationale applies as well when estimating direct field 
emissions (Angel Avadí et al., 2022). For instance, a relevant compromise between nitrogen 
modelling extremes in agricultural LCA lies in the development of operational models using a 
restricted number of parameters and input variables, as reviewed by Buczko and Kuchenbuch 
(2010). 
 
We propose the coupling of an intermediate soil model (featuring a monthly time-step) coupled with 
a simple erosion model for LCA purposes, be it at the system level or at larger scales. We illustrate 
the usability of the proposed approach by two case studies: estimation of SOC turnover in 
Ecuadorian cocoa systems (at the system level, Figure 1) (A. Avadí et al., 2021) and estimation of 
SOC turnover in bioeconomy-interesting crops on (global) marginal lands (Albers et al. under 
review). For both cases, we combined an R implementation of RothC (RothC - A Model for the 
Turnover of Carbon in Soil. Model Description and Users Guide (Updated June 2014), 2014; Sierra 
et al., 2012) with a model for SOC erosion (Lugato et al., 2016) based on the RUSLE2 soil erosion 
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equation (Foster, 2005). The combination of these models is sensitive enough to represent certain 
agricultural practices/management strategies. 
 
A direct comparison of the validity of predictions by different models was not performed to justify 
the proposed approach, but based on an extensive literature review —presented in (Albers et al. 
under review) and its Supplementary Material, available as a preprint—, we were able to compare 
the “cost-benefit” for an LCA practitioner of deploying some 20 different models. Our proposed 
approach offers a good trade-off between operability and acceptability of predictions, a common 
challenge in LCA (Avadí et al. 2022; Bockstaller et al. under review).  
 

 
Figure 1. Sequestration of SOC with respect to the initial SOC of Ecuadorian cocoa systems, by type of producer (GP: 
large producer, PM: medium producer, PPM: small micro-entrepreneur producer, PPS: small subsistence producer), 
variety (CCN: CCN-51, CFA: Cacao Fino y de Aroma) and region (coast, highlands, Amazonia). Agroforestry systems 
are identified with "AF". Labels represent sequestration rates (t SOC/ha•year) 
 
Our proposed approach represents a good-enough choice for LCA practitioners, when they happen 
to be non-experts in SOC dynamics or C modelling in general. 
 
This work will be published as Albers et al. (under review). The Ecuadorian cocoa case study has 
been submitted to the International Journal of Life Cycle Assessment Special Issue associated with 
LCA Foods 2022 (https://www.springer.com/journal/11367/updates/20266956). 
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Introduction 
 
In the boreal region, dairy cattle feeding is based on grass silage (Virkajärvi et al., 2015). However, 
interest of the farmers in high-yielding forage maize (Zea mays L.) cultivation has increased 
markedly (Mussadiq, 2012). Although forage maize is still a marginal crop in the boreal region, its 
cultivation area has increased rapidly in recent decades. The high hectare yield of maize may lead to 
decreased greenhouse gas (GHG) emissions per unit of silage produced compared to grasses as 
observed previously in Denmark (Mogensen et al., 2014) in the continental region (EEA, 2017). 
However, the global warming potential (GWP) of forage maize production has not been studied 
previously in Finland and the whole boreal region. Investigation of GWP of silages is important 
since feed production is the second greatest GHG emission source (total of 36% of GHG emissions) 
of milk production (Gerber et al., 2013). 
 
Material and methods 
 
This study aimed to estimate the 100-year GWP (kg CO2 equivalents) of different silages produced 
in the boreal region including forage maize (shortened as maize), perennial timothy-meadow fescue 
grass (grass), and whole crop cereal (cereal). 
 
The method used was life cycle assessment (LCA) with a scope from the cradle-to-farm gate. The 
functional units of the study were 1 hectare, 1 megagram (Mg) dry matter (DM) of harvested silage 
yield and 1 megajoule (MJ) of harvested silage yield. Data about forage maize yield and input use 
was collected from a 3-year field experiment conducted in Helsinki and Maaninka, Finland (Table 
1). The data was supplemented with data from literature and agronomy experts. Data about grass 
and cereal yield and input use was collected from Finnish and Scandinavian literature and 
agronomy experts (Table 1). Metabolizable energy (ME) contents for different silages were 
collected from Natural Resources Institute Finland statistics to calculate the ME yields (MJ/ha). 
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Table 1. Dry matter (DM) and metabolizable energy (ME) yields, and the main cultivation inputs of 
forage maize (maize), timothy-meadow fescue grass (grass) and whole crop cereal (cereal). 
 
 DM yield ME yield Nitrogen 

fertilization  
Fuel consumption in 

field work 
 Mg/ha MJ/ha kg N/ha l/ha 
Maize 16.2 181 440 140 98 
Grass 10.7 113 671 200 75 
Cereal 9.2 89 127 90 73 
 
 
On-field N2O emissions and CO2 emissions of liming were calculated according to IPCC (2019) 
Tier 1±2. GHG emissions from fuel consumption were calculated according to the Lipasto database 
of the Technical Research Centre of Finland. GHG emission released in the production of 
cultivation inputs was modelled by using Ecoinvent 3.7 and Agrifootprint 5 databases. The LCA 
modelling was conducted with OpenLCA 1.10.3. software and ReCiPe 2016 Midpoint (H) method. 
 
Annual soil organic carbon (SOC) stock change in 1 m soil layer was modelled with the Yasso 
model (v. Yasso20; Liski et al., 2005, Viskari et al., 2021). The annual C input to the soil from 
above-ground crop residues, root biomass and rhizodeposition was calculated according to method 
by Bolinder et al. (2007). The harvest indexes (averaged from several scientific publications) used 
in the modelling were 0.95 for maize, 0.84 for grass and 0.75 for cereal. Root:shoot ratios (averaged 
from several scientific publications) used were 0.17 for maize, 0.67 for grass and 0.18 for cereal. 
All crop residues and roots were assumed to have a C content of 45%. The rhizodeposition was 
calculated as root C input × 0.41 (Palosuo et al., 2016). The annual C input was divided into 
AWENH fractions according to Palosuo et al. (2016). The weather data used was Finnish 
Meteorological Institute data on mean monthly temperature and mean annual rainfall in Southern 
and Central Finland from 1961 to 2021. 
 
The SOC stock change was modelled with a 100-year time horizon. The initial SOC stock was 55 
Mg C/ha in 1 m depth based on long-term farm-level grass cultivation with high cattle manure 
application. The annual SOC stock change was calculated as: (initial SOC stock ± SOC stock after 
100 years) / 100 years. The annual SOC stock change was converted into CO2 and included in the 
GWP results. 
 
Preliminary results 
 
At the hectare level, the GWP was highest for maize and lowest for cereal (Table 2). However, per 
Mg DM of harvested silage, the GWP was somewhat higher for grass in comparison to maize and 
cereal (Figure 1). As the ME content of silages was considered, the highest GWP per MJ was 
observed for grass and the lowest for maize (Table 2). The lower GWP (per Mg DM and MJ) of 
maize compared with grass was related to the high DM yield of maize and the relatively low 
nitrogen (N) fertilization rate of maize. Although grass had a negative emission from SOC stock 
change indicating net C sequestration to the soil, the GWP of grass remained highest due to N2O 
and other GHG emissions related to abundant N fertilization. 
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Figure 1. Global warming potential (GWP) of forage maize (maize), perennial timothy and meadow 
fescue grass (grass) and cereal whole crop silage (cereal), and the greenhouse gas (GHG) emission 
sources. Net GWPs are marked above the bars. 
 
Generally, the most substantial GHG emission source was N2O emission related to N fertilization 
and crop residues (~32% of total GWP) followed by GHG emissions from N fertilizer production 
(~24%; Figure 1). GHG emissions from preservative acid production and CO2 emissions from 
liming caused both ~16% of the total GWP. Fuel combustion accounted for ~8% of the total GWP. 
For maize, the production of mulch film accounted for 10% of the total GWP. The effect of CO2 
from SOC stock change on the total GWP of silages was relatively marginal (from -9% to +4%) 
with the initial SOC stock and the C input rates used in the modelling. 
 
Table 2. Global warming potential (GWP) of forage maize (shortened as maize), perennial timothy 
and meadow fescue grass (grass) and whole crop cereal silage (cereal). 
 
 Global warming potential 

 CO2 eq/ha CO2 eq/MJ 
Maize 3501 0.019 
Grass 3153 0.028 
Cereal 2172 0.024 
 
Discussion 
 
The GWP of silage production may be reduced if the DM yield rate is increased and abundant N 
fertilization is avoided. The GWP of maize was somewhat lower in comparison to grass similarly to 
observations by Parajuli et al. (2017) and Mogensen et al. (2014), although maize cultivation 
reduced the SOC stock. However, the DM yields and silage quality vary markedly under boreal 
conditions, especially for forage maize. Hence, sensitivity analysis and Monte Carlo analysis need 

216 
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to be done to the results before the final conclusions of the study. Additionally, we will include 
clover grass in the model to assess, how biological N fixation and reduced N fertilization affect the 
results. The effect of SOC stock change on the GWP of silage production was observed to be 
marginal in the preliminary results. Nevertheless, in future, we will test different initial SOC stocks, 
C input calculation methods and SOC modelling tools to conduct a further assessment of the effect 
of SOC stock modelling on the GWP of silages. We are also researching the climate impact on milk 
production level to assess, how silage choice affects the GWP of milk.  
 
Conclusions 
 
In terms of GWP of harvested yield, forage maize does not seem to cause more GHG emissions in 
comparison to perennial timothy and meadow fescue grass. Nevertheless, grass cultivation seems to 
increase C sequestration to soil compared with forage maize. However, the results are preliminary, 
and the research is ongoing. 
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1. Introduction 
 
Agriculture contributes to 90% of the total ammonia emitted in the world, and 50% of the livestock 
ammonia emissions in Europe come from cattle, 30% from pigs and 20% from poultry (IIASA, 
2017; EEA, 2018). Aiming to improve sustainability in livestock, several technologies for waste 
management have been developed to reduce nutrient losses, specially, nitrogen emissions to the air, 
water and soil (Xia et al., 2020). Anaerobic digestion is a widely used technology for the treatment 
of this kind of waste stream, converting organic nitrogen and phosphorus to ammonia and 
phosphate, but has no impact in modifying the nutrient content. Several inputs (e.g. water, 
electricity, machinery, acid, infrastructure) and outputs (e.g. air emissions, treated deject) of these 
technologies have potential to cause environmental and social impacts. Thus, it is essential to assess 
those impacts, to avoid harmful trade-offs in the system.  
Life Cycle Assessment (LCA) is a widely spread tool used to assess social and environmental 
impacts of several value chains, including, agricultural products and novel technologies (Igos et al., 
2019). However, dealing with both aspects, social and environmental, is still a challenge for LCA. 
Therefore, the goal of this study is to advance on the integration of simultaneous social (S-LCA) 
and environmental (E-LCA) life cycle assessments. Thus, in the present study, we have conducted a 
case study focusing on a novel technology to treat livestock dejections.  
 

2. Methods 
  

2.1 Technology µLow temperature ammonium-stripping using vacuum¶ 
 

The technology selected removes nitrogen from pig slurry using vacuum stripping and the final 
products are ammonia salt solution that can be reused as a fertiliser, and organic fertilizer with less 
nitrogen content, which in turn improves further management of nutrients, and facilitate final 
disposal of the treated slurry. A farm scale pilot system (maximum capacity 6.4 m3) with a 
treatment capacity of 10 m3/day is operating in a sow farm of Navàs (Catalonia, Spain). The system 
is composed of a solid-liquid separator, a closed raft, an evaporator, a vacuum pump, an acidic trap, 
and a basic trap (Figure 1). At the end of the cycle, processed livestock manure is obtained, with 
lower nitrogen content. On the other hand, an ammonium lactate solution is produced, which can be 
used as a fertiliser. 
 
Figure 1. Flow chart of the tHFKQRORJ\�µ/RZ�WHPSHUDWXUH�DPPRQLXP-VWULSSLQJ�XVLQJ�YDFXXP¶ 
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Legend: P/T = pressure/temperature 
 
2.2 Environmental and social life cycle assessment 

The functional unit of the system is 1 m3 of treated slurry, and the impacts were assessed from 
cradle-to-gate in both environmental and social assessments. A 10-year life span was used for 
machinery; a 20-year life span, for the concrete pit. The impacts were using OpenLCA v1.10.3. 

Inventory was collected in the field, and costs of the inputs required for the technology and social 
flows from Product Social Impact Life Cycle Assessment (PSILCA) database (Maister et al., 2020) 
were used to estimate the social impacts caused by the technology. The methodology adapted in the 
current study is similar to the Serreli et al. (2021), in which the inputs to the system were used in 
PSILCA as economic values. It is important to highlight that in this work we assess the social 
impacts of producing and using the technology in a country-level since PSILCA provides sector and 
country-level data. 

Environmental footprint (EF) impact categories (EC-JRC, 2012) and EF 3.0 normalization and 
weighting set (Sala et al., 2018) were used to calculate environmental impacts, and the Social 
,PSDFWV�:HLJKWLQJ�0HWKRG�IURP�36,/&$�ZDV�XVHG�WR�HVWLPDWH�WHFKQRORJ\¶V�VRFLDO�ULVNV��45 social 
impact subcategories from PSILCA, for the stakeholders: workers (WK), society (SO), local 
community (LC) and value chain actors (VCA), were selected in this study.  

Following Werker et al. (2019), since it is provided a detailed account of the environmental 
implications of the the technology, eleven of the impact categories with a more environmental focus 
are excluded from this analysis. Such exclusion of indicators aims to avoid double-counting effects 
that can lead to serious errors when large interconnected systems are analyzed or when results are 
placed into broader contexts (Lenzen, 2008). )RU� LQVWDQFH�� µindustrial water depletion¶� LV� EHWWHU�
described with the E-/&$� LPSDFW� FDWHJRU\� ³water use´� DQG� WKH�$:$5(�method (Boulay et al., 
2018) that accounts for water depletion and relates it to its regional scarcity. Another example is the 
µSollution level of the country¶�ZKLFK� LV� D� TXDOLWDWLYH� LQGLFDWRU� LQ�36,/&$�� DQG� LQ� WKH�(-LCA is 
assessed in the two areas of protection µKXPDQ�KHDOWK¶�DQG�µecosystems¶ and their associated impact 
categories covering the diverse types of pollution that can occur in a country (Werker et al. 2019).  
 

3. Results and discussion 
 
3.1.1 Environmental LCA 

Overall environmental impacts of the technology are presented in Figure 3. S4 has higher 
contribution to eleven out of sixteen impact categories (69%), highlighting more than 90% of the 
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LPSDFWV� LQ� WKH� LPSDFW� FDWHJRULHV� µFOLPDWH� FKDQJH¶� ± mainly due to the methane emitted -, 
µHFRWR[LFLW\�� IUHVKZDWHU¶�± PDLQO\�GXH� WR� µODFWLF�DFLG�SURGXFWLRQ¶�DQG�µPDUNHW� IRU�VWHHO��FKURPLXP�
VWHHO� ����¶� SURFHVVHV� ± DQG� µZDWHU� XVH¶� ± GXH� WR� µPDUNHW� JURXS� IRU� WDS� ZDWHU¶� DQG� µODFWLF� DFLG�
SURGXFWLRQ¶� Srocesses. Stage 3 has higher contribution of impacts in the impact categories 
µDFLGLILFDWLRQ¶��µHXWURSKLFDWLRQ��PDULQH¶��µHXWURSKLFDWLRQ��WHUUHVWULDO¶�DQG�µSDUWLFXODWH�PDWWHU¶�GXH�WR�
DPPRQLD� HPLWWHG� LQ� WKH� VWDJH�� 7KH� LPSDFW� FDWHJRU\� µKXPDQ� WR[LFLW\�� FDQFHU¶� KDV�PRUH� EDODQFHG�
impacts (21% S1, 24% S2, 33% S3, 15% S4 and 8% S5). The highest contribution to impacts of S1 
ZDV�LQ�µODQG�XVH¶�GXH�WR� WKH�SURFHVV�µPDUNHW�IRU�FRQFUHWH��QRUPDO¶��6��LQ�µKXPDQ�WR[LFLW\��FDQFHU¶�
due to the carcinogenic emissions in the prRFHVV� µPDUNHW� IRU� FRQFUHWH�� QRUPDO¶�� 6�� LQ� µLRQLVLQJ�
UDGLDWLRQ¶�GXH� WR� WKH�HPLVVLRQV� LQ� WKH�SURFHVV� µPDUNHW� IRU�VWHHO��&KURPLXP�VWHHO�������KRW� UROOHG¶� 
Regarding the E-/&$�� ���� RI� WKH� QRUPDOL]HG� LPSDFWV� DUH� DWWULEXWHG� WR� µFOLPDWH� FKDQJH¶� ��������
���� WR� µHFRWR[LFLW\�� IUHVKZDWHU¶� ������� DQG���� µSDUWLFXODWH�PDWWHU¶� ��������$V� LQ�9DQ�=HOP�HW� DO��
(2020) several impacts of the process to recover ammonia from digestate came from the acid 
needed to produce the fertilizer and the direct nutrient emissions during the process. 
 

Figure 2. Environmental impacts of the novel technology for ammonia recovery of livestock dejections 

 
Legend: ACI: acidification, CC: climate change, ECO: ecotoxicity freshwater, EUF: eutrophication freshwater, EUM: eutrophication 
marine, EUT: eutrophication terrestrial, HTC: human toxicity cancer, HTNC: human toxicity non-cancer, IOR: ionising radiation, 
LU: land use, OD: ozone depletion, PM: particulate matter, POF: photochemical ozone formation, RUF: resource use fossils, 
RUMM: resource use, minerals and metals, WU: water use 
 
3.3.2 Social LCA 

For the S-LCA, 65% of total impact, measured in medium risk hours, is concentrated in four impact 
categories, 27% ZHUH� IRXQG� LQ� µIDLU� VDODU\� - :.¶� �������� �2�� LQ� µfreedom of association and collective 
bargaining - :.¶� ����2), 9% in µcorruption - VCA¶� ���58), and ��� µYDOXH� added (total) ± 9&$¶� �������
(Figure 5).  

Figure 3. Overview of results for stakeholder group and indicators for the novel technology for ammonia 
recovery from livestock 
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Legend: ATW: accidents at work, CHL: child labour, CMS: Certified environmental management system, COR: public sector 
corruption, DWC: drinking water coverage, ECO: contribution of the sector to economic development, EOE: expenditures on 
education, FAB: freedom of association and collective bargaining, FCP: fair competition, FOL: forced labour, FSY: fair salary, 
GEW: gender wage gap, HEE: health expenditure, ILL: illiteracy, IMS: international migrant stock, INR: indigenous rights, LEB: 
Life expectance at birth, MIG: migration, MLF: men in the sectoral labour force, POL: pollution, PSR: promoting social 
responsibility, ROC: risk of conflicts, SAM: safety measures, SAN: sanitation coverage, SSE: social security expenditures, TIP: 
trafficking in persons, UNE: unemployment, VAT: value added (total), VER: violations of employment laws and regulations, WHW: 
weekly hours of work per employee, WLF: women in the sectoral labour force, WND: workers affected by natural disasters, YIL: 
youth illiteracy; VCA : Value chain actors 
 

Main processes responsible for LPSDFWV�LQ�µIDLU�VDODU\¶�ZHUH�related to the high risk of living wage 
LQ� WKH� IORZV� µPDQXIDFWXUH� RI�PDFKLQHU\� DQG� HTXLSPHQW¶� - representing all equipment used in the 
technology - DQG�µFRPSXWHU�DQG�UHODWHG�VHUYLFHV¶�- used to represent plant automation. The impact 
FDXVHG�LQ�µIUHHGRP�RI�DVVRFLDWLRQ�DQG�FROOHFWLYH�EDUJDLQLQJ¶�LV�DOVR�PDLQO\�GXH�WR�µPDQXIDFWXUH�RI�
PDFKLQHU\�DQG�HTXLSPHQW¶�DQG�µFRPSXWHU�DQG�UHODWHG�VHUYLFHV¶��LQ�WKLV�FDVH��WKH�YHU\�KLJK�ULVN�LV�LQ�
WKH�WUDGH�XQLRQ�GHQVLW\��7KH�LPSDFW�FDWHJRU\�µ&RUUXSWLRQ¶��UHSUHVHQWHG�E\�WKH�VXEFDWHJRULHV�µactive 
involvement of enterprises in corruption and bribery¶�DQG�µSXEOLF�VHFWRU�FRUUXSWLRQ¶��,Q�WKH�ILUVW��WKH�
SURFHVVHV�µFRQVWUXFWLRQ¶�± used to represent the infrastructure ± DQG�µRWKHU�ODQG�WUDQVSRUW��WUDQVSRUW�
YLD�SLSHOLQHV¶�KDYH�D�YHU\�Kigh risk; in the second, the processes µPDQXIDFWXUH�RI�PDFKLQHU\�DQG�
HTXLSPHQW¶ and µFRPSXWHU�DQG�UHODWHG�VHUYLFHV¶ is the one with a high risk. Finally, the very high 
ULVN�LQ�WKH�SURFHVVHV�µPHWDO�SURGXFWV¶�DQG�µPHWDOOXUJ\�SURGXFWV¶�ZHUH�WKH�PDLQ�UHVSRQVLEle for the 
LPSDFW�FDWHJRU\�µYDOXH�DGGHG��WRWDO�¶� /RZHVW�LPSDFWV��LQ�PHGLXP�ULVN�KRXUV��ZHUH�IRXQG�LQ�µPHQ�
in the sectoral labour force - :.¶������(-�����µIDWDO�DFFLGHQWV�± :.¶����90E-����DQG�µIUHTXHQF\�RI�
forced labour ± :.¶������(-04). 

 
4. Conclusions and future work 
 

With the methodology adopted, environmental and social aspects of the process could be measured 
using the same inventory but adapting to the intended conditions, using a sector and country-
specific database and monetary flows. The study conducted allowed us to identify the needs and 
challenges conducting, simultaneously, social and environmental assessments, in our case for a 
relevant area such as livestock management. However, it is worth to mention that PSILCA provides 
country-specifics sectors datasets based on country statistics, thus a more detailed regional and 
sectorial information is probably the cornerstone for the assessment in future studies. Finally, we 
would like to encourage to advance on the inclusion of social assessment in sustainability studies, 
which will help to better improve the databases and methods for such assessments. For future work, 
further investigation on weighting social and environmental indicators in simultaneous assessments 
is essential to compare or aggregate results from the two dimensions. 
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%ULQJLQJ�VDIH�IRRG�RI�OLYHVWRFN�RULJLQ�WR�FRQVXPHUV�VWDUWV�ZLWK�RQ�IDUP�SURGXFWLRQ�DQG�LV�VWURQJO\�
UHODWHG� WR� IHHGLQJ� DFWLYLWLHV� DQG� DQLPDO� ZHOIDUH�� DV� ZHOO� DV� WKH� PDQDJHPHQW� RI� DVVRFLDWHG�
HQYLURQPHQWDO�LPSDFWV��/LYHVWRFN�ZLWKLQ�WKH�IRRG�VHFWRU�KDYH�EHHQ�LGHQWLILHG�DV�SOD\LQJ�D�SURPLQHQW�
UROH�LQ�DQWKURSRJHQLF�*+*�HPLVVLRQV��&RUWpV�HW�DO����������+RZHYHU��WKLV�JHQHULF�VWDWHPHQW�VKRXOG�
QRW�DSSO\�WR�DOO�W\SHV�RI�IDUPV��DV�GHSHQGLQJ�RQ�WKHLU�PDQDJHPHQW�UHJLPH��VRPH�OLYHVWRFN�IDUPV�FDQ�
EH�LGHQWLILHG�DV�EHQFKPDUNV�RI�JRRG�SUDFWLFHV�LQ�WKHLU�DLP�WR�UHGXFH�DVVRFLDWHG�HQYLURQPHQWDO�LPSDFWV�
DQG� FRQVXPH� UHVRXUFHV� UDWLRQDOO\�� ([DPSOHV� RI� WKHVH� SUDFWLFHV� DUH� IRUPXODWLQJ� GLHWV� EDVHG� RQ�
VXVWDLQDEOH�IHHGV��YDQ�%R[PHHU�HW�DO����������LQFUHDVLQJ�DFFHVV�WR�WHFKQLFDO�VXSSRUW�IRU�PDQDJHPHQW�
SUDFWLFHV��9RJHO�DQG�%HEHU���������DJULFXOWXUDO�SUDFWLFHV�WKDW�SURPRWH�FDUERQ��&��VHTXHVWUDWLRQ��9RJHO�
DQG�%HEHU���������DPRQJ�RWKHUV��7KHUHIRUH��LW�LV�SHUWLQHQW�WR�LGHQWLI\�HFR�HIILFLHQW�GDLU\�IDUPV�WKDW�
FDQ�EH�FRQVLGHUHG�EHQFKPDUNV�LQ�WKH�VHFWRU��IRFXVLQJ�QRW�RQO\�RQ�SURGXFWLRQ�FRQFHUQV��EXW�DOVR�RQ�
DVVRFLDWHG�HQYLURQPHQWDO�EXUGHQV�� 
 
(FR�HIILFLHQF\� KDV� EHHQ� SURPRWHG� DV� DQ� DSSURSULDWH� PHWKRGRORJ\� WR� DQDO\]H� SURGXFWLRQ� DQG�
HQYLURQPHQWDO�LPSDFWV�DVVRFLDWHG�ZLWK�SURGXFWLRQ�V\VWHPV��,Q�WKLV�FRQWH[W��WKH�MRLQW�XVH�RI�/LIH�&\FOH�
$VVHVVPHQW�DQG�'DWD�(QYHORSPHQW�$QDO\VLV��/&$�'($�PHWKRG��DSSHDUV�DV�D�VXLWDEOH�PHWKRGRORJ\�
IRU�WKH�HYDOXDWLRQ�RI�HFR�HIILFLHQF\��9iVTXH]�,EDUUD�HW�DO����������/&$�LV�D�PHWKRGRORJ\�WR�DVVHVV�WKH�
HQYLURQPHQWDO� LPSDFWV�RI�SURGXFWV�RU�VHUYLFHV�GXULQJ�WKHLU�HQWLUH�OLIH�F\FOH� �,62���������EHLQJ�WKH�
FDUERQ�IRRWSULQW��&)���WKH�EHVW�NQRZQ�HQYLURQPHQWDO�LQGLFDWRU��2Q�WKH�RWKHU�KDQG��'($�LV�D�OLQHDU�

���
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SURJUDPPLQJ�WRRO�WR�GHWHUPLQH�WKH�UHODWLYH�HIILFLHQF\�RI�D�VHW�RI�KRPRJHQHRXV�XQLWV��FDOOHG�'08V�
�'HFLVLRQ�0DNLQJ�8QLWV���ZKLFK�XVH�PXOWLSOH�UHVRXUFHV��LQSXWV��WR�SURGXFH�PXOWLSOH�RXWSXWV��&RRSHU�
HW�DO����������3UHYLRXV�VWXGLHV�KDYH�FRQVLGHUHG�WKH�MRLQW�DSSOLFDWLRQ�RI�/&$�'($�WR�DVVHVV�WKH�HFR�
HIILFLHQF\�RI�GDLU\�IDUPV��9iVTXH]�,EDUUD�HW�DO����������+RZHYHU��LQ�WKLV�FRQWH[W��WKHUH�DUH�QR�SUHYLRXV�
VWXGLHV�WKDW�FRQVLGHU�WKH�SRWHQWLDO�RI�FDUERQ�VHTXHVWHUHG�RQ�IDUP�GXH�WR�WKH�FXOWLYDWLRQ�RI�FURSV�IRU�
FRZ�IHHG��7KHUHIRUH��WKH�PDLQ�REMHFWLYH�RI�WKLV�VWXG\�LV�WR�HYDOXDWH�WKH�HFR�HIILFLHQF\�DVVHVVPHQW�RI�
GDLU\�IDUPV�DQG�WR�GHWHUPLQH�WKH�FDUERQ�VHTXHVWHUHG�IRU�WKRVH�JURZLQJ�FRYHU�FURSV��,Q�WKLV�ZD\��WKLV�
VWXG\� FDQ� EH� FRQVLGHUHG� DV� D� VWDUWLQJ� SRLQW� IRU� GHYHORSLQJ� D� QRYHO� IUDPHZRUN� WKDW� FRQVLGHUV�
RSHUDWLRQDO� UHVRXUFHV�� HQYLURQPHQWDO� LPSDFWV�� DQG� FDUERQ� VHTXHVWUDWLRQ� LQ� WKH� DJULFXOWXUDO� DQG�
IDUPLQJ�DFWLYLWLHV� 
 
0HWKRGRORJ\ 
7KLV�VWXG\�DQDO\]HV�WKH�UDZ�PLON�SURGXFWLRQ�RI����6SDQLVK�GDLU\�IDUPV�XVLQJ�WKH�WKUHH�VWHS�PHWKRG�
RI�WKH�/&$�'($�PHWKRGRORJ\�RULJLQDOO\�SURSRVHG�E\�/R]DQR�HW�DO����������7KLV�PHWKRGRORJ\�ZDV�
SHUIRUPHG�DFFRUGLQJ�WR�WKH�IROORZLQJ�VWHSV� 
 
L��'DWD�FROOHFWLRQ��2SHUDWLRQDO�GDWD�ZHUH�FROOHFWHG�WR�DVVHVV�HQYLURQPHQWDO�LPSDFWV�DQG�SHUIRUP�WKH�
'($�PRGHO��6LQFH�WKH�IDUPV�JURZ�IHHG�IRU�FRZV�DQG�SURGXFH�PLON��WZR�PDLQ�VWDJHV�DUH�LGHQWLILHG��
IRGGHU�FURS�IDUPLQJ�DQG�PLON�SURGXFWLRQ��7KHUHIRUH�� WKH�GDWD�FROOHFWHG�LQ� WKLV�VWXG\�ZHUH�PLQHUDO�
IHUWLOL]HUV�� SHVWLFLGHV�� FRZ� IHHG�� EHGGLQJ�PDWHULDO�� HOHFWULFLW\��ZDWHU�� GLHVHO�� FOHDQLQJ� SURGXFWV� DQG�
GLVLQIHFWDQWV��,Q�DGGLWLRQ��ILHOG�HPLVVLRQV�IURP�DJURFKHPLFDOV��PLQHUDO�IHUWLOL]HUV�DQG�SHVWLFLGHV��ZHUH�
FDOFXODWHG�� )LHOG� HPLVVLRQV� RI� PLQHUDO� IHUWLOL]HUV� ZHUH� HVWLPDWHG� XVLQJ� ,3&&� �,3&&�� ������ DQG�
1HPHFHN� HW� DO�� ������� JXLGHOLQHV�� ZKLOH� SHVWLFLGH� HPLVVLRQV� ZHUH� FDOFXODWHG� XVLQJ� 3HVW/&,�
&RQVHQVXV�PRGHO� �)DQWNH�HW� DO����������$�VWDWLVWLFDO� VXPPDU\�RI� WKH� LQSXW�DQG�RXWSXW�YDULDEOHV� LV�
SUHVHQWHG�LQ�7DEOH��� 
 
7DEOH����6WDWLVWLFDO�VXPPDU\�RI�WKH�LQSXW�DQG�RXWSXW�YDULDEOHV�RI�UDZ�PLON�SURGXFWLRQ� 

 
Bedding 
material 

(ton) 

Diesel 
(kg) 

Electricity 
(kWh) 

Cow 
feeds 
(ton) 

Water 
(m3) 

Fertilizers 
(ton) 

Pesticides 
(l) 

Cleaner and 
disinfectant 

products 
(kg) 

Raw 
milk 
(m3) 

Average ���� ������� �������� ����� ����� ���� ���� ������� ������� 
Maximum ������� �������� ��������� ������� ������� ����� ����� ������� ������� 
Minimum ��� ������� �������� ����� ����� ��� ��� ����� ����� 
Standard 
deviation ����� ������� �������� ������� ����� ���� ���� ����� ����� 

 
LL��&)�DVVHVVPHQW��7KH�&)�LQGLFDWRU�ZDV�HYDOXDWHG�XVLQJ�WKH�/&$�PHWKRGRORJ\�DQG�FRQVLGHULQJ�D�
FUDGOH�WR�JDWH� DSSURDFK� IRU� WKH� IXQFWLRQDO� XQLW� �)8�� RI� �� /� RI� UDZ� PLON�� 7KH� OLIH� F\FOH� LPSDFW�
DVVHVVPHQW�PHWKRGRORJ\� XVHG�ZDV�5H&L3H� �����0LGSRLQW� �+�� Y�������ZKLOH� WKH� EDFNJURXQG�GDWD�
ZHUH�H[WUDFWHG�IURP�(FRLQYHQW�GDWDEDVH��:HUQHW�HW�DO����������,Q�DGGLWLRQ��VLQFH�WKHUH�DUH�WZR�RXWSXWV�
REWDLQHG� IURP�GDLU\� IDUPV�� D�PDVV� DOORFDWLRQ� LV� FRQGXFWHG� WR� HYDOXDWH� WKH� HQYLURQPHQWDO� LPSDFWV�
DVVRFLDWHG�ZLWK�WKH�UDZ�PLON�SURGXFWLRQ�� 
 
LLL��(FR�HIILFLHQF\�DVVHVVPHQW��,Q�WKLV�VWHS��WKH�'($�PRGHO�ZDV�SHUIRUPHG�IRFXVLQJ�RQ�WKH�UHGXFWLRQ�
RI�RSHUDWLRQDO� UHVRXUFHV�FRQVXPHG�DQG� WKHLU�HQYLURQPHQWDO� LPSDFWV�ZKLOH�PDLQWDLQLQJ�SURGXFWLRQ�
YDOXHV��7KXV��DQ� LQSXW�RULHQWHG�'($�PRGHO��SDUWLFXODUO\�WKH�%&&��ZDV�XVHG��&RRSHU�HW�DO����������
&RQVHTXHQWO\�� WKH� LQSXWV� DUH� EHGGLQJ�PDWHULDO�� IHUWLOL]HUV�� SHVWLFLGHV��ZDWHU�� FRZ� IHHG�� HOHFWULFLW\��
GLHVHO��FOHDQHU�DQG�GLVLQIHFWDQW�SURGXFWV��DQG�&)�ZKLOH�WKH�RXWSXW�LV�WKH�UDZ�PLON�SURGXFHG� 
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 � 

 
)LQDOO\��RQFH�WKH�'($�ZDV�SHUIRUPHG��WKH�&2��VHTXHVWHUHG�ZDV�FDOFXODWHG�DQG�UHSRUWHG�VHSDUDWHO\�
IROORZLQJ�,62�JXLGHOLQHV��,62���������7KLV�SURFHGXUH�ZDV�FRQGXFWHG�IRU�WKRVH�IDUPV�WKDW�FXOWLYDWH�
FURSV��,Q�WKLV�FDVH�VWXG\�����GDLU\�IDUPV�UHSRUWHG�WKHLU�RZQ�FURS�FXOWLYDWLRQ��IRU�WKRVH�WKH�FDOFXODWLRQ�
RI�&2��VHTXHVWHUHG�ZDV�SHUIRUPHG��DV�WKH\�KDYH�GLUHFW�FRQWURO�RYHU�WKHVH�DJULFXOWXUDO�PDQDJHPHQW�
GHFLVLRQV��7R�GHWHUPLQH�WKH�&2��VHTXHVWHUHG��IDFWRUV�IURP�SUHYLRXV�VWXGLHV�ZLWK�VLPLODU�FURSV�DQG�
VRLO�DQG�FOLPDWLF�FRQGLWLRQV�ZHUH�XVHG��GXH�WR�WKH�ODFN�RI�ILHOG�GDWD�IURP�WKH�IDUPV��,Q�WKLV�UHJDUG��WKH�
IROORZLQJ�IDFWRUV�IRU�&2��VHTXHVWUDWLRQ�ZHUH�FRQVLGHUHG��IRU�VWUDZ�����NJ�&2��āKD��ā\U����3HWHUVHQ�HW�
DO����������IRU�JUDVV������NJ�&2��āKD��ā\U����0DGLJDQ�HW�DO���������DQG�IRU�VSULQJ�YHWFK��YLFLD�VDWLYD��
�����NJ�&2��āKD��ā\U����*DODQWLQL�DQG�6i�3HUHLUD���������7KHQ�WKH�WRWDO�&2��VHTXHVWHUHG�E\�D�IDUP�LV�
GHWHUPLQHG�E\�PXOWLSO\LQJ� WKH�VXUIDFH�RI�FURS� L�E\�WKH�&2��VHTXHVWHUHG�IDFWRU�DVVRFLDWHG�ZLWK�WKH�
FURS�L�� 
 
5HVXOWV�DQG�GLVFXVVLRQV 
5HVXOWV�VKRZ�WKDW�WKH�GDLU\�IDUPV�DQDO\]HG�SURGXFH�������P��RI�UDZ�PLON�RQ�DYHUDJH��UDQJLQJ�IURP�
����P��WR�������P���5HJDUGLQJ�WKH�&)��VHH�)LJXUH�����IDUPV�JHQHUDWH������NJ�&2��HTā)8����UDQJLQJ�
IURP�����WR������NJ�&2��HTā)8����,W�LV�LQWHUHVWLQJ�WR�REVHUYH�WKDW�IDUPV����DQG����JHQHUDWH�WKH�ODUJHVW�
&)������DQG������NJ�&2��HTā)8����UHVSHFWLYHO\���PDLQO\�GXH�WR�WKH�ILHOG�HPLVVLRQV�RI�WKH�DJURFKHPLFDOV�
XVHG�DQG�WKH�FRZ�IHHGV��2Q�WKH�FRQWUDU\��IDUP���SUHVHQWV�WKH�VPDOOHVW�&)������NJ�&2��HTā)8�����PDLQO\�
GXH�WR�WKH�ORZHU�LPSDFWV�RI�WKH�FRZ�IHHGV� 
 
)RFXVLQJ�RQ�WKH�PDLQ�FRQWULEXWRUV�WR�&)��RQ�DYHUDJH�ILHOG�HPLVVLRQV�DFFRXQW�IRU������ZKLOH�FRZ�IHHG�
WRWDOV�RQ�DYHUDJH������5HJDUGLQJ�ILHOG�HPLVVLRQV�IURP�IHUWLOL]HUV��IDUPHUV�PDLQO\�XVH�13.�IHUWLOL]HUV��
7KH�DYHUDJH�DPRXQW�RI�IHUWLOL]HU�DSSOLHG�SHU�VHDVRQ�LV������WRQV��VHH�7DEOH�����+RZHYHU��IDUPV�GR�QRW�
UHSRUW�WKH�XVH�RI�WHFKQLTXHV�WR�GHWHUPLQH�WKH�RSWLPDO�DPRXQW�RI�IHUWLOL]HU�WR�EH�DSSOLHG�WR�WKH�VRLO��
&RQVHTXHQWO\��WKH�WRWDO�DPRXQW�RI�IHUWLOL]HUV�XVHG�PLJKW�QRW�EH�DGHTXDWH��OHDGLQJ�WR�WKH�ORVV�RI�WKH�
DPRXQW�RI�QXWULHQWV�DSSOLHG�DQG�� WKHUHIRUH�� WR�DQ�HQYLURQPHQWDO� LPSDFW��$V�IRU�FRZ�IHHGV��IDUPHUV�
SURGXFH� WKHLU� RZQ� IHHG� �PDLQO\�PDL]H�� DQG� JUDVV��� EXW� WKH\� DOVR� EX\� IRGGHU� FRQVLVWLQJ�PDLQO\� RI�
DGGLWLRQDO� FRUQ�� VR\�� UDSHVHHG�� EDUOH\�� DQG� ZKHDW� �5HEROOHGR�/HLYD� HW� DO��� ������� 7KLV� GLIIHUHQW�
FRPSRVLWLRQ�RI�FRZ�IHHGV�FRXOG�LQGXFH�GLIIHUHQFHV�LQ�WKH�&)�JHQHUDWHG�E\�HDFK�IDUP� 
 
 

 
)LJXUH����&)�SHU�/�RI�UDZ�PLON�JHQHUDWHG�E\�WKH�GDLU\�IDUPV�DQDO\]HG� 

 
:KHQ�WKH�%&&�LQSXW�RULHQWHG�'($�PRGHO�LV�DSSOLHG��D�WRWDO�RI����IDUPHUV�DUH�LGHQWLILHG�DV�HIILFLHQW��
ZKLOH�WKH�UHVW�DUH�FODVVLILHG�DV�LQHIILFLHQW��)RU�WKH�LQHIILFLHQW��DQ�DYHUDJH�HIILFLHQF\�RI�����KDV�EHHQ�
GHWHUPLQHG��UDQJLQJ�IURP�����WR������,Q�DGGLWLRQ��'($�SURYLGHV�WDUJHWV�IRU�LQHIILFLHQW�IDUPHUV�LQ�
RUGHU�WR�XVH�UHVRXUFHV�HIILFLHQWO\��$FFRUGLQJ�WR�WKHVH�WDUJHWV�� WKH�PDLQ�DYHUDJH�UHGXFWLRQV�DUH�FRZ�
IHHG��������IHUWLOL]HU��������GLHVHO�������DQG�SHVWLFLGHV��������$V�FDQ�EH�VHHQ��IDUPHUV�VKRXOG�SD\�
VSHFLDO�DWWHQWLRQ�WR�WKH�XVH�RI�DJURFKHPLFDOV�DQG�IHHG��DV�WKHVH�LQSXWV�SUHVHQW� WKH�KLJKHVW�GHPDQG�
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 � 

UHGXFWLRQV�DQG�DW�WKH�VDPH�WLPH�DUH�WKH�PDLQ�FRQWULEXWRUV�WR�HQYLURQPHQWDO�LPSDFWV�� 
 
:KHQ�LW�FRPHV�WR�FRPSDULQJ�HFR�HIILFLHQW�DQG�HFR�LQHIILFLHQW�IDUPHUV�LQ�WHUPV�RI�UDZ�PLON�SURGXFWLRQ��
HFR�HIILFLHQW�IDUPV�SURGXFH�RQ�DYHUDJH�����PRUH�UDZ�PLON�WKDQ�LQHIILFLHQW�RQHV��2Q�WKH�RWKHU�KDQG��
FRPSDULQJ�WKH�DPRXQW�RI�UHVRXUFHV��HIILFLHQW�IDUPV�FRQVXPH�PRUH�FRZ�IHHG��EHGGLQJ�PDWHULDO�DQG�
HOHFWULFLW\� WKDQ� LQHIILFLHQW� IDUPV�GXULQJ� WKH� VHDVRQ� ������ ����DQG������ UHVSHFWLYHO\���+RZHYHU��
HIILFLHQW�IDUPV�FRQVXPH�OHVV�IXHO��ZDWHU��DJURFKHPLFDOV��FOHDQLQJ�SURGXFWV�DQG�GLVLQIHFWDQWV�������
���������DQG������UHVSHFWLYHO\���)XUWKHUPRUH��ZKHQ�FRPSDULQJ�WKH�UDWLR�RI�UHVRXUFH�WR�OLWHU�RI�PLON�
SURGXFHG�IURP�HIILFLHQW�DQG�LQHIILFLHQW�IDUPV��VLPLODU�UHVXOWV�DUH�REWDLQHG��&RQVHTXHQWO\��WKLV�FRXOG�
LPSO\�WKDW�HIILFLHQW�IDUPHUV�IRFXV�PDLQO\�RQ�UDZ�PLON�SURGXFWLRQ�DFWLYLWLHV�UDWKHU�WKDQ�RQ�DJULFXOWXUDO�
DFWLYLWLHV�IRU�JURZLQJ�IHHG�FURSV��ZKLFK�FRXOG�OHDG�WR�EHWWHU�HQYLURQPHQWDO�SHUIRUPDQFH�� 
� 
)LQDOO\�� RQFH� WKH� HFR�HIILFLHQF\� SHUIRUPDQFH� LV� GHWHUPLQHG�� WKH� VHTXHVWHUHG� &� LV� DQDO\]HG�� ,W� LV�
HVWLPDWHG�WKDW�D�WRWDO�RI����IDUPV�VHTXHVWHU�DQ�DYHUDJH�RI������RI�WKH�&2��HPLWWHG��7KLV�VHTXHVWUDWLRQ�
LV�DVVRFLDWHG�ZLWK�WKH�DJULFXOWXUDO�VWDJH�GXULQJ�WKH�FXOWLYDWLRQ�RI�FRZ�IHHG��7KH�KLJKHVW�DPRXQW�RI�
&2��VHTXHVWHUHG�LV�UHSRUWHG�IRU�IDUP�����ZLWK����WRQV�RI�&2���+RZHYHU��LW�LV�LPSRUWDQW�WR�FRQVLGHU�
WKDW� WKLV� IDUP� JHQHUDWHV� ������ WRQV� RI� &2�� DQG� FRQVHTXHQWO\�� WKH� DPRXQW� RI� &2�� VHTXHVWHUHG�
UHSUHVHQWV�D� VPDOO�SDUW�RI� WKH� WRWDO��������7KLV�YDULDWLRQ�EHWZHHQ�HPLWWHG�DQG�VHTXHVWHUHG�&2�� LV�
VLPLODU�IRU�RWKHU�GDLU\�IDUPV� 
 
 
&RQFOXVLRQV 
7KH�/&$�DQG�'($�VWXG\�RI�WKH����GDLU\�IDUPV�LGHQWLILHG�VLJQLILFDQW�YDULDWLRQV�DPRQJ�WKHP��,Q�WHUPV�
RI�UHVRXUFHV�XVHG��HIILFLHQW�IDUPV�FRQVXPH�PRUH�FRZ�IHHG��EHGGLQJ�PDWHULDO�DQG�HOHFWULFLW\��EXW�OHVV�
IXHO��ZDWHU��DJURFKHPLFDOV��FOHDQLQJ�SURGXFWV�DQG�GLVLQIHFWDQWV�� WKDQ�LQHIILFLHQW�RQHV��,Q�SDUWLFXODU��
WZR�UHVRXUFHV�DUH�NH\�WR�LPSURYLQJ�WKH�HFR�HIILFLHQF\�RI�WKH�GDLU\�IDUPV�DQDO\]HG��DJURFKHPLFDOV�DQG�
FRZ�IHHG��7KHUHIRUH��VRPH�PDQDJHPHQW�SUDFWLFHV�FDQ�EH�DGRSWHG�LQ�UHODWLRQ�WR�WKHVH�WZR�LQSXWV��)RU�
H[DPSOH��LW�LV�DGYLVDEOH�IRU�IDUPHUV�WR�FRQGXFW�D�VRLO�DQDO\VLV�WR�GHWHUPLQH�WKH�FXUUHQW�OHYHO�RI�FURS�
QXWULHQWV��,Q�WKLV�ZD\��WKH\�FDQ�XVH�WKH�FRUUHFW�DPRXQW�RI�QXWULHQWV�UHTXLUHG�E\�WKH�VRLO��,Q�DGGLWLRQ��
IDUPHUV�FRXOG�VHOHFW�IRUDJH�ZLWK�ORZHU�HQYLURQPHQWDO�LPSDFWV��,Q�DGGLWLRQ��LW�KDV�EHHQ�LGHQWLILHG�WKDW�
IDUPHUV� ZKR� JURZ� WKHLU� RZQ� IHHG� IRU� FRZV� KDYH� WKH� SRWHQWLDO� WR� VHTXHVWHU� &2���$OWKRXJK� WKH�
HVWLPDWHG�YDOXH�RI�&2��VHTXHVWUDWLRQ�XVLQJ�FRYHU�FURSV�UHSUHVHQWV�RQ�DYHUDJH�D�ORZ�SHUFHQWDJH���������
7KHUHIRUH�� IXUWKHU� VWXGLHV� FRXOG� IRFXV� RQ� DGGLWLRQDO� PHWKRGRORJLFDO� RSWLRQV� WR� LQWHJUDWH� FDUERQ�
VHTXHVWUDWLRQ�LQWR�WKH�/&$���'($�IUDPHZRUN� 
 
$FNQRZOHGJPHQWV 
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Background and rationale: )RU�WKH�ZRUOG�WR�HDW�D�³KHDOthy´�GLHW��DV�SHU�86'$�JXLGHOLQHV��DQ�
additional gigahectare of land (about the size of Canada) is necessary (Rizvi et al. 2018). However, 
agriculture already occupies 35-40% of terrestrial surface area, with limited potential for expansion 
(FAO 2013) and at high anticipated cost to biodiversity. At current levels of production, food 
systems are responsible for 70-90% of freshwater consumption (Jägerskog, A., Jønch Clausen 2012), 
95% of nitrogen pollution (Bodirsky et al. 2014) and 30% of greenhouse gas (GHG) emissions 
(Hallström et al. 2017). This leaves little room for expansion of the current methods and distribution 
of food production. At the same time, poor dietary quality contributes to the rising prevalence of 
both malnutrition and obesity (and related diseases) (Kelly and Bateman 2010; Asif et al. 2017). It 
is therefore imperative to improve the nutritional quality, environmental sustainability, and 
production efficiency of food systems. 

In Canada, field crops make up a significant portion of the agricultural sector, accounting for more 
than half the agricultural land use (Statistics Canada 2020). There is room for improvement in the 
current allocations of Canadian agricultural lands to grow different field crops, due to the 
significant degree of variability in environmental impacts and nutritional quality of the food 
products produced. In addition, there is increased awareness and adoption of plant-based diets, 
resulting in changes in production and allocation of crop products (Medical Letter on the CDC & 
FDA 2020). For example, the dried pea market is currently experiencing growth which is expected 
to continue due to the consumption of pea protein as a meat substitute (Hexa Research 2019). 

Market demand currently dictates which and how much of each crop type are produced, regardless 
of nutritional and environmental sustainability outcomes. However, when agricultural land use 
policy does address these objectives, different crop types cannot simply be substituted in all 
agricultural soils because different areas are better suited to specific types of crops due to climate, 
soil, and management factors, as well as the agronomic needs of the crops (Agronomic 
Interpretations Working Group 1995). These factors must be considered when designing alternative 
patterns of agricultural land use, and life cycle assessments (LCA) to assess their sustainability. On 
this basis, the Land Suitability Rating System (LSRS) for Agricultural Crops was developed for 
Agriculture and Agri-Food Canada (AAFC) (Agronomic Interpretations Working Group 1995). This 
model ranks the suitability of agricultural lands for specific crops and management practices based 
on the agronomic requirements of the crops. Currently the LSRS includes models for suitability of 
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soils for spring-seeded small grains (wheat, barley, oats), alfalfa, brome, timothy, canola, corn and 
soybeans.  
 
Pulses are nitrogen-fixing legume crops which may serve to improve both the environmental 
sustainability and nutritional quality of the Canadian food system. Therefore, the benefits of 
increasing land use for pulse cultivation should be assessed using LCA scenario modelling. 
However, the LSRS does not currently include a pulse model, thus LCA scenarios cannot currently 
be designed to take into account the suitability of different agricultural lands for pulse production.  

Objectives: The purpose of this study is to expand the LSRS to include factors for pulses, which 
can be used to conduct LCAs of agricultural land use scenarios in Canada that include expansion of 
the current pulse-growing regions.  

Methods: Data on the agronomic requirements of pulse crops (dry peas, dry beans, faba beans, and 
chickpeas) were collected from an expert stakeholder panel made up of members from Canadian 
provinciaO�SXOVH�JURZHUV¶�associations, government, and academia. In addition, provincial pulse 
DVVRFLDWLRQV¶�ZHEVLWHV�ZHUH�FRQVXOWHG�(Saskatchewan Pulse Growers 2022; Alberta Pulse Growers 
2022; Manitoba Pulse & Soybean Growers 2022). Specifically, the model includes metrics for 
climatic factors such as moisture and temperature; soil factors such as water supplying ability, 
structure, organic matter content, depth of topsoil, pH, salinity, sodicity, drainage, temperature and 
nutrient content; and landscape factors such as landform rating, stoniness, wood content, landscape 
pattern and flooding (Agronomic Interpretations Working Group 1995).  

First, the optimal climate, soil and landscape factors for each pulse crop were determined. Then, the 
model was developed to include point deductions for non-optimal conditions based on regression 
curves and expert judgement from the stakeholder panel. This information was then used to create 
numerical rating systems from 1 to 100 for each factor, to rate the suitability of agricultural lands in 
Canada for growing pulses, based on their climate, soil, and landscape characteristics. These ratings 
were used to give each region a suitability class that indicates how severe the limitations are to 
growing each pulse crop in that region (ranging from unsuitable to no limitation). This information 
is combined with GIS climate, soil, and landscape data to determine the suitability of agricultural 
lands for pulse production. 

Results and discussion: The LSRS model was expanded to include pulse-specific rating systems. 
These can be used to assess the feasibility of LCA scenarios in which pulses are grown in regions of 
Canada where other crops are currently grown, in order to assess the environmental and nutritional 
impacts of these scenarios. The updated LSRS model will also be made publicly available by AAFC 
in order to facilitate further research on the suitability of agricultural lands for pulses, which can be 
used for a variety of sustainability, policy, and education purposes. 

Conclusions: Pulses are nutritionally and environmentally beneficial crops, and the expansion of 
pulse-growing regions in Canada can potentially serve to increase the nutritional quality and 
decrease the environmental impacts of the food system. Coupled with the LSRS model, LCA can 
then be used to assess the environmental impacts of different agricultural land use scenarios 
including pulse crops. In order to determine the feasibility of such land use scenarios, the LSRS 
model was expanded to include suitability ratings of Canadian agricultural soils for pulse crops. 
This was done by consulting pulse agronomy experts to determine the optimal soil, climate, and 
landscape factors for pulses, as well as point deductions for non-optimal conditions. The new pulse 
LSRS model can be used to design LCA scenarios that include the optimal locations for pulse 
growth, in order to maximize and quantify the nutrition and sustainability gains. The results of these 
LCAs can be used to inform agricultural policy to improve the sustainability and nutritional quality 
of the Canadian food system. 
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���� WR ���� WKHUH ZDV D ��� LQFUHDVH LQ WKH DUHD GHVWLQHG IRU SDVWXUH PDQDJHPHQW� DQG IURP ����
WR ����� WKH LQFUHDVH ZDV ��� $W WKH VDPH WLPH� SURGXFWLYLW\ LQ SDVWXUH PDQDJHPHQW LQFUHDVHG E\
��� DQG ���� UHVSHFWLYHO\� 7KLV UHVXOWHG LQ DQ LQFUHDVH LQ WRWDO SURGXFWLRQ �W�\� RI ��� LQ WKH
SHULRG IURP ���� WR ���� DQG ��� LQ WKH SHULRG IURP ���� WR ����� 7KURXJK WKH /&$� LW ZDV
SRVVLEOH WR WUDFH WKH HQYLURQPHQWDO SURILOH RI WKH H[SDQVLRQ RI OLYHVWRFN SURGXFWLRQ �7DEOH ��� ,Q WKH
)(;� )(8� 7$� 7(; DQG :& FDWHJRULHV� WKH LPSDFWV LQ ���� ZHUH ���� 0W ����'&%� ������ 0W 3
HT� ����� 0W 62� HT� �� 0W ����'&% DQG ��� KPñ UHVSHFWLYHO\� IURP ���� WR ����� WKH LPSDFWV
LQFUHDVHG LQ RUGHUV FORVH WR GRXEOH IURP WKH EHJLQQLQJ WR WKH HQG RI WKH SHULRG VWXGLHG� ,Q WKH *:
FDWHJRU\� LPSDFWV URVH IURP ��� 0W &2� HT LQ ���� WR ��� 0W &2� HT LQ ����� UHSUHVHQWLQJ ���
DQG�����RI�LPSDFWV�LQ������DQG�������UHVSHFWLYHO\�
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��� IURP ���� WR ����� DQG ��� IURP ���� WR ����� 3URGXFWLYLW\ LQFUHDVHG E\ ��� IURP ���� WR
���� DQG �� IURP ���� WR ����� +HQFH� WKH REVHUYHG LQFUHDVH LQ WRWDO SURGXFWLRQ ZDV ��� IURP
���� WR ���� DQG ��� IURP ���� WR ����� 7KH HQYLURQPHQWDO SURILOH RI WKH H[SDQVLRQ RI VR\EHDQ
SURGXFWLRQ� LQ WKH VDPH PDQQHU DV WKH OLYHVWRFN SURGXFWLRQ� ZDV WUDFHG WKURXJK WKH /&$ �7DEOH ���
,Q WKH )(; FDWHJRU\� WKH LPSDFWV UHSUHVHQWHG ���� 0W ����'&% LQ ����� LQ RWKHU ZRUGV� WKH\
LQFUHDVHG IURP ��� LQ ���� WR ��� LQ ����� ,Q WKH )(8� *:� 7(; DQG :& FDWHJRULHV� LPSDFWV LQ
���� LQFUHDVHG ILYHIROG FRPSDUHG WR ����� DQG IRU ����� WKH LPSDFWV ZHUH ������ 0W 3 HT WR )(8�
��� 0W &2� HT WR *:� ��� 0W ����'&% WR 7(; DQG ��� KPñ WR :&� ,Q WKH 7$ FDWHJRU\� LPSDFWV
URVH IURP ������ 0W 62� HT WR ����� 0W 62� HT� LQ RWKHU ZRUGV� WKH LPSDFWV LQFUHDVHG IURP ��� WR
����LQ������DQG�������UHVSHFWLYHO\�
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DGYDQFHPHQW RI WHFKQRORJLHV PDNH LW SRVVLEOH WR LQFUHDVH SURGXFWLYLW\� DQG WKHUHIRUH UHGXFH WKH
QHHG IRU H[SDQVLRQ WR QHZ DUHDV� :KHQ DQDO\]LQJ WKH HQYLURQPHQWDO SURILOHV WUDFHG IRU ERWK
SURGXFWLRQV� LW LV SRVVLEOH WR REVHUYH WKDW WKH LPSDFWV RI VR\EHDQ SURGXFWLRQ LQFUHDVHG PRUH� IURP
���� WR ����� LQ DOO FDWHJRULHV� LQ UHODWLRQ WR OLYHVWRFN SURGXFWLRQ� 7KLV PD\ EH UHODWHG WR WKH IDFW
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Rationale To enable harmonized assessment of the environmental impacts of products the 
European Commission has developed guidelines for life cycle assessment of products (European 
Commission 2018a, Manfredi et al. 2012). These Product Environmental Footprint Category Rules 
(PEFCR) aim in providing better comparability of environmental performance within product 
categories. Currently, PEF&5V¶� UHJDUGLQJ� OLYHVWRFN� SURGXFWLRQ� UHFRPPHQG�PRGHOOLQJ feed crops 
and feed products according to the PEFCR Feed for food producing animals (European 
Commission 2018b). The assessment with harmonized methodology throughout the assessment of 
livestock products, reaching to primary production of feed, is considered to yield better 
comparability of results. PEF guidance and PEFCR of feed products are providing a simplified 
method for assessing nitrous oxide emissions from field cultivation, to avoid inconsistencies 
between PEFCRs and further studies. Yet, the PEFCR of feed products is addressing N2O emission 
from cultivation as additional environmental information, even if the emission is understood to 
contribute largely to climate impact of crop production. Still, the PEF method is pointing emission 
from fertilizer use as important source for N2O emissions, which is to be accounted, while 
importance of other sources remains unclear. 
Objective Main objective of this study was to investigate the effect of methodological differences 
to climate change impact from nitrous oxide emissions of typical Finnish feed crop production. Aim 
was to utilize the Product Environmental Footprint guidance by European Commission for feed 
crops (European Commission 2018b) in parallel to IPCC methods (IPCC 2006, 2013).  
Approach and method An LCA model was constructed to assess the climate change impact from 
nitrous oxide emissions related to feed crop production. Assessment included direct and indirect 
N2O emissions from nitrogen inputs and N2O from peat decomposition (IPCC 2006, 2013). Two 
approaches were compared: 1) N2O emission calculation with IPCC method for feed crop 
production included N-fertilizer use (mineral and organic), N2O emissions from the crop residues 
and N2O emissions peat soils and 2) with PEF methods, where N2O emission at minimum is to be 
included from N-fertilizer use (additional environmental information) and for this a default factor 
for N2O from fertilization was utilized accordingly (0.022 kg N2O/ kg N fertilizer applied). While 
the simplified emission factor for N2O from fertilization input is not fully described in the PEF 
methodology, it is unclear whether this includes N2O inputs from crop residues or peat soils, or are 
they to be excluded for simplification. Here, the impact of inclusion of different N2O sources were 
tested. N2O originating from land use change was not considered in this study. Global warming 
potential was determined with characterization factor 298 for N2O. Assessment was conducted for 
feed crops which were defined as typical in Finnish pork and broiler chicken diets (Hietala et al. 
2022). These included barley (Hordeum vulgare), wheat (Triticum aestivum), oat (Avena sativa), 
turnip rape (Brassica rapa ssp. oleifera) and rapeseed (Brassica napus ssp. oleifera), peas (Pisum 
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sativum) and faba bean (Vicia faba). Brassica species were assessed as combined. The functional 
unit (FU) for the assessment was of 1 kg of produced crop (as fed) and system border was at farm 
gate. Crop cultivation characteristics which were utilized in the assessment were as described in 
Hietala et al. (2022). These were considered to represent typical Finnish feed crop cultivation. 
Results and discussion Assessment results are presented in Table 1. for barley, wheat, oat, turnip 
rape, peas and faba bean. It was shown that when the emission from the inputs was compared, the 
PEFCR method alone for fertilizer use gave slightly lower results compared to IPCC. When crop 
residues were accounted, result exceeded IPCC result for most of the crops. Peat soil utilization 
varied from 2% to 19% among different crops. When the peat soil degradation was included in the 
assessment, the observations were similar.  
 
Table 1. Climate change impact of nitrous oxide emission from feed crop cultivation, as kg CO2 eq 
per kg FU. Comparison of methods.  

Brassica sp. V. faba H. vulgare A. sativa T. aestivum P. sativum 
PEF, N fertilization 0.40 0.05 0.14 0.13 0.18 0.08 
PEF, N fertilization + peat soils 0.65 0.10 0.25 0.42 0.21 0.14 
PEF, N fertilization + peat soils + crop residue 0.72 0.16 0.31 0.47 0.27 0.21 
PEF, N fertilization + crop residues 0.47 0.12 0.20 0.18 0.25 0.15 
IPCC, N2O fertilization and crop residues 0.45 0.12 0.19 0.17 0.24 0.14 
IPCC, N2O tot (N fert., crop residues, peat soils) 0.70 0.16 0.30 0.46 0.26 0.21 
 
Conclusions 
In the PEF guidance and PEFCR for feed products a harmonized, simplified method is presented for 
the assessment of nitrous oxide emissions from cultivation. N2O emissions are known to contribute 
largely to climate change impact of crop production, yet the PEF guidance is not clearly 
emphasizing the importance. If the minimum requirement was implemented, depending on the crop, 
a difference of up to 0.33 kg CO2 eq per kg was observed in the N2O emissions from field. Here, it 
was shown that the simplified method provided in PEF guidance functions as its best when other 
N2O emissions from cultivation (crop residues, peat soil degradation) are included in full as 
according to IPCC. This is suggested to be clearly pointed in PEF guidance as well. The PEF 
method has been developed to serve as simplified method and requires less data. The nitrous oxide 
emissions in feed crop primary production and primary production of food crops contribute largely 
to their total carbon footprint. Thus, the more detailed approach would give more resolution to 
hotspot analyses. More research would be needed to investigate the applicability of PEF methods in 
production chain development, while in communicating environmental information the level of 
accuracy can be adequate. 
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Introduction 
 
Beef consumption and production is a highly contested issue in the sustainability discourse (Röös et 
al. 2017). Many Life Cycle Assessment (LCA) studies revealed the potential environmental impact 
of beef (Poore and Nemecek, 2018). However, most of the studies remain incomplete due to the 
exclusion of soil organic carbon (SOC) stock changes in the assessments (Brandão et al., 2011). 
SOC stock change may influence the overall environmental impact of beef balancing final 
greenhouse gas (GHG) emissions values. Beef production systems that utilise grasslands in 
production may increase SOC stocks (Hammar et al., 2022). However, grasslands under different 
farming treatments may not contribute equally to SOC stocks. In Finland, the majority of beef 
production systems utilise cultivated grasslands while a minority relies on semi-natural grasslands, 
so-called High Nature Value (HNV) farming systems. HNV systems are known for supporting 
IDUPODQG�DUHDV�LQ�(XURSH�³ZKHUH�DJULFXOWXUH�LV�D�PDMRU�ODQG�XVH�DQG�ZKHUH�WKDW�DJULFXOWXUH�VXSSRUWV��
or is associated with, either a high species and habitat diversity or the presence of species of 
(XURSHDQ�FRQVHUYDWLRQ�FRQFHUQ�RU�ERWK´� �$QGHUVHQ�HW� DO���003). This study aims at assessing the 
global warming potential (GWP) of beef production while accounting for SOC stock changes in 
grass-fed beef systems in Finland. The objectives are: i) to estimate and compare the potential SOC 
stock changes for semi-natural and cultivated grasslands and, ii) from a methodological perspective, 
to assess the accuracy of the methods to assess SOC stock values in LCA.  
 
Materials and methods 
 
Our dataset includes 6 HNV beef production farms - that is farms that include semi-natural 
(permanent) vegetation for grazing in addition to cultivated grassland and cereal in rotation - and 1 
mainstream farm (without semi-natural grasslands). The assessment of the environmental impact is 
based on a yearly cycle of beef production system estimated upon 5-year average data collected by 
the authors in relation to farming practices and farm structure. Yields of cereal crops are based on 
the last 4 years average of Finnish production at country level (Luke, 2021). We considered yields 
of 6.3 Mg dry matter (DM)/ha for cultivated grasslands, included in rotation (Lehtonen and 
Niskanen, 2016) and an average value of 1.8 Mg DM/ha for semi-natural grasslands (Saastamoinen 
et al. 2017).  
 
Feed intake estimates are based on the original farm data and calculations derived from primarily 
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metabolisable energy (ME) concentration of low-quality forage and livestock characteristics such as 
breed and growth rates. For further details, see Torres-Miralles et al. (2022). We assessed the 
potential carbon footprint of HNV beef by applying the LCA method using Solagro Carbon 
Calculator and OpenLCA 1.11. The system boundary applied was from cradle to farm gate. We 
applied the ReCiPe Midpoint 2016 (H) impact method to estimate GWP100 at the farm level (kg CO2 
eq/ ha) and product level of beef (kg CO2 eq / kg liveweight (LW)). We included soil organic 
carbon (SOC) stock changes as an added value in form of CO2 eq emissions to the final GWP100 
resultant from the LCA method. 
 
We applied Yasso model (v. Yasso20) to estimate the SOC stock change potential in a 1 m depth 
soil layer. The annual SOC stock change (ǻSOC, kg C/ha/a) was modelled with two time horizons 
(i.e. lengths of the modelling period), 20 and 100 years (Eq. (1)). The model had two scenarios: 
scenario I) the potential SOC stock change in semi-natural grassland and cultivated grassland 
(=pasture and silage grass/hay; rotational with on average 4-year interval) in comparison to the 
fixed initial SOC stock and, scenario II) the potential SOC stock change in cultivated grassland in 
comparison to the initial SOC stock after long-term semi-natural grassland management. The initial 
SOC stock in the scenario I based on 100 years of silage grass cultivation with high cattle manure 
application (55 Mg C/ha), and the initial SOC stock was fixed for all farms. In scenario II, the initial 
SOC stock was specific for each farm (on average 39 Mg C/ha) and corresponded the SOC stock 
after 100 years of semi-natural grassland cultivation with farm-specific annual C inputs. 
 

 
 
SOC stock i: initial SOC stock change value 
SOC stock n: SOC stock value after the modelling period 
t horizon: length of the modelling period in years 

Eq. (1) 
 

We calculated the annual C input from crop residues (above-ground residues and roots), 
rhizodeposition and manure according to Bolinder et al. (2007). We estimated the harvest indices 
and rhizodeposition rates according to Palosuo et al. (2015). We considered root biomass estimates 
for cultivated grassland to be 4036 kg DM/ha (Palosuo et al., 2015) and for semi-natural grassland 
to correspond to the root:shoot ratio of 2.5-fold in comparison to cultivated grassland (Bolinder et 
al., 2007; Poeplau, 2016). We divided root biomass estimates for both semi-natural and cultivated 
grassland by 4 years representing the approximated turnover time of the roots. The C input from 
manure based on the farm-specific estimates of spreadable total N by Solagro Carbon Calculator. 
We included regional weather data from 1961 to 2021 (Finnish Meteorological Institute). 
 
Preliminary results and discussion 
 
Initial SOC stock values and time horizons influenced final semi-natural grasslands and cultivated 
grasslands SOC stock values in scenario I and II (Table 1). The GWP100 modelled without ǻSOC 
varied from 2330 to 3640 kg CO2 eq/ha at the farm level and from 14.6 to 25.4 kg CO2 eq/kg LW at 
the product level. The inclusion of ǻSOC increased the GWP100 by +12 % to +52 % in scenario I 
and decreased the GWP100 by -2 % to -13 % in scenario II, depending on the time horizon. 
 
Table 1. Average Global Warming Potential (GWP100) values at the farm and product level of beef 
of 6 HNV and 1 mainstream farms for two initial SOC stock scenarios with two time horizons, 20 
and 100 years. Scenario I: ǻSOC in comparison to fixed initial SOC stock, scenario II: ǻSOC of 
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cultivated grassland in comparison to long-term semi-natural grassland.  
 

  Farm level   Product level 

  
GWP100  GWP100 + ǻ62&   GWP100  GWP100 + ǻ62& 

(kg CO2 eq / ha) (kg CO2 eq / ha)   (kg CO2 eq) (kg CO2 eq / kg LW) 

  
  

20 years 100 
years   

  
20 years 100 

years 

Scenario I 2567 3641 2879   16.7 19.2 25.4 
Scenario II 2567 2330 2519   16.7 14.6 16.3 

 
In scenario I, the SOC stock decreased under semi-natural and cultivated grasslands compared to 
the initial SOC stock (Table 2). The decrease in SOC stock was greater for semi-natural grassland 
than for cultivated grassland. In scenario II, conversion of long-term semi-natural grassland to 
cultivated grassland increased the SOC stock by 288 and 63 kg C/ha/a with a time horizon of 20 and 
100 years, respectively. The increase in the SOC stock related mainly to the differences in above-
ground crop residue biomasses and root biomasses between semi-natural and cultivated grassland. 
The total root C input estimated in this study for semi-natural grasslands was lower compared to 
cultivated grassland. Despite low N input increases the root:shoot ratio of grasses (Gregory et al., 
2021), the differences in harvested DM yields between semi-natural and cultivated grasslands 
influenced the root C input estimates in this study. 
 
Our results indicated that higher productivity of grasslands potentially increases C sequestration to 
soil, therefore, increases the SOC stock similarly to Gregory et al. (2021). However, not all semi-
natural grasslands are equally productive, dry pastures present lower productivity yields compared 
to meadows (Saastamoinen et al. 2017) and cultivated grasslands. In this study, we utilised an 
average yield value for semi-natural grasslands, therefore, further detailed comparisons would be 
needed in order to improve the accuracy of our results. Nevertheless, the modelling approach used 
in this study showed only the potential SOC stock change with assumed initial SOC. At the farm 
level, continuously similar C input rate from 20 to 100 years typically leads to SOC stock 
equilibrium, and hence, the SOC stock remains stable without net C sequestration or net C losses 
(Freibauer et al., 2004). However, a change in the annual C input rate may affect the SOC stock 
until the new equilibrium is reached.  
 
Table 2. Average Soil Organic Carbon (SOC) stocks changes (ǻSOC) values of 6 HNV farms and 1 
mainstream for semi-natural grassland and cultivated grasslands for two initial SOC stock scenarios 
with two time horizons, 20 and 100 years. Scenario I: ǻSOC in comparison to fixed initial SOC 
stock, scenario II: ǻSOC of cultivated grassland in comparison to long-term semi-natural grassland.  
 
 
 Scenario I  Scenario II 
 Initial 

SOC 
(kg 

C/ha) 

C input 
(kg 

C/ha/a) 

ǻSOC (kg C/ha/a)  Initial 
SOC (kg 

C/ha) 

C input 
(kg 

C/ha/a) 

ǻSOC (kg C/ha/a) 

 20 years 100 years    20 years 100 years 
Semi-natural 
grassland 

54 659 1197  -547  -159  - - - - 

Cultivated 
grassland 

54 659 2051  -238  -70  38 757 2099  288 63 

Negative ǻSOC = net C losses form the soil, positive ǻSOC = net C sequestration to the soil. 
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Research is currently lacking on the carbon accumulation in boreal areas. Further field studies are 
needed in relation to the productivity of semi-natural grasslands, root biomass estimates and the 
potential effect of trees in wooden pastures to improve the accuracy of the assessments.   
 
Conclusion  
The methodology chosen to assess SOC stock changes (i.e. SOC stock changes initial values or 
time horizons) influenced greatly the overall GWP100. The inclusion of ǻSOC in LCA would require 
technical harmonization and further research. Such choices, if not properly addressed, have the 
potential to mislead mitigation strategies towards more C sequestration contrary to C and 
biodiversity conservation. 
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1 Introduction 
 
While agriculture is a major cause of biodiversity loss and other environmental burdens, certain 
production methods, such as organic farming or grazing by livestock, can also have positive impacts 
on biodiversity (Bengtsson et al., 2005; FAO, 2020). Yet, environmental assessments of food 
products, commonly performed using life cycle assessment (LCA), rarely include impacts on 
biodiversity. Despite recent advancements, several methodological issues hinder the integration of 
biodiversity into LCA (Crenna et al., 2020); current methods, for example, fail to capture the 
complexity of biodiversity or impacts on local scales (Knudsen et al., 2017; FAO, 2020). 
 
Failure to account for biodiversity impacts may lead to burden shifting when aiming to reduce 
negative environmental impacts of agriculture, due to trade-offs between production intensity and 
benefits on biodiversity (FAO, 2020). Most LCAs calculate environmental loads per unit of food 
produced (e.g., kg of meat). This means that intensive production systems with high output in 
relation to inputs generally appear less harmful to the environment than more extensive but often 
multifunctional production systems (van der Werf et al., 2020). Such assessments favour further 
intensification of production aimed at minimizing negatives, which may come at the expense of 
biodiversity and related ecosystem services. To balance several objectives in agricultural production, 
current assessment methods need to be developed to capture the multiple functions of production, 
including the positive and negative impacts on biodiversity. 
 
Here we present a plan for developing an assessment approach that aims to address some of the 
shortcomings of current biodiversity impact assessment methods. This study is a work in progress ± 
we are currently at the data collection phase and results will be available in the near future. 
 
2 Objective 
 
The objective of this study is to develop a biodiversity assessment approach that 1) allows 
accounting for the impacts of agricultural food production on biodiversity in the context of boreal 
agriculture, 2) accounts for variations in production methods that have direct and indirect impacts 
on biodiversity on farmland and other land use types, and 3) is suitable for impact assessments on 
local to regional scales (i.e., from a farm up to ecoregion). 
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3 Materials and methods 
 
We aim at developing a two-step assessment method, where the first step allows a quick and general 
estimation of biodiversity impacts of agricultural land use, and the second step can be used for more 
detailed assessments, for instance on a farm or landscape scale, when additional data are available. 
 
3.1 Step 1: Characterization factors for agricultural land use types 
 
For the first step, we will calculate characterization factors (CFs) for agricultural land use types, i.e., 
factors that indicate the potential damage to biodiversity per unit area of each land use class. As 
input in the calculations, we will use existing data on species occurrence on agricultural lands in 
Finland, derived from a number of different field studies. The data will cover several taxonomic 
groups (plants, insects and birds) and several agricultural land use types (arable fields under 
different crops, cultivated and semi-natural pastures, grasslands, fallows) under different 
management intensities. To our knowledge, no currently available CFs for biodiversity impact 
assessment are based on field data from Finland or other boreal regions. We therefore expect that 
the new CFs will provide more accurate impact assessment results for these regions. 
 
The CFs will be developed by calculating species-area relationships (Knudsen et al., 2017; 
Chaudhary and Brooks, �������:H�ZLOO�DOVR�HVWLPDWH�ȕ-diversity, i.e., the variation for each land use 
type among regions. Besides species richness, we will explore options to base the CFs on other 
metrics, such as species abundance and functional diversity. We will also account for species 
vulnerability. As a reference state we plan to use traditional rural biotopes, which are semi-natural 
grasslands formed by traditional low-intensity animal husbandry. These biotopes are the most 
species-rich agricultural habitats in Finland and harbour a high number of endangered species 
(Hyvärinen et al., 2019). The CF of the reference land use type will be 0, indicating no impact, and 
the impacts of all other land use types will be assessed relative to it. 
 
We will produce CFs for the individual species groups separately as well as aggregated values per 
land use type. Furthermore, the CFs will be calculated separately for agricultural lands under 
organic and conventional management. For each land use type (e.g., an organic spring cereal field), 
we will calculate an interval of potential biodiversity impact as well as an average value. The 
average values (either average CFs for individual species groups or average aggregated CFs) can be 
used in the less-detailed impact assessments that do not proceed to step 2. 
 
3.2 Step 2: Calculation framework to further differentiate impacts within land use types 
 
For the second step, we aim to develop a calculation framework that allows adjusting the CFs of 
each land use type by using data on landscape characteristics and agricultural management practices 
used on the area under assessment. Potential parameters to be used in the calculations include, for 
example, landscape structure, habitat fragmentation, tilling practices, fertilizer use, crop rotation, 
wintertime plant cover, grazing pressure, and width of field boundaries and buffer zones. The 
biodiversity impact of each parameter will be scored by evaluating its potential impact on the 
species groups used in the development of the CFs. The scoring will be based on scientific literature, 
expert opinion and recently collected field data that contains information on the impacts of 
management practices and landscape structure on species diversity on several agricultural land use 
types in Finland. Based on the scoring of the parameters, the biodiversity impact of a land use type 
can be adjusted lower or higher on the defined impact interval. For example, the CF of a 
conventional spring cereal field with reduced tillage and wintertime plant cover would be lower 
than the maximum CF for the land use type. 
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Assessment frameworks based on the scoring of management parameters have been previously 
developed by several authors (e.g., Jeanneret et al., 2014; Lindner et al., 2019; Maier et al., 2019). 
However, since none of the existing frameworks are based on empirical data from Finland or other 
boreal countries, they may not be well applicable for assessing the biodiversity impacts of Finnish 
agricultural production. 
 
3.3 Validation of currently available CFs 
 
The new CFs, based on Finnish field data, can be used to validate other CFs that are currently 
available for assessing land use impacts on biodiversity, such as the global CFs by Chaudhary and 
Brooks (2018). Thus, we will conduct an LCA case study where we compare the new CFs with ones 
in literature to test how suitable other published CFs are for assessing biodiversity impacts in the 
Finnish agricultural and bioclimatic context. The scoring framework in step 2 and the CFs obtained 
from it can also be compared with other similar frameworks, such as the SALCA-BD method 
(Swiss Agricultural LCA ± Biodiversity; Jeanneret et al., 2014). 
 
4 Discussion 
 
This study is the first to develop CFs based on species occurrence data from Finnish agricultural 
lands and an LCA-compatible assessment framework tailored for local to regional scale biodiversity 
impact assessments in the Finnish and boreal context. The value of this work is to provide more 
accuracy and detail to assessments in these regions compared to currently available CFs, such as the 
global CFs calculated for ecoregions and countries by Chaudhary and Brooks (2018), which also 
include CFs for Finland. These CFs are a revised version of the ones developed by Chaudhary et al. 
(2015) (that have been recommended by UNEP-SETAC Life Cycle Initiative; Frischknecht and 
Jolliet, 2016), and their use is recommended by, for example, FAO (2020). However, these CFs are 
only able to differentiate two broad agricultural land use types, pasture and cropland, under three 
land use intensities (minimal, light and intense). Our approach adds detail by including a wider 
range of agricultural land use types, for example by dLYLGLQJ�WKH�FODVV�³cropland´�LQWR�VHYHUDO�FURS�
types, by differentiating between cultivated and semi-natural pastures, and by adding other semi-
natural habitats such as field boundaries. Moreover, our approach makes it possible to include 
impacts of landscape characteristics and to differentiate the impacts of management practices 
further than when using three intensity classes. 
 
There are also certain limitations to our approach. The focus on agricultural lands limits the scope 
of the LCAs, and the CFs will not be suitable for global level assessments. However, the assessment 
approach can be further expanded in the future to include more land use types (e.g., forests and 
urban areas), which would allow LCAs of more complex value chains. 
 
5 Conclusion 
 
The results of this study will contribute to the ongoing efforts of the LCA community to integrate 
biodiversity into LCA. When applied in LCAs, the new CFs and the proposed calculation 
framework will help identify agricultural production methods that are optimal when accounting for 
multiple environmental criteria, including biodiversity. The method will provide decision support in 
terms of handling trade-offs and will be of use to farmers, food industry, researchers and 
policymakers, particularly in Finland and other boreal regions. 
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%LRGLYHUVLW\�LPSDFW�DVVHVVPHQW�LQ�JOREDO�IRRG�VXSSO\�FKDLQV�� 
$�FDVH�VWXG\�IRU�*,6�DLGHG�LPSDFW�DVVHVVPHQW�RI�VR\ 

 
-XOLDQ�4XDQGW���
��1LFR�0XPP�����-XOLDQ�.UDQ]���'U��8OULNH�(EHUOH�����'U��-DQ�3DXO�/LQGQHU� 

 
�%RFKXP�8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV��6XVWDLQDELOLW\�LQ�(QJLQHHULQJ��������%RFKXP��*HUPDQ\� 
�&RUVXV�±�&RUSRUDWH�6XVWDLQDELOLW\�*PE+��������+DPEXUJ��*HUPDQ\ 
�&HQWHU�IRU�6XVWDLQDEOH�/HDGHUVKLS��8QLYHUVLW\�:LWWHQ�+HUGHFNH��������:LWWHQ��*HUPDQ\  
 
.H\ZRUGV��ELRGLYHUVLW\��OLIH�F\FOH�DVVHVVPHQW��JOREDO�IRRG�VXSSO\�FKDLQ��SUHVVXUHV��HFRV\VWHP�VHUYLFHV��IRRG�V\VWHPV� 
 

&RUUHVSRQGLQJ�DXWKRU��MXOLDQ�TXDQGW#KV�ERFKXP�GH 
 
3XUSRVH��7KH�JOREDO� IRRG�V\VWHP� LV� LGHQWLILHG�DV� WKH�SULPDU\�GULYHU�IRU�RQJRLQJ�ELRGLYHUVLW\� ORVV�
�%HQWRQ�HW�DO����������7KH�GHFOLQH�LQ�ELRORJLFDO�GLYHUVLW\�LV�ODUJHO\�DVVRFLDWHG�ZLWK�D�ORVV�RI�HFRV\VWHP�
VHUYLFHV��(6��ZKLFK�DUH�HVVHQWLDO�WR�PDLQWDLQ�IRRG�SURYLVLRQLQJ��0($���������7KH�JOREDO�IRRG�V\VWHP�
LQ�WKLV�FRQWH[W�LV�ERWK�WKH�PDLQ�FDXVH�IRU�DQG�WKH�PDLQ�WKUHDW�WR�JOREDO�IRRG�VHFXULW\�ULVNV��$JULFXOWXUDO�
H[SDQVLRQ�DQG�LQWHQVLILFDWLRQ�DV�ZHOO�DV�DVVRFLDWHG�ODQG�XVH�LPSDFWV�DUH�H[SHFWHG�WR�IXUWKHU�LQFUHDVH�
SUHVVXUHV� RQ� QDWXUDO� HFRV\VWHPV� UHVXOWLQJ� LQ� ODQG� GHJUDGDWLRQ�� KDELWDW� DOWHUDWLRQ�� (6� ORVV� DQG�
XOWLPDWHO\� LQ� ELRGLYHUVLW\� ORVV�� (6� GHJUDGDWLRQ� LV� DVVRFLDWHG� ZLWK� SRWHQWLDO� PRQHWDU\� ORVVHV� E\�
LQVXIILFLHQW�SURYLVLRQLQJ�VHUYLFHV��7KH�\HDUO\�FRQWULEXWLRQ�RI�FURS�SROOLQDWLRQ�VHUYLFH��IRU�LQVWDQFH��
KDV�EHHQ�HVWLPDWHG�DW�¼����ELOOLRQ�JOREDOO\��3RWWV�HW�DO����������$Q�HVWLPDWHG�PRQHWDU\�YDOXH�RI�DOO�
(6� GHOLYHUHG� E\� ELRGLYHUVLW\� �H�J�� IORRG� SURWHFWLRQ�� FDUERQ� VHTXHVWUDWLRQ�� ZDV� UDWHG� DW� ���������
WULOOLRQ� SHU� \HDU� �2(&'�� ������� $OWKRXJK� WKH� LPSRUWDQFH� RI� SUHVHUYLQJ� ELRORJLFDO� GLYHUVLW\�
H[SHULHQFHV� LQFUHDVLQJ� DWWHQWLRQ� �%HFN�2¶%ULHQ� 	� %ULQJH]X�� ������� ELRGLYHUVLW\� LV� FXUUHQWO\�
GHFOLQLQJ�DW�XQULYDOHG� UDWHV� ��KLJKHU� WKDQ� WKH�DYHUDJH� UDWH�RYHU� WKH�SDVW����PLOOLRQ�\HDUV� �,3%(6��
������� 
/LIH�F\FOH�DVVHVVPHQW�LV�UHFRJQL]HG�DV�RQH�RI�WKH�PRVW�UREXVW�DQG�FRPSUHKHQVLYH�WRROV�IRU�HVWLPDWLQJ�
HQYLURQPHQWDO�LPSDFWV�DORQJ�HQWLUH�YDOXH�FKDLQV�DQG�KDV�EHHQ�XVHG�LQFUHDVLQJO\�IRU�DVVHVVLQJ�IRRG�
SURGXFWLRQ� DQG� SURFHVVLQJ� V\VWHPV� �&UHQQD� HW� DO��� �������$OWKRXJK� WKH� LQFOXVLRQ� RI� ELRGLYHUVLW\�
LPSDFWV�LQ�OLIH�F\FOH�LPSDFW�DVVHVVPHQWV��/&,$��LV�H[SORUHG�IRU�PRUH�WKDQ����\HDUV��:LQWHU�HW�DO���
������� D� EURDGO\� DFFHSWHG�PHWKRGRORJLFDO� DSSURDFK� LV� ODFNLQJ� �81(3�6(7$&�� ������� )URP� WKH�
VFLHQWLILF� /&$� FRPPXQLW\� SRLQW� RI� YLHZ�� ZHDNQHVVHV� FRQVLGHULQJ� WKH� LQFOXGHG� GULYHUV� DQG� WKH�
JHRJUDSKLFDO� FRYHUDJH�ZHUH� LGHQWLILHG� DPRQJ� RWKHUV� �&UHQQD� HW� DO��� �������:KLOH� DFDGHPLF� FDVH�
VWXGLHV�RI�FXUUHQW�ELRGLYHUVLW\� LPSDFW�DVVHVVPHQW�PHWKRGV�H[LVW�� D�ZLGH� DSSOLFDWLRQ�DPRQJ�/&$�
SUDFWLWLRQHUV�LV�VWLOO�PLVVLQJ��7KLV�LV�PRVWO\�GXH�WR�LQVXIILFLHQW�JXLGDQFH��GDWD�JDSV��XQVXLWDEOH�GDWD�
DQG� DJJUHJDWLRQ� OHYHOV�� OLPLWDWLRQV� LQ� JHRJUDSKLFDO� FRYHUDJH�� PHWKRGRORJLFDO� FRPSOH[LW\�� ORZ�
UREXVWQHVV��RU�UHOLDELOLW\��/LQGQHU�HW�DO����������7KH�SUHVHQWHG�SDSHU�SURYLGHV�DQ�DSSURDFK�WR�VROYH�
VRPH�LVVXHV�/&$�SUDFWLWLRQHUV�DUH� IDFLQJ�ZKHQ�DLPLQJ� WR�FDOFXODWH�ELRGLYHUVLW\� LPSDFWV� LQ�JOREDO�
IRRG�VXSSO\�FKDLQV��$�FDVH�VWXG\�DERXW�WKH�ELRGLYHUVLW\�LPSDFW�DVVHVVPHQW�RI�VR\�GHPRQVWUDWHV�WKDW�
WKH�SRWHQWLDO�ELRGLYHUVLW\�LPSDFW�FDQ�EH�FDOFXODWHG�ZLWK�ORZ�DQG�KLJK�GDWD�DYDLODELOLW\��� 
 
0HWKRG��7R�PDWFK�UHDO�ZRUOG�UHTXLUHPHQWV��D�FDVH�VWXG\�DERXW�WKH�SRWHQWLDO�ELRGLYHUVLW\�LPSDFW�RI� 
��NJ�RI�VR\�IURP�%UD]LO�LV�FDOFXODWHG��7KH�SURGXFW�V\VWHP�LQFOXGHV�RQO\�SURFHVVHV�RQ�WKH�ILHOG�DQG�
H[FOXGHV�DQ\�WUDQVSRUWDWLRQ�RU�SURFHVVLQJ�VWHSV��7KH�ELRGLYHUVLW\�LPSDFW�DVVHVVPHQW�PRGHO�SUHVHQWHG�
E\�/LQGQHU�HW�DO���������LV�XVHG�WR�FDOFXODWH�SRWHQWLDO�ELRGLYHUVLW\�LPSDFWV�LQ�YDULRXV�VFHQDULRV��VHH�
7DEOH� ����7KH�PRGHO� DOORZV� WR� FDOFXODWH� ELRGLYHUVLW\� LPSDFWV� E\� XVLQJ� HLWKHU� VSHFLILF� LQSXW� GDWD�
�SULPDU\�GDWD���FKDUDFWHUL]LQJ�PDQDJHPHQW�SDUDPHWHUV��VSHFLILF�DSSURDFK���RU�WR�HVWLPDWH�ODQG�XVH�
LQWHQVLW\�EDVHG�RQ�KHPHURE\��JHQHULF�DSSURDFK���,Q�FDVHV�ZKHUH�DW�OHDVW�VRPH�VSHFLILF�RU�TXDOLWDWLYH�
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GDWD�LV�SUHVHQW��D�PL[HG�DSSURDFK�LV�DOVR�SRVVLEOH��E\�HVWLPDWLQJ�WKH�KHPHURE\�RI�VLQJOH�PDQDJHPHQW�
SDUDPHWHUV��7KXV��GDWD�JDSV�FDQ�EH�ILOOHG�E\�UHDVRQDEOH�HVWLPDWHV�RU�DV�SUHVHQWHG�LQ�WKLV�VWXG\�E\�*,6�
EDVHG� GDWDVHWV�� 2QO\� JOREDOO\� DYDLODEOH� *,6�GDWDVHWV� DUH� FRQVLGHUHG�� ,Q� VFHQDULRV� 6����6���� LW� LV�
DVVXPHG� WKDW�QR�SULPDU\�GDWD� LV� DYDLODEOH�DQG� ODQG�XVH� LQWHQVLW\� LV� HVWLPDWHG�EDVHG�RQ�KHPHURE\�
OHYHOV�WKUHH�WR�VL[��ORZ�LQWHQVLW\�WR�KLJK�LQWHQVLW\���7KH�DUHD�RFFXSDWLRQ�LV�EDVHG�RQ�VWDWLVWLFDO�GDWD�
SURYLGHG�E\�2(&'�)$2���������,Q�VFHQDULR�6����±�6�����VSHFLILF�GDWD�REWDLQHG�IURP�WKUHH�IDUPV�LQ�
0DWR�*URVVR�GR�6XO�LV�XVHG��6FHQDULR�6����±�6����LQFOXGHV�PDLQO\�*,6�EDVHG�HVWLPDWHV�DV�LQSXW�GDWD��
3DUDPHWHUV�ZKLFK�FRXOG�QRW�EH�REWDLQHG�E\�*,6�GDWDVHWV�ZHUH�HVWLPDWHG�EDVHG�RQ�SUR[\��OLWHUDWXUH�
YDOXHV�DQG�DVVXPSWLRQV��7DEOH���SURYLGHV�LQIRUPDWLRQ�RQ�WKH�XQGHUO\LQJ�LQSXW�SDUDPHWHUV�DQG�*,6�
GDWDVHWV� 
 
6FHQDULR /HYHO�RI�GDWD�DYDLODELOLW\ $SSURDFK 
6����6��� /RZ�±�QR�SULPDU\�GDWD�DYDLODEOH� *HQHULF� ±� 0RGHOOHG� IRU� GLIIHUHQW� LQWHQVLW\�

OHYHOV�� $UHD� RFFXSDWLRQ� FDOFXODWHG� EDVHG� RQ�
)$2�VWDWLVWLFV��2(&'�)$2������� 

6����6��� +LJK� ±� VSHFLILF� GDWD� IRU� WKUHH� VLWHV� LQ� %UD]LO�
DYDLODEOH��6����EDVHG�RQ�DYHUDJH�RI�WKUHH�VLWHV 

6SHFLILF�±�$UHD�RFFXSDWLRQ�FDOFXODWHG�EDVHG�RQ�
VSHFLILF�GDWD 

6� /RZ� ±� QR� SULPDU\� GDWD� DYDLODEOH�� JOREDO� *,6�
GDWD�XVHG�WR�ILOO�GDWD�JDSV� 

0L[HG� ±� $UHD� RFFXSDWLRQ� EDVHG� RQ� )$2�
VWDWLVWLFV��LQSXW�SDUDPHWHUV�EDVHG�RQ�JOREDO�*,6�
GDWD�DQG�HVWLPDWHV 

7DEOH����2YHUYLHZ�RI�LPSDFW�DVVHVVPHQW�VFHQDULRV 

7KH�JOREDOL]DWLRQ� RI� ORFDO� ELRGLYHUVLW\� LPSDFWV� LQ�/LQGQHU� HW� DO�� ������� LV� DFKLHYHG�E\� HFRUHJLRQ�
IDFWRUV�� ZKLFK� DVVLJQ� HDFK� HFRUHJLRQ� D� YDOXH� EDVHG� RQ� IRXU� SDUDPHWHUV� �VKDUH� RI� JUDVVODQGV� DQG�
IRUHVWV�� VKDUH�RI� URDGOHVV�DUHDV��JOREDO�H[WLQFWLRQ�SUREDELOLW\�DQG� VKDUH�RI�SURWHFWHG�ZHWODQGV�� VHH�
/LQGQHU�HW�DO�� ���������$V�%UD]LO� LQFOXGHV�VHYHUDO�HFRUHJLRQV�� WKH�FRUUHFW�DVVLJQPHQW�RI�HFRUHJLRQ�
IDFWRUV�UHTXLUHV�WKH�NQRZOHGJH�RI�WKH�RULJLQDWLQJ�HFRUHJLRQ�RI�WKH�ODQG�XVLQJ�SURFHVV��LQ�WKLV�FDVH�
JURZLQJ� VR\EHDQV� �� DJULFXOWXUH���+RZHYHU�� LQ�PDQ\� FDVHV� DV�ZHOO� DV� LQ� JHQHULF� OLIH� F\FOH� LPSDFW�
DVVHVVPHQWV�WKH�FRUUHFW�HFRUHJLRQ�ZKHUH�WKH�ODQG�XVLQJ�SURFHVV�LV�WDNLQJ�SODFH�LV�QRW�NQRZQ��)RU�WKLV�
UHDVRQ��ZH�UHFDOFXODWHG�WKH�HFRUHJLRQ�IDFWRUV�DV�SUHVHQWHG�E\�/LQGQHU�HW�DO���������DQG�PDGH�WKHP�
DSSOLFDEOH�IRU�JHQHULF�DVVHVVPHQWV��ZKHUH�WKH�RULJLQDWLQJ�HFRUHJLRQ�LV�XQNQRZQ��:H�LQFRUSRUDWHG�WKH�
XSGDWHG�HFRUHJLRQV�DV�SUHVHQWHG�E\�'LQHUVWHLQ�HW�DO��������1�DQG�VFDOHG�WKH�HFRUHJLRQ�IDFWRUV�WR�ERWK�
HFRUHJLRQ�DQG�FRXQWU\�OHYHO��DUHD�ZHLJKWHG���)XUWKHUPRUH��D�VHFRQG�VHW�RI�FRXQWU\�OHYHO�HFRUHJLRQ�
IDFWRUV� ZDV� GHYHORSHG� XVLQJ� DQ� DSSURDFK� SUHVHQWHG� E\�0XPP�	� (EHUOH� ������� ZKLFK� LQFOXGHV�
VSDWLDOO\�H[SOLFLW�DQG�FURS�VSHFLILF��LQFOXGHG�LV�D�VHW�RI����FURS�W\SHV��SURGXFWLRQ�GDWD��7KH�ZHLJKWLQJ�
RI�FURS�VSHFLILF�FRXQWU\�OHYHO�HFRUHJLRQ�IDFWRUV�LV�EDVHG�RQ�WKH�VSDWLDO�GLVWULEXWLRQ�DQG�SURGXFWLRQ�
YROXPH�RI�FURS�VSHFLILF�JURZLQJ�DUHD�LQ�HDFK�FRXQWU\��7KLV�DSSURDFK�HQKDQFHV�WKH�DFFXUDF\�WR�WKH�
DUHD�ZHLJKWHG�FRXQWU\�OHYHO�HFRUHJLRQ�IDFWRUV��7R�FRPSDUH�DQG�WHVW�D�QHZ�JOREDOL]DWLRQ�IDFWRU�ZH�
GHYHORSHG�D�QRYHO�ELRGLYHUVLW\�YDOXDWLRQ�PHWULF��,W�LV�SDUWO\�EDVHG�RQ�WKH�FDOFXODWLRQ�VWUXFWXUH�RI�WKH�
HFRUHJLRQ�IDFWRU�SUHVHQWHG�E\�/LQGQHU�HW�DO���������DQG�HQKDQFHG�ZLWK�PRUH�UHFHQW�GDWDVHWV�DV�ZHOO�
DV� SDUDPHWHUV� ZKLFK� DUH� ±� WR� WKH� FXUUHQW� NQRZOHGJH� �� OLNHO\� WR� FRUUHODWH� ZLWK� ELRGLYHUVLW\�� 7KH�
ELRGLYHUVLW\� FRQGLWLRQ� LQGLFDWRU� �%&,�� LQFOXGHV� UHFHQW� JOREDO� HVWLPDWHV� RI� VKDUH� RI� IRUHVWV� DQG�
JUDVVODQGV��EDVHG�RQ�%XFKKRUQ�HW�DO����������VKDUH�RI�NH\�ELRGLYHUVLW\�DUHDV��%LUG/LIH�,QWHUQDWLRQDO�
�������GHJUHH�RI�VRLO�ELRGLYHUVLW\��Serna-Chavez et al., 2013)��VKDUH�RI�URDGOHVV�DUHDV��,ELVFK�HW�DO���
������DQG�JOREDO�H[WLQFWLRQ�SUREDELOLW\��.XLSHUV�HW�DO��������� 
 
 
 

 
1�7KH�HFRUHJLRQ�IDFWRUV�SUHVHQWHG�E\�/LQGQHU�HW�DO���������DUH�EDVHG�RQ�HFRUHJLRQV�SURYLGHG�E\�2OVRQ�HW�DO����������'LQHUVWHLQ�HW�DO���������SURYLGH�DQ�
XSGDWHG�VHW�RI�HFRUHJLRQV�ZKLFK�VOLJKWO\�GLIIHU�IURP�WKH�HFRUHJLRQV�SUHVHQWHG�E\�2OVRQ�HW�DO��������� 
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0DQDJHPHQW�
3DUDPHWHU� 

8QLW� ,QSXW� 'DWDVRXUFH� 

$�����1XPEHU�RI�ZHHG�
VSHFLHV�LQ�FXOWLYDWHG�
DUHD� 

>VSHFLHV�KD@ �� (VWLPDWHG�DYHUDJH�EDVHG�RQ�IDUP�VSHFLILF�LQSXW�GDWD 

$�����([LVWHQFH�RI�
UDUHU�VSHFLHV 

>��WLPH@ ��� $YHUDJH�EDVHG�RQ�IDUP�VSHFLILF�LQSXW�GDWD 

$�����(OHPHQWV�RI�
VWUXFWXUH�LQ�WKH�DUHD 

>��DUHD@ �� *,6�EDVHG� DVVHVVPHQW�� (VWLPDWHG� E\� YLVXDO� LQVSHFWLRQ� RI�
VDWHOOLWH�GDWD��%DVHG�RQ�WKH�DQDO\VLV�RI�D����NP��VL]H�DUHD�LQ�
WDUJHW�UHJLRQ� 

$�����)LHOG�VL]H >KD@ ������ *,6�EDVHG� DVVHVVPHQW�� (VWLPDWHG� E\� YLVXDO� LQVSHFWLRQ� RI�
VDWHOOLWH� GDWD�� %DVHG� RQ� WKH� DQDO\VLV� RI� ILHOG� VL]HV� RI� ���
DJULFXOWXUDO�ILHOGV�LQ�WDUJHW�UHJLRQ� 

$�����,QWHQVLW\�RI�VRLO�
PRYHPHQW 

>O�KD@ ���� *,6�EDVHG� DVVHVVPHQW�� %DVHG� RQ� JOREDO� WLOODJH� PDS�
�3RUZROOLN� HW� DO�� ������� FRQVHUYDWLRQ� DJULFXOWXUH�� ORZ� VRLO�
PRYHPHQW�LQWHQVLW\ 

$�����*URXQG�
XQFRYHUHG 

>��WLPH@ ���� (VWLPDWHG� EDVHG� RQ� FURSSLQJ� LQWHQVLW\� PDS� �=KDQJ� HW� DO��
������DQG�OLWHUDWXUH�YDOXHV��H�J��5DXFFL�HW�DO������� 

$�����&URS�URWDWLRQ >SRLQWV@ ��� (VWLPDWHG� EDVHG� RQ� FURSSLQJ� LQWHQVLW\� PDS� �=KDQJ� HW� DO��
������DQG�OLWHUDWXUH�YDOXHV��H�J��5DXFFL�HW�DO������� 

$�����,QWHQVLW\�RI�
IHUWLOL]LQJ 

>NJ�1�KD
D@ ���� *,6�EDVHG�DVVHVVPHQW��%DVHG�RQ�JOREDO�IHUWLOL]HU�PDS��/X�	�
7LDQ������ 

$�����3ODQW�SURWHFWLRQ >DSSOLFDWLRQV�D@ �� *,6�EDVHG� DVVHVVPHQW�� %DVHG� RQ� JOREDO� SHVWLFLGH� XVH� PDS�
�0DJJL�HW�DO������� 

7DEOH����,QSXW�SDUDPHWHUV�IRU�*,6�EDVHG�DVVHVVPHQW 

5HVXOWV��7DEOH���SUHVHQWV�WKH�XSGDWHG�HFRUHJLRQ�IDFWRU��WKH�FRXQWU\�DQG�FURS�VSHFLILF�HFRUHJLRQ�IDFWRU�
DQG�WKH�ELRGLYHUVLW\�FRQGLWLRQ�LQGH[�IRU�%UD]LO�DQG�WKH�&HUUDGR�HFRUHJLRQ��7KH�%&,�UDWHV�%UD]LO�DQG�
WKH� &HUUDGR� HFRUHJLRQ� KLJKHU� WKDQ� WKH� XSGDWHG� HFRUHJLRQ� IDFWRUV��7KH� FRXQWU\� DQG� FURS� VSHFLILF�
HFRUHJLRQ�IDFWRU�IRU�VR\�LQ�%UD]LO�OLHV�LQ�EHWZHHQ�WKHVH�WZR� 
 
(FRUHJLRQ�&RXQWU\� 8SGDWHG�HFRUHJLRQ�

IDFWRU� 
&RXQWU\�DQG�FURS�VSHFLILF�
HFRUHJLRQ�IDFWRU��6R\� 

%LRGLYHUVLW\�FRQGLWLRQ�LQGH[�
�%&,� 

&HUUDGR ���������� � ���������� 
%UD]LO ���������� ���������� ��������� 
7DEOH����(FRUHJLRQ�IDFWRU��FURS�VSHFLILF�HFRUHJLRQ�IDFWRU�IRU�VR\�DQG�ELRGLYHUVLW\�FRQGLWLRQ�LQGH[�RQ�FRXQWU\�DQG�HFRUHJLRQ�OHYHO 

$Q�H[FHUSW�RI�WKH�UHVXOWV�RI�WKH�ELRGLYHUVLW\�LPSDFW�DVVHVVPHQW�FDVH�VWXG\�LV�SUHVHQWHG�LQ�7DEOH����
'HWDLOHG� UHVXOWV� DUH�SURYLGHG� LQ� WKH� VXSSOHPHQWDU\��7KH�PHWKRGRORJ\�SUHVHQWHG�E\�/LQGQHU� HW� DO��
�������ZDV� DSSOLHG� XVLQJ� WKH� XSGDWHG� HFRUHJLRQ� IDFWRUV�� WKH� FURS� DQG� FRXQWU\�VSHFLILF� HFRUHJLRQ�
IDFWRUV�DQG�WKH�%&,�IRU�%UD]LO��,QSXW�SDUDPHWHUV�ZHUH�EDVHG�RQ�WKH�JHQHULF�KHPHURE\�DVVHVVPHQW��WKH�
VSHFLILF�LQSXW�SDUDPHWHUV�SURYLGHG�E\�WKUHH�IDUPV�LQ�%UD]LO��SULPDU\�LQSXW�GDWD��DQG�WKH�*,6�EDVHG�
LQSXW�SDUDPHWHUV��VHH�7DEOH���� 
 
 

 'HVFULSWLRQ *OREDO�ZHLJKWLQJ %LRGLYHUVLW\� ,PSDFW�
>%9,
P�
D@ 

6��� *HQHULF�DVVHVVPHQW�EDVHG�RQ�KHPHURE\��
ORZ�WR�PHGLXP� LQWHQVLW\� DJULFXOWXUH��
KHPHURE\�OHYHO��� 

8SGDWHG�()��FRXQWU\�DUHD�ZHLJKWHG��� ���������� 
8SGDWHG�()��FRXQWU\�FURS�ZHLJKWHG�� ��������� 
%&,��FRXQWU\�DUHD�ZHLJKWHG�� ���������� 
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In this work, a study is carried out applying the methodology that combines the Life Cycle Analysis 
ZLWK�+D]DUG�$QDO\VLV�DQG�&ULWLFDO�&RQWURO�3RLQWV�SURSRVHG�E\�0HQHVHV��������WR�WKH�8(%�³3LVFUD´�
that markets Tench HG for export. In this way, the determination of the risks that the production and 
consumption of food represents to human health and the ecosystem is achieved, based on the 
international standards ISO 14040, ISO 14044 and NC 136, Once a diagnosis is carried out 
Environmental of the entity, the Life cycle inventory was created.  
The functional unit, which is the base to which the calculations refer, is the annual production 
calculated as an average of the years 2018, 2019 and 2020, the value corresponds to 52.2 t of tench 
HG per year for export, represented 60% of the UEB's productions. 
The work methodology is based on combining the HACCP and ACV methodologies; therefore the 
critical control points and the inventory table are determined considering all the inputs and outputs 
to the system. 
Table 1 shows the identified control points and Table 2 shows the life cycle inventory. 

Table 1 Determination of critical control points 

Ingredient / Stage Danger P1 P2 P3 P4 CCP 
Extraction and Capture F: Presence of algae, grass, other branches and dirt. SI NO No  NO 

M: Parasites or other pathogenic germs. SI NO No  NO 

Reception and weighing F: Presence of algae, grass, other branches and dirt SI SI   SI 
M: Parasites or other pathogenic germs. SI NO No  NO 

Headless - gutted - washed M: contamination with m. or pathogen or biotoxin SI SI   SI 
 

Table 2 Inventory for the product system of the tench production process 
INPUT Quantity  Unit 

Whole Tench 113.3526 t 
Diesel 15057.44 L 
Electricity  114824.67 Kwh 
Lubricants  178 t 
Water  4800 m3 
polystyrene boxes 1500 kg 
Cloro 350 L 
OUPUT    
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Tench HG export 52.142202 t 
Solid waste (animal 
feed) 

26.071101 t 

fish by-products 35.13931 t 
BOD 3600 mg 
COD 13200 mg 
Fats and oils 960 mg 
Settleable solids 2400 mg 
Total phosphorus 2400 mg 

 
To calculate the impact associated with the categories related to the lack of food safety, the 
environmental mechanism for these categories is considered. The impacts of each contaminating 
substance whose presence in the food constitutes a danger and a risk to human health were obtained 
from the information of the critical control points. In this way, the potential lack of safety is defined 
for the midpoint impact categories: lack of food safety due to physical, chemical and 
microbiological hazards. The calculation of the potentials is individual according to the 
characterization factors reported by Meneses (2017) 
 
The environmental profile is obtained through the Recipe midpoint methodology, including food 
safety, related to physical, chemical and microbiological hazards and it is observed in figure 1. As a 
result of the evaluation, it was observed that the greatest contribution to the impact categories is 
given by electricity consumption, in all categories except for the water consumption category and 
that the lack of food safety is dominated by microbiological risk.  
 

 
 

Figure 1. Enviromental profile  
 
The life cycle analysis (LCA) methodology, including the categories of impact due to lack of food 
safety, makes it possible to carry out a more in-depth analysis of the impact of food, aspects that are 
excluded from the analysis when the traditional methodology is used. 
Based on the results of this work, the Haacp plan is proposed to control microbiological danger and 
the management plan to contribute to the saving of energy carriers and water. 
 
Citations and References 
Meneses, Y. (2017).  Análisis del ciclo de vida de los alimentos incluyendo las categorías falta de 
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Extended abstract 

 
The present study aimed to assess the environmental impacts in the production of rainbow trout in a 
medium-sized plant that produces ca. 1700 metric tons per year in Galicia (NW Spain) using Life 
Cycle Assessment (LCA) methodology. The novelty of the study is based on two perspectives. On 
the one hand, WR� WKH� EHVW� RI� WKH� DXWKRUV¶� NQowledge, this study is the first to analyze freshwater 
aquaculture systems in Galicia. On the other hand, it provides an analysis which aims at including 
the most recent methodological advances in aquaculture LCA, by computing, for instance, the 
environmental impacts linked to the use of antibiotics (including microbial resistance).  

 
The study was carried out according to ISO 14040 and 14044 (ISO, 2006a, 2006b). The functional 
unit (FU) was 1 t of round fresh rainbow trout produced at the farm gate. The system boundary 
included activities from the hatching stage to the farm gate. Data used to model rainbow trout 
production were obtained directly from the company (reference year: 2017). The processes included 
aquafeed production, transport of chemicals and aquafeed, hatchery, fattening, fishing and 
slaughtering. Furthermore, these stages included the linked upstream processes, such as raw 
material production of aquafeed, antibiotics, chemotherapeutics, electricity and fuel, as well as the 
downstream processes linked to emissions to soil, water or air, as well as waste management. 

 
The production input data for materials and energy were retrieved from the Ecoinvent v3.6 database. 
When inputs were not available in the aforementioned database, these were obtained from 
Agribalyse v3.0.1 and Agri-footprint v5.0 databases. However, given the lack of data on antibiotic 
production in LCA databases, the antibiotics used at the plant were modelled following the 
methodological scheme suggested by Stone et al. (2011).  

 
Regarding the computation of Life Cycle Impact Assessment results, global warming potential 
(GWP) was estimated with the IPCC 2013 method (IPCC, 2013), whereas terrestrial acidification 
(TAP) and freshwater eutrophication (FEP) were computed using ReCiPe 2016 Midpoint (H) v1.1  
(Huijbregts et al., 2017). The AWARE method was used to estimate water scarcity (WS). 
Freshwater ecotoxicity (Tox) was calculated using USEtox version 2.02 (Rosenbaum et al., 2008). 
Finally, the current study addressed the antibiotic use-related environmental impact assessment, 
through the recent proposed antibiotic resistance (ABR) enrichment characterization factors (CFs) 
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(PAF m3 day kg-1) (Nyberg et al., 2021).  
 

In order to identify the key inputs in the environmental performance, as well as potential 
improvement opportunities, a sensitivity analysis was carried out. Firstly, the effect of feed 
conversion rate (FCR) changes (±10%) in environmental impacts was assessed. Secondly,  
sensitivity related to energy consumption was evaluated under two approaches. On the one hand, 
evaluating scenarios of better and worse energy efficiency than the baseline scenario (±20% of 
standard grid electricity consumption). On the other, the shift from grid electricity to alternative 
wind power was analyzed. 
 
Table 1. Environmental impacts of 1 metric ton of fresh rainbow trout, and 1 metric ton of aquafeed 

produced in Galicia-Spain 
 

Product GWP  
(kg CO2 eq) 

TAP  
(kg SO2 eq) 

FEP  
(kg P eq) 

WS  
(m3) 

Tox  
(PAF m3) 

Rainbow trout 1778.7 17.4 6.9 7081.3 14,330,101 
Aquafeed 1271.6 14.2 0.2 6297.9 6,317,416 

 
Table 1 shows the environmental profile of the production of 1 metric ton of fresh rainbow trout. 
From these results, the aquafeed stood out as the main contributor to most impact categories (i.e., 
GWP, TAP, WS and Tox), due upstream agricultural and fishing processes, whereas farm operation 
was responsible for the larger part of the impact in FEP, mainly due direct emissions of nutrients 
from fish feeding. Electricity is the second major contributor to GWP, TAP, and WS. Meanwhile, 
ABR enrichment impact added up to 12088 PAF m3 day per metric ton of fresh rainbow trout, 
which was dominated by amoxicillin (84%). When the assessment is focused on aquafeed 
production, three feed ingredients dominated all environmental impact categories: krill oil, wheat 
and sunflower oil. Thus, krill oil was the main contributor to GWP, TAP, and Tox, whereas wheat 
and sunflower oil were the carrying ingredients in FEP and WS, respectively.  

 
When comparing the results with the scientific literature, results for GWP, acidification potential 
and eutrophication Potential (based on CML Baseline method) of Galician rainbow trout were 
within the average ranges reported by previous studies (Avadí and Fréon, 2015; Chen et al., 2015; 
Dekamin et al., 2015; Maiolo et al., 2021; Samuel-Fitwi et al., 2013; Silvenius et al., 2017). 
Regardless of uncertainties linked to the use differing databases and assessment methods, which 
must be taken into consideration in further research, the main reasons for differences across the 
freshwater aquaculture LCA studies are linked to the diverse production systems used and their 
different FCR to produce the same FU, as also highlighted by the recent scientific review by Philis 
et al. (2019). Furthermore, the sensitivity analysis showed that FCR is a key parameter to improve 
the environmental performance of fresh rainbow trout production. Therefore, a variation of 10% in 
FCR triggered proportional variations in the assessed impact categories. Similarly, variations in 
electricity consumption (20%) produced slight variations in all impact categories. Meanwhile the 
substitution of grid electricity to wind power reduced impacts up to 20% in most impact categories. 

 
In conclusion, results revealed that aquafeed production is the main driver of most environmental 
impacts of fresh rainbow trout, with the exception of freshwater eutrophication, which was 
dominated by farm operation. Moreover, there are opportunities to improve the environmental 
performance of this production system by improving FCR and shifting from grid electricity to wind 
power. Despite the relatively lower contribution of antibiotic production to all impact categories, 
new alternatives to antibiotic use could be investigated, in order to reduce the ABR enrichment 
impact linked with antibiotics release to freshwater bodies.  
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Rationale and objective 
Nuts are an important source of macro- and micronutrients. The EAT-Lancet Commission has 
recommended an intake of 25 g each of peanuts and tree nuts per capita and day for a Diet for 
Planetary Health (Willett et al., 2019). This would require a substantial increase in global 
production (Vanham et al., 2020). However, it can entail trade-offs. For example, the water 
footprints of groundnuts and other nuts as an aggregated food group are greater than other plant-
based foods such as fruits and vegetables or legumes (Poore & Nemecek, 2018), although the water 
footprints of individual nut varieties vary greatly (Vanham et al., 2020). Despite nuts¶ importance 
for sustainable diets and the variability of nutritional attributes and impacts, nuts are usually studied 
as a single food group and just for a single dimension of sustainability. Especially social impacts are 
rarely assessed. Multi-criteria decision analysis can complement life cycle assessment and is 
particularly useful in contexts where performance must be evaluated across sustainability 
dimensions (Zanghelini et al., 2018). Using it to identify more sustainable nut types to meet the 
dietary recommendations can contribute to a sustainable diet transition. 
 
Approach and methodology 
Based on a multi-criteria decision analysis, we ranked ten nuts and seeds at a global level against 
environmental, nutritional, and social criteria (Cap et al., 2022). The nuts and seeds included 
almonds, Brazil nuts, cashews, chestnuts, groundnuts (peanuts), hazelnuts, pistachios, sesame seeds, 
sunflower seeds, and walnuts. The functional unit was 50 g raw (unroasted) shelled-equivalent 
product at the farm gate. Three environmental criteria included carbon, land stress, and water 
scarcity footprints; two nutritional criteria included a Nutrient-Rich Foods (NRF) index (Fulgoni III 
et al., 2009) and a dietary-dependent Nutritional Quality Index (NQI) (Sonesson et al., 2019), 
considering 35 and 16 nutrients; and six social criteria included child labor, forced labor, working 
poverty, labor rights, gender gap, and work safety, with data collected mostly from the International 
Labour Organization Department of Statistics (2020). Country-level indicators (all except for the 
NRF) were aggregated to global production-weighted averages (population-weighted, in the case of 
the NQI). After normalization, weights among criteria were defined statistically based on the 
standard deviation within indicators and correlation coefficient between indicators following the 
CRiteria Importance Through Inter-criteria Correlation (CRITIC) technique (Diakoulaki et al., 
1995). Values were aggregated into a single score with the weighted geometric product as a partially 
non-compensatory method. Several sensitivity analyses tested various sources of uncertainty 
through the use of country-level input data, changes to criteria weights (including equal weights, 
alternative statistical weights, and multiple hypothetical stakeholder preferences), and the use of a 
fully compensatory aggregation method (linear weighted sum). 
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Main results and discussion 
Walnuts and sunflower seeds performed consistently well across sustainability criteria. They ranked 
in the top two positions in the baseline assessment and most sensitivity analyses. In contrast, 
cashews performed relatively poorly and ranked last. Peanuts, as the currently most commonly 
consumed nuts, ranked in intermediate positions, being fourth in the baseline assessment and partly 
lower in the sensitivity analyses. Peanuts¶ performance was worse across social than environmental 
criteria. Dietary shifts towards more sustainable nuts, with supply matching the demand, could 
improve the overall environmental, nutritional, and social impacts of nut production and 
consumption by an average of 23% relative to current global weighted impacts. Only forced labor 
would slightly increase. Economic indicators, such as affordability and farmers¶ income, merit 
further exploration in an extension of the framework. 
 
Conclusion 
There is potential to improve the sustainability of nuts and seeds. Although consuming more 
walnuts and sunflower seeds and fewer cashews may lead to such improved sustainability outcomes, 
more research is needed to better understand the complex socio-economic factors influencing nut 
and seed sustainability. The developed multi-criteria decision analysis framework (Cap et al., 2022) 
and especially the social risk assessment method thereof can also inform future sustainability 
assessments for other food groups. 
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Introduction  
 
Shea butter has traditionally been an important crop to the women of the sub-Sahara West Africa. 
Shea is popularly known as The Women’s Crop because they are collected predominantly by 
women. In recent years shea has become an important raw ingredient in the cosmetic and 
confectionaries industry. Since the shea fruit is collected form the wild with very low to no input to 
the system they have been championed as an oil crop with low environmental impact to replace 
other more impactful oil crops. Not only is shea thought to have a low environmental impact but 
due to the strong correlation to women of the crop has been highlighted for its potential to offer a 
pathway to women empowerment in the shea region.  
This study aims to address these environmental claims by providing a cradle-to-gate LCA of 
commercially produced shea stearin by Fuji Oil Ghana. Additionally, the social impacts of the value 
chain will also be assessed by providing a social LCA of the shea value chain in Ghana.  
 
Methodology  
 
This LCA was performed according to the standard methodology described in ISO 14040 series by 
the International Organization of Standardization. The LCA model was created in SimaPro version 
9.3. The functional unit was 1 kg shea stearin. The scope of the LCA is cradle-to-gate, the 
boundaries are described in fig 1.  ReCiPe was used as the impact assessment method.  
 

 
Figure 1. Shea value chain  

Economic allocation is applied based on recommendation of the product environmental footprint 
guidelines (PEF) for the two coproducts of the system. The LCA includes the impact categories 
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global warming potential, particulate matter, land use change, eutrophication, acidification and 
water consumption.  
The social LCA follows the methodology of the Product Social Impact Assessment (PSIA) 
handbook. Stakeholders and impact categories reported were based on a hotspot analysis conducted 
in accordance with the PSIA methodology. Data was collected from the field view interviews and 
surveys with a wide group of stakeholders.  
 
Results and discussion 
 
Throughout the value chain the most impactful stage of the stearin production  for many of the 
impact categories was the crushing and fractalization. While for land use change category the 
roasting of the shea at the villages caused the largest impact due to firewood use.  
The social impact assessment revealed that current projects in place with in the shea supply chain 
are having desired effected don women empowerment and trading relationships with in the small 
scall entrepreneurs stakeholder group. Due to systemic issues in the region regarding health and 
safety and basic needs these categories showed there is room for improvement. Within the workers 
stakeholder group issue around health and safety and remuneration were highlighted and need 
further investigation.  
 
Conclusion  
 
In conclusion the main drivers of environmental impact of shea are related to firewood use and 
processing of the kernel at the facility. Biogenic carbon presents an interesting conundrum in this 
system with the majority of CO2 emissions coming from burning firewood. Therefore, the majority 
of the impact in the GWP categories welcome from the energy required for shea butter processing. 
The impact of firewood use can be seen in the land use change category.  
The SLCA revealed the positive impact of the current social projects Fuji Oil has created or is 
participating in. It also highlighted areas that need to further address in the value chain and potential 
areas of improvement.  With the two combined studies a full picture of the current sustainably status 
of this value chain was able to be established.  
 
 
 
Product Social Impact Assessment Handbook: 
Goedkoop, M.J.; de Beer, I.M; Harmens, R.; Saling, P.; Morris, D.; Florea, A.; Hettinger, A.L.; 
Indrane, D.; Visser, D.; Morao, A.; Musoke-Flores, E.; Alvarado Ascencio, C.; Rawat, I.; Schenker, 
U.; Head, M.; Collotta, M.; Andro, T.; Viot, J.F.;. 2020. The Social Value Initiative. 
https://www.social-value-initiative.org/handbook/ 
 
Insight in the environmental footprint of Stearin production: 
Schumacher, L., Williams, E. 2022. Study commissioned by Fuji Europe Africa.  
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The Science Based Targets initiative (SBTi) is a powerful influence for companies across all 
industries and countries for setting and committing to carbon reduction targets aligned to the 
climate science. The initiative provides guidance, methodologies, and practical support such as 
calculators, amongst others that are relevant for companies in this commitment process. To date, 
there are more than 2,000 companies committed and more than 1,000 with targets set.     
 
With the focus largely being on reducing dependence on fossil fuels for energy, often underplayed 
is that globally, agriculture, forestry, and other land uses (AFOLU) is responsible for about 25% of 
global emissions, with approximately half from agriculture (Roe, et al., 2019). Within this segment, 
Chile is the 4th wine exporter country in the world and the 1st in the “new world” (ODEPA, 2017). 
This industry has been working firmly over the past 11 years in addressing sustainability, mainly 
led by the Wine trade Association “Wines of Chile” through their Sustainability Code of the 
Chilean Wine Industry.  With the motivation to continue working in sustainability and the 
understanding of the global climate emergency, Wines of Chile recognized the need to address this 
in a science-based manner and as an industry.  
 
Viña Concha y Toro was the first winery in Latin America and the first company in Chile to commit 
to Science Based Targets initiative. With the support of Edge Environment (EDGE), they developed 
quantifiable plans to reach these carbon reduction targets. Viña Concha y Toro and EDGE, with the 
intention of scaling the work and creating higher impact, proposed to “Wines of Chile” to develop a 
national project with the whole industry to motivate and guide each one of the companies in the 
target reduction setting and action planning development, which was well received and begun in 
2020.  
 
The objective of this project was to create a simple tool for the Chilean wine industry to set carbon 
reduction targets based on science and to evaluate in a flexible and adaptable manner, the reduction 
potential of specific initiatives and their costs to develop action plans for each company. 
It was defined to have an open project that allow all wineries in Chile to join at any time. Currently, 
there are 16 companies participating which represent more than 60% of Chilean wine exports. 
These companies are: Viña Concha y Toro, Viña Montes, Viña Aresti, Viña Los Vascos, Viña 
Antinori, VSPT Wine Group, Viña Casa Silva, Viña Emiliana, Viña Requingua, Viña Cono Sur, 
Viña Santa Rita, Viña Polkura, Viña Luis Felipe Edwards, Viña La Rosa, Viña Almaviva and 
Indomita Wine Company Chile (IWCC). 
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The first stage of the project was alignment and harmonization of carbon footprinting. Companies 
were categorized according to their carbon footprinting past calculations; 50% not measured, 13% 
only scope 1 and 2, 6% measured more than 2 years ago, 19% scope 1, 2 and 3 not verified and 
13% scope 1, 2 and 3, by a third party, aligned with GHG Protocol, audited, or validated. This way 
different paths were defined for each one. For those wineries that the footprint was incomplete, not 
updated or not verified, carbon footprint was measured following GHG Protocol Corporate 
Accounting and Reporting Standard guidelines. The calculation considered scope 1 (stationary and 
mobile fuel combustion, fugitive emissions, soil emissions (from management and use of 
fertilizers), direct emissions from waste treatment on site), scope 2 (purchase of electricity) and 
scope 3 (purchased good and services, capital goods, upstream and downstream transportation, 
waste generated in operations, business travel, end of life treatment of sold products).  
An MS Excel data collection tool was developed specific for this industry; training was provided 
individually to use them and understand the relevant impact scopes and categories, and then the 
footprints were calculated in a harmonized and comparable way.  
 
The second stage of the project had as an objective to develop individual plans from a shared basis. 
A workshop with companies was held to identify initiatives to reduce their footprints where the 
result was a list of 16 different actions, with the following having more traction; solar panels, 
purchase of renewable energy through PPAs, lighter glass bottles, change of refrigerants, change of 
packaging, electromobility and change of fertilizers. A calculator adapted to each company was 
developed, which allows wineries to compare their Business-as-Usual scenario with Science Based 
Targets trajectories and to create their own modifiable path incorporating the previously identified 
actions; since these be activated or disactivated, changing the year in which the action could be 
implemented, and modifying reduction potential. The tool developed also includes marginal 
abatement cost curves (MACC) which aim to generate an implementation pathway to companies, 
also modifiable in cost according to the reality of each winery. This would show companies the 
most cost-effective way to reach targets over time. 
 
The final stage of the Project considers the commitment and target setting with the Science Based 
Targets Initiative. Now, 25% of the companies are in process of committing, 31% are committed 
and 19% of them have targets. In addition to this, some companies are already motivating their 
suppliers to commit as well, extending the impact of the initiative. 
 
This case study represents a real example where companies of a same industry can work together, 
creating synergies and sharing knowledge that accelerates the transition to decarbonization in a 
specific industry. It also creates scale economies in individual costs of consultancy for calculations 
and plan development and generates comparative and competitive advantage for a national industry 
through positioning and recognition (from SBTi). 
The next challenge is how to replicate and scale this case study in other industries and countries, so 
companies can work together and achieve relevant impact reductions that make a difference. 
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The water footprint (WF) is a tool based on life cycle assessment (LCA) with the purpose to inform 
decision-makers, governmental or non-governmental organizations of their potential environmental 
impacts related to water use. The WF gives insights on how these impacts can be reduced (e.g. for 
the purpose of strategic planning, priority setting, product or process design, decisions about 
investment of resources) and is also a communication tool from business-to-business and business-
to-consumer.  
Agricultural and forestry activities are potentially water-intensive users and polluters (Haddeland et 
al. 2012, Page et al. 2011). The water scarcity footprint assesses the spatially differentiated impacts 
of water flows such as (evapo-)transpiration (ET) -green water ET (from rain) and blue water ET 
(from aquifer, freshwater lakes and aquifers)-, surface runoff, and aquifer recharge) is particularly 
relevant for forest products.  
This study is devoted to improving the green water scarcity footprint (WSF) tool when applied to 
forests, in order to contribute to make this tool more robust for supporting decision making 
processes related with water management issues. The case study of eucalypt forest in Portugal was 
selected for calculating the WSF because of the relevance of this species in Portugal and the 
controversy existing in the Portuguese society about the role of eucalypt in water consumption. The 
eucalypt occupation area has been increasing since the late 1970s and currently represents the 
largest forest area in Portugal (26%) (ICNF 2015). Eucalypt is an exotic fast-growing tree that is 
often pointed out by society due to its high-water consumption and impact on water availability for 
maintaining ecosystem functions. However, the scientific evidence for this simplistic point of view 
is scarce and contradictory, as this is in fact a complex issue that depends on many factors related 
with climate, geology, soil as well as forest stand characteristics. 
The study area is the Ermida river basin, located in north-central Portugal, which is predominantly 
covered by rainfed eucalypt plantations. The climate of the study area can be classified as humid 
mesothermal, with moderate but prolonged warm dry summers. According to the climate normals 
(1971-2000) the annual average temperature was of 10ºC and mean rainfall ranging from 34 mm 
(July) to 252 PP��'HFHPEHU��IURP�WKH�QHDUHVW�FOLPDWH�VWDWLRQ�������¶1������¶:�DW������P�DERYH�
sea level) (IPMA 2021).  
Soil and Water Assessment Tool (SWAT) was applied to the Ermida river basin for simulating 
hydrological parameters. SWAT is a conceptual, time-continuous and semi-distributed hydrologic 
model developed to predict changes in landscape management practices on water, and chemical 
yields, while it also explicitly accounts for climate change (Neitsch et al. 2011). SWAT outputs are 
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spatially and temporally differentiated and include water flows such as ET. 
The typical WF structure proposed by the ISO 14046 standard was applied to calculate the WSF of 
Ermida river basin. A gate-to-gate approach was applied, i.e. only the green water used by the stand 
was consider, and the functional unit was defined as m3.ha-1.yr-1.   
The inventory analysis consists in the compilation of water flows spatially and temporally 
differentiated using geographic information system (GIS). In this sense, ET comes from SWAT 
simulations over 10 years of eucalypt forest management (one rotation). The consumption of green 
water in land use, per se, does not necessarily lead to a reduction in surface water contributing to 
water scarcity. Indeed, the potential impacts on water availability depend clearly on local land-use 
and land cover changes, and on the natural vegetation that is replaced. Therefore, effective ET was 
calculated based on the ET modelled by SWAT minus the ET of natural vegetation that would 
replace eucalypt forest in absence of anthropogenic interventions. However, the characterization of 
natural vegetation and the calculation of green ET from natural vegetation is still a handicap and a 
limitation at the inventory level, that hampers a wider application of the WSF of agriculture/forest 
systems. In this study, the effective green ET was obtained by the ET of actual vegetation minus the 
green ET of a past time period (climate normal). 
In the impact assessment, the WSF was assessed by multiplying the characterisation factors 
developed by Quinteiro et al. (2019) (ranging from 0.01 to 1) at 9x9 km spatial resolution by the 
inventory data (effective green ET). The WSF results were presented in spatially differentiated 
maps of easy interpretation for all the stakeholders, highlighting the sub-catchments where 
measures to overcome the inefficient water use and its shortage should be developed and adopted.  
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With a growing attention to sustainable food systems, retailers and consumers start asking questions 
about the sustainability of frozen supply chains. Frozen products require more electricity for storage 
than its chilled or jarred/canned alternatives. At the same time, frozen products have a lower food 
waste due to the low-perishable nature of frozen food. In this study we analyze these trade-offs and 
determine if there are significant differences between frozen and non-frozen food products in terms 
of environmental impact.  
 
This is done by comparing 22 frozen food products with their alternatives (equivalent products 
using other preservation methods). These alternatives can be chilled or ambient (e.g. jars and cans). 
The food products are from different food categories: fish, plant-based protein and vegetables. The 
study is done together with a large frozen food manufacturer that provided us with primary data on 
the frozen supply chains. To select the alternative product to compare the frozen to, a streamlined 
and transparent approach was followed. To ensure that differences in environmental impact between 
the frozen food product and its alternative stem solely from the preservation method and not from 
other factors, the ingredient composition, processing efficiencies, ingredient distribution route, and 
location of consumption remains constant. More specifically, the most notable differences between 
the frozen products and their alternatives will be inherent differences in the product processing, 
temperature of transport vehicles, the storage processes and food loss and waste. This is done to 
take a conservative approach to the differences between frozen and alternative products, meaning 
that it removes potential benefits of frozen products resulting from for example centralized large 
scale processing and the ability for ingredients to be available year-round. Any differences will be 
solely due to the frozen/non-frozen supply chain 
 
The products are compared based on the functional unit of three portions (since an average OECD 
household consists of 2.6 people (OECD, 2009)). The portion size given by the frozen food 
company is assumed to also apply for the non-frozen food product. This study mainly focuses on 
global warming potential (kg CO2 eq) but other impact categories are analyzed to ensure there are 
no significant other trade-offs. The impact assessment used to analyze these impact categories is the 
EF method 3.0, from the most recent version of the Product Environmental Footprint (PEF) method 
(Zampori and Pant, 2019). This impact assessment method is assembled by the European 
Commission as a result of a consensus process based on the state-of-the art science per impact 
category. Due to their subjective and uncertain nature, no normalization, grouping or cross-category 
weighting has been applied. The study is executed confirm ISO 14040/44: 2006 (ISO, 2006a, 
2006b) and externally reviewed by a review panel. 
 
The results and corresponding interpretation steps provide insight in factors that influence the 
results of the comparison between the frozen and non-frozen food product. In general, we conclude 
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that there are four main factors that determine whether the carbon footprint of a frozen product is 
higher or lower than that of an alternative, when the carbon footprint of the production phase are 
assumed to be identical. These factors are not necessarily main contributors to the total impact, but 
they are the main source of difference between the frozen and non-frozen products. The four factors 
identified are:  

x The electricity mix used by retail and consumer. An energy mix with a lower carbon 
footprint per kWh is beneficial for frozen products. The products included in this study use 
the average country electricity mix in the country of consumption. Over time, these mixes 
are expected to move in the direction of lower carbon footprint, thereby moving in favor of 
the frozen product.  

x The number of days the consumer stores the frozen product in their freezer. A shorter freezer 
storage time is beneficial for frozen products. It is unclear if the 30 days of frozen storage 
assumed in this study is an accurate representation of reality. However, as the carbon 
footprint of electricity mixes becomes lower, the sensitivity to the frozen storage days 
becomes less significant. 

x The amount of food loss and waste at retail and consumer. If the food loss and waste of the 
alternative product is higher than that of the frozen product, whether this is due to high 
perishability, low turnover or something else, the carbon footprint of the frozen product is 
more likely to be favorable. 

x The inherent carbon footprint of the product itself. If the production of the product (i.e. the 
ingredients cultivation and processing) has a higher carbon footprint, the greenhouse gas 
emissions associated with food loss and waste of that product will also be higher than that of 
products with a lower carbon footprint for its production. This is mainly due to extra 
production needed to compensate for the food loss and waste. Therefore, a change in the 
food loss and waste percentage of products with a relatively high production carbon 
footprint will have a larger absolute effect than the same change for a product with a 
relatively low production carbon footprint. So for the products with a relatively high 
production carbon footprint, smaller differences in the food loss and waste between a frozen 
and non-frozen product can make a significant difference. 

 
Keeping these factors in mind, the results of this study show that when it comes to carbon footprint, 
there is no general advantage or disadvantage to using frozen food products compared to products 
using alternative preservation methods. However, it does support the hypothesis that when food loss 
and waste rates in the retail and consumer stages are lower for a frozen product compared to a non-
frozen alternative, this may compensate for the additional energy use caused by a frozen supply 
chain when looking at carbon footprint. 
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Background 
Front-of-pack LCA-labelling for food products is essential to aid the transition to a more sustainable 
food system through 1) providing reliable information on which consumers can make informed 
sustainable purchasing decisions and 2) incentivizing food producers to reduce the impacts of their 
products. It is the responsibility of specialists in the food sector, alongside LCA practitioners and 
sustainability experts to ensure that these labels are sufficiently reliable and robust to be an effective 
tool for systemic change. Quantifying product environmental footprints with LCA is highly 
complex, and dependent on an array of factors and intricacies, making conducting an ISO- (ISO, 
2006b, 2006a, 2013) or PEF-compliant (Zampori & Pant, 2019) LCA a large time and cost 
investment. If the product is within scope of a PEFCR, the results enable consumers to compare a 
product against a benchmark with the assurance of robustness. However, until PEFCRs are 
developed to cover more of the food sector, and the process is accessible for widespread application 
(i.e. through a tool), alternative labelling systems are being adopted.  A simplified LCA-label is a 
great solution to enable consumers to make informed purchasing decisions. However, as the 
overarching goal is to direct consumers towards truly more sustainable products, and reduce the 
environmental impact of the food system, we must be sure that the labels which direct these 
decisions are concrete and robust.  
 
A number of labels are emerging as a solution which puts pressure on food producers to participate 
and add an LCA-based label to their products. Two of these emergent labels are Eco-Score by 
ADEME (ADEME, 2021) and Eco-Impact by Foundation Earth (Foundation Earth, 2021). This 
research aims to critically assess the potential of Eco-Score or Eco-Impact being the appropriate 
LCA-labeling solutions for the food sector. Based on this assessment, key characteristics for an 
effective LCA-labelling system for food products are proposed which could be applied to future 
labels coming to market.  
 
Method  
This research critically assessed the Eco-Score and Eco-Impact methodologies, requiring a different 
approach for both. The Eco-Score of a product can be calculated by oneself independently. 
Therefore, to critically assess Eco-Score, publicly available data was collated and analyzed, using 
some case study food products to understand the methodology.  
The Eco-Impact of a product needs to be calculated by submitting primary data to Mondra (Mondra, 
2021) who conducts the product LCAs, which are then used as the basis for the Eco-Impact score 
assigned by Foundation Earth. To understand and assess the methodology, we collaborated with a 
large frozen food producer to go through the process required to calculate an Eco-Impact label for 
five different food products. Throughout this pilot case study experience, conversations with 
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Mondra and Foundation Earth filled in the knowledge gaps which were not addressed by publicly 
available data. 
In parallel, a framework which outlines the key aspects essential for a credible LCA food labelling 
system was created which could be used as a starting point to assess future labelling initiatives to 
occur. 
 
Results  
To calculate the Eco-Score of a product, the methodology considers two aspects: the LCA score and 
bonus/penalty points based on additional criteria. The cradle-to-grave LCA score is based upon a 
value from a secondary dataset and does not include any primary data. To calculate the Eco-Impact 
of a product, primary data is used alongside reputable secondary sources to form a high-quality 
cradle-to-gate LCA. For an initial overview of the differences, refer to Table 1. 
 
Table 1. Overview of a few main characteristics of the two labelling methodologies compared to a PEFCR 
 Eco-Score  Eco-Impact PEFCR 
System boundaries  Cradle-to-grave  Cradle to retail door  Cradle-to-grave 
Background database  AGRIBALYSE (Asselin-

Balençon et al., 2020) 
HESTIA  database  for 
cultivation (Hestia, 2021) 
Other LCI databases for 
other parts of the value 
chain  

Environmental Footprint (EF) dat
abase 
(Zampori & Pant, 2019) 

Impact categories  
included  

EF 14x impact categories 
DUH�FRPELQHG�WR�D�³VLQJOH�
VFRUH´ 

Climate change, water 
scarcity, Eutrophication 
and Biodiversity loss 
from land use  

EF impact categories 
(Zampori & Pant, 2019) 

Impact assessment  
method 

EF 3.0 (Zampori & Pant, 
2019) 

Selected set of 
characterization models 
and  weighting by 
Foundation Earth Advisory 
Board 

EF IA (most recent version 
available) 
(Zampori & Pant, 2019) 

Use of primary data Close to none High High and targeted at the most 
important processes 

Appropriate for  
product-to-product  
comparisons? 

No. Only for comparison 
between product 
categories 

Yes Yes 

 
Discussion 
Critical assessment of Eco-Score: 
Whilst Eco-Score offers a very fast, cheap and scalable option, its oversimplification of footprinting 
makes product-to-product comparison greatly imprecise, and its widespread adoption would not 
effectively meet the goals of LCA-labelling.   
 
Critical assessment of Eco-Impact: 
Until Eco-Impact covers the full product life cycle and a more holistic range of impact categories, it 
is not sufficiently suitable for the overarching goal. Excluding the consumer stage most 
notably ignores one of the largest issues the sector faces: food waste at the consumer. If we want to 
truly reduce our impact, this should be included in the LCA-labelling system to incentivize targeted 
sustainability efforts. The diversity of food products requires a holistic approach to capture the array 
of environmental impacts on the environment to incentivize all sustainability efforts and avoid 
blindly walking into environmental trade-offs.  

 
Practical experience from a company: 
Doing this research alongside a large food producer revealed additional issues in the practical 
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application of these labels. For instance, when calculating the Eco-Score label, there is limited 
opportunity to customize for their specific value chain or product characteristics, or for 
sustainability efforts to be reflected in the score. Dissimilarly, for Eco-Impact, a very high annual 
cost is required to renew the label which makes it inaccessible to SMEs and creates a ³lock-in´ for 
the company.  
 
Suggested criteria for an effective food LCA-labelling system: 
To ensure consumers are provided with reliable environmental information, an LCA labelling 
system should meet certain criteria. These are suggested as (in hierarchical order): (1) Based on a 
science-based cradle-to-grave methodology 3rd party verified with regular open consultations, 
including regionalization throughout the value chain to capture influential location-specific 
differences (2) Use primary data for processes directly controlled and those identified as 
environmental impact hotspots (3) Covering at least all impact categories proven to be most 
relevant for the product type. Additionally, the LCA labelling should be in a format that facilitates 
sustainable purchasing decisions (e.g. QR codes for further insights, and grading that is 
scientifically valid yet meaningful for consumers).  
 
Conclusions 
Labels formed based on PEFCRs meet the criteria, however until they cover all food product 
categories and use scalable solutions, alternative LCA-labelling systems are being adopted. Eco-
Score and Eco-Impact labels do not yet accurately represent the cradle-to-grave footprint of the 
actual product itself or facilitate genuine product-to-product comparisons. Not only does this 
provide an inadequate base for consumers to base purchasing decisions on, but it also prevents most 
optimally achieving the goals of an LCA-labelling system: reducing the environmental impact of 
the food sector. Until PEFCRs are ready for adoption, or a mature LCA-labelling system is fit for 
market, stakeholders should collaborate to ensure environmental footprinting of food products is 
done right instead of rushing into an immature system. 
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Hazardous elements in foods can be physical, including foreign objects such as glass, chemical, e.g., 
toxic compounds, or microbiological, including foodborne pathogens. In maintaining high 
biological food hygiene by preventing health hazards, such as microbes in foodstuffs, food safety 
protocols are in important role. 
In the European Union, the microbiological requirements for food are defined in the Commission 
Regulation Microbiological criteria for foodstuffs. While authorities guide, control and check the 
food hygiene plans of the operators for their compliance to food hygiene legislation, food business 
operators are responsible for ensuring the safety of the foodstuffs they are producing [(EC) No 
2073/2005)]. 
Different protocols are followed by food business operators, by which the food safety is ensured. 
While the existing good practices are found to provide the adequate food safety, novel measures are 
being developed. One part of this development is digitalisation and digital technology development, 
which will be in the scope of the PrintoFood project. In this project, the printed intelligence and 
structural electronics based technological solutions will be developed to improve the safety and 
efficiency but also sustainability in the food chain. The project is bringing together expertise from 
research and development, design, manufacturing, and operational testing to develop products 
relevant for food safety and self-sufficiency improvement.  
The objective of the study is to develop a printed intelligence based structural element to ensure the 
demanded food hygiene level. The disinfection is to be based on visible, violet-blue 380-430 nm 
light. Especially the 405 nm light has been proven to harness strong antimicrobial activity (Maclean 
et al. 2014). The selected case in this study is a fresh fish display counter, which is typically 
disinfected daily after use. While the violet-blue light has been proven to have antimicrobial 
characteristics, the intensity of light is in key role. Here, the aim is to develop system, which 
provides amplified light intensity resulting in more time-efficient process for daily disinfection. 
Amplification is introduced by utilization of photoactive materials. The efficiency of the selected 
developed systems is tested by measuring the microbial growth inhibition under each treatment. To 
provide information and knowledge for food safety use of the developed system, the selected 
microbes in testing include typical, harmful food borne pathogens Escherichia coli and Listeria 
monocytogenes. 
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Life cycle assessment is to be utilized to measure the environmental and cost efficiency of the 
developed systems in parallel to existing good hygiene practices of food safety. In few studies food 
related sanitation methods have been studied for their environmental impacts (e.g. Eide et al. 2003, 
Vigil et al. 2020). Here the cost analysis together with environmental impact assessment will 
provide new insights. According to França et al. (2021) in only few food chain related studies LCA 
and LCC have been conducted in parallel.  
 
Even if a major part of the environmental and cost impacts of the food chain are known to be 
generated in the primary production, or in the early stages of the life cycle, the food safety protocols 
are in important role in keeping the required hygiene level of the products. This is a major factor in 
e.g., reducing food waste and decreasing the environmental and cost impacts caused by food losses 
and food waste. The project will be analysing the impacts of the selected cases from the food chain, 
by utilizing a hygiene requirement -based functional unit. The inventory data is to be collected for 
the lab scale system, adjusted for the actual operational scale. LCA and LCC databases such as 
Ecoinvent are to be utilized for the assessment to provide secondary data for components and 
detergents (Wernet et al. 2016). Parallel assessments are conducted for the existing and the methods 
developed by the PrintoFood project. 
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Introduction 
Trade is one of the main factors affecting a country's environmental footprint (de Boer et al. 2019, 
Tukker et al. 2016, Steen-Olsen et al. 2012). In the EU food sector, the environmental impact could 
be reduced by 24% to 47% if the origin of imports were optimized towards the countries with 
environmental friendly production (de Boer et al., 2019). We found similar results for Switzerland 
in various studies on the environmental impact of the Swiss food system (Bystricky et al. 2017, 
Zimmermann et al. 2017, Bystricky et al. 2020). Food imports account for a significant share of the 
environmental impacts of the Swiss basket of food products. As one way to improve this, we 
proposed a shift of food imports to countries where food production has lower environmental 
impacts. In this contribution, we answer the following questions: 

x How does the environmental impact per kilogram of food change depending on the country 
of production and 

x To what extent is the environmental impact of the Swiss basket of food products affected 
when food is imported from countries where it is produced environmentally friendly? 

 
Methods 
To test the impact of different import origins on the overall LCA results of the food sector, we used 
two scenarios from Bystricky et al. (2020) that describe the development of the Swiss agricultural 
sector including imports under different agricultural policies until 2025. 
To limit the number of import products to be analyzed, we selected four 
impact categories and identified the food and feed items that account for 
the least favorable 25% of each of these environmental impacts (Table 1). 
For these food products, we retrieved life cycle inventories (LCI) from 
LCI databases (ecoinvent, World Food LCA Database, SALCA, 
AGRIBALYSE) and compared them based on their respective 
environmental impact per kilogram.  
For comparison, we also conducted a literature review to identify 
parameters that explain the differences in the environmental impact of 
foods from different origins. 
The scenarios for the Swiss agricultural sector were adjusted accordingly: we replaced food items 
from Table 1 from countries with high environmental impacts with the same food items from 
countries with more environmentally friendly production and analyzed the overall effect. We 
optimized the scenarios based on four impact categories, namely biodiversity (species loss 
potential), water scarcity, freshwater ecotoxicity and global warming potential, and did a full LCA 
with a comprehensive set of LCIA indicators for all four optimizations. 
 

Table 1: Imported food 
and feed products 
investigated 
 

Milk 

Beef 

Pork 

Maize 

Maize gluten 

Soybean oil and meal 

Pomaceous fruit 
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Results and discussion 
The optimization of the scenarios according to the origin of food imports resulted in a reduction of 
impacts for all impact categories considered. The highest reduction potential was found for 
freshwater ecotoxicity and species loss potential (both -27%) followed by water scarcity (-19%) and 
global warming potential (-4%). Optimizing food and feed imports based on the four impact 
categories mentioned above had no unfavorable and in some cases even favorable effects on other 
impact categories (deforestation was reduced by up to 46%). The transport of food and feed has 
only a minor effect on the overall environmental impact of the scenarios (max 4%).  
Biodiversity loss is linked to species endangerment, which depends on the world region where a 
food or feed item is produced. In addition, the intensity of production system influences species loss. 
The impact on water scarcity is also highly dependent on origin, as irrigation varies greatly between 
regions. The freshwater ecotoxicity impact of food production depends on the pesticide legislation 
of the country of origin and the type and intensity of the production system. Comparatively high 
levels of freshwater ecotoxicity were found for food and feed items from countries where the use of 
certain toxic pesticides is permitted. Global warming was less influenced by different import origins. 
Land use change, emissions from animal husbandry, production intensity and the use of concentrate 
feed were the main contributors here. 
An additional point of discussion is the system boundary considered. If the focus lies on the 
importing country only, the environmental impact of its food system can be improved by shifting 
import countries. However, a shift of imports to countries with a lower environmental footprint 
could mean that in the global trade market, other countries could end up with the less favorable 
products, and there might be no overall positive effect globally. 

 
Conclusions 
The optimization of import origins in the scenarios was shown to have a considerable effect on 
reducing the environmental impact of the Swiss food sector. The production system and intensity, 
the geographical location and the country-specific legislation were identified as the most important 
parameters driving differences in the environmental impacts of imported food and feed from 
different countries of origin. 
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In the world, lots of alcoholic liquids obtained after fruits’ fermentation are distilled to obtain higher 
alcohol concentration drinks (brandy, pisco, calvados, kirsch, etc.). Different technologies of 
distillation exist such as simple distillation, fractional distillation, continuous and semi-continuous 
distillation.  
In metropolitan France, the main spirits obtained from fruits after distillation are produced from grape 
(or wine and grape-cake), apple (or cider), pear, cherry, raspberry, Mirabelle or plum. An important 
part of them is produced under Protected Designation of Origin (PDO) with specifications. Most of 
the PDOs’ specifications (MMA, 2015; 2021) impose the use of copper for pot still as well as period 
of distillation. Most of the distilleries producing PDO spirits use gas combustion to distillate and 
semi-continuous distillation process. 
During the semi-continuous distillation, the obtained vapours need to be cooled to obtain the alcohol. 
Cooling agent is water (tap water, rainwater, …) and may be used in open or closed circuit. According 
to the French regulation concerning the classified facilities for the environmental protection, the 
capacity of production of each site allows or not to use an open cooling circuit: 

• Upper than 50 hL of pure alcohol, the closed cooling circuit is imposed. These sites use then 
refrigeration units to cool the water. Most of the professional distillers are in this case. 

• Lower than 50 hL, the distilleries may use open cooling circuit and can reject used water if 
their temperature is lower than 30°C. Most of the grower-distillers are in this case. 

The objectives of this work are to assess the environmental impacts of two alternatives concerning 
semi-continuous distillation process and to explore the interest of different eco-design pathways to 
reduce distillation impacts. 
Life Cycle Assessment (LCA) is done in SimaPro software with EcoInvent V3.6 and Agribalyse V3 
databases and ReCiPe 2016 (H) method. LCA based on average data obtained by survey or expert 
data is done on both systems. The functional unit is “produce 1hL of pure alcohol”. The limits of the 
studied systems go from the arrival of the alcoholic juice to the obtention, after the double distillation, 
of alcohol with an alcoholic degree between 65 % et 72,4 % without aging. The used data are the 
consumption of water, gas, electricity, and the production of the pot still.  
For open cooling circuit (Fig. 1, O), the hotspots are the gas combustion and the manufacture of pot 
still. Electricity consumption has only a significate impact on ionizing radiations. For closed cooling 
circuit (Fig. 1, C), the hotspots are the gas and electricity consumption and the manufacture of pot 
still. Wastewater treatment has significate impacts on freshwater (53%) and marine eutrophication 
(94%). For each system, the manufacturing of the pot still is an important contributor while the 
infrastructures are often absent from the modelling of products in LCA. 
As the use of a closed cooling circuit consumes much more electricity due to refrigerating system, 
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Figure 1: Comparison of impacts of 1 hL of pure alcohol produced with discontinuous distillation  

with an open (O) or a closed (C) cooling circuit. 

the impacts of the closed cooling circuit are often more important than the open cooling circuit. 
As part of the data were difficult to obtain, a comparison of the impacts of these two alternatives is 
done with the literature data (Jolibert, 2016; Vasquez-Rowe et al., 2017) to validate the obtained 
results. The distillation of brandy in France proposed by Jolibert (2016) in Agribalyse V3 and 
analysed with ReCiPe 2016 (H) has much lower impacts (-19% to -94%) than those obtained with 
the present data. Among the explanations for these differences, there are the consideration of the 
manufacture of the still in this study and the lower energy consumption in the study by Jolibert (2016).  
Different eco-design tracks are possible while remaining within the requirements of the specifications 
of the appellations, which impose the use of semi-continuous distillation. For example, the 
combustion optimisation, reuse of the heat, valorisation of the heat are some possibilities. The 
combustion optimisation is possible by changing the boiler burner or the combustible. The reuse of 
the heat of the cooling circuit is an interesting track. Some distillers have already begun to improve 
their energetic performance. Almost all distillation sites already reuse a part of their heat: 

- to preheat the alcoholic liquid before distillation to reduce their gas consumption.  
- to heat the water used to wash the boiler between two distillations and avoid the temperature 

drop of the equipment. 
Some of the distillers have developed ingenious solutions to reuse the heat of the cooling circuit water 
such as home or green house heating. The potential of different valorisations of the heat contained 
into the cooling circuit must be assessed. To reduce the impacts of the manufacturing of the still, 
maintenance operations seem more than necessary to prolong its lifespan. 
The results of this LCA on distillation and the requests of the French low carbon strategy led to 
identify the hotspots of this process, the interest of some eco-design tracks and the need of a dedicated 
tool to do streamlined LCA for distilleries. 

<Wastewater treatment 
<Electricity FR 
<Heat (gas) 
<Pot still 
<Tap water 
<Water discharge 
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Abstract 
 
New habits and lifestyles are gradually changing the way of life for many people around the world 
(MICHAEL, 2013). The consumption of food outside the home has been growing significantly and 
the demand for food with less environmental impact has also increased, motivated by the greater 
environmental awareness of consumers, mainly due to climate change (MENDES, 2010). 
Considering these new eating habits and the search for processes that cause less impact on the 
environment, the initial objective of this project was to evaluate the environmental efficiency of the 
stages of preparing beans in restaurants. However, with the closure of many restaurants during the 
pandemic, this study was extended to households The methodology used was that of Life Cycle 
Assessment, in a gate-to-gate approach, that is, focused on the actual stage of meal preparation. 
Data were collected through interviews and visits to nine restaurants and eight households located 
in the city of São Paulo. A large difference was observed in the average energy consumption 
between restaurants (2.7 MJ/kg of raw beans) and households (10.6 MJ/kg of raw beans). The 
differences obtained in the survey clearly point to a better environmental performance of the meal 
prepared outside the home, mainly due to the scale effect, with a lower energy consumption. The 
study contributes to the diffusion and importance of Life Cycle Assessment - LCA as a framework 
to analyze the food preparation. 
 
Objective 
 
This article is part of a project that aims to evaluate the environmental efficiency of the preparing 
meals stages in the restaurants and at home. In particular, results obtained in the preparation of 
beans in these establishments are shown. 
 
Methodology 
 
The study is based on ISO 14040 (2006) Environmental management - Life cycle assessment - 
Principles and framework, and the data survey follows a gate-to-gate approach. A detailed 
questionnaire was developed in order to identify the methods employed and inputs /outputs resulted 
from each meal proceeding. The questionnaire included information such as the type of pan used, 
type of stove, preparation method, cooking time, etc. During the visits, the following inputs were 
measured: raw ingredients, the gas consumption by stoves, quantities of ready-to-eat beans, as well 
as leftovers resulting from Balances were used for determining the masses of each input. The time 
of cooking was also registered. 
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Main Results and discussion 
 
A large difference was observed in the average energy consumption between restaurants (2.7 MJ/kg 
of raw beans) and households (10.6 MJ/kg of raw beans), the latter being about 4 times higher than 
the former. The emission of greenhouse gases follows the same proportion: 46.7CO2eq in 
restaurants and 187.5CO2eq in restaurants.Part of this high difference is due to differences in the 
weight ratios of beans and water used, as the energy expenditure is due to the need to heat the whole 
set. Thus, the more water used per kg of raw beans, the greater the demand for cooking energy, a 
fact perhaps unnoticed by most handlers. 
 
Table 1: Main parameters of the bean cooking process in restaurants and households. Functional Unit: (parameter/ kg of 
raw beans) 
 Restaurants  Households 

Parameter Average (*) Min - Max CV%  Average 
(#) Min - Max CV% 

Input        
Raw Bean (kg) 1.00 1.00 – 1.00 0.0  1.00 1.00 – 1.00 0.0 
Water (kg) 4.07 3.33 – 5.09 14.4  4.88 3.69 – 6.49 19.8 
Energy consumption (MJ) 2.67 1.59 – 3.79 22.2  10.62 5.32 – 16.16 42.0 
Output        
Cooked Beans (kg) 2.39 1.92 – 3.02 17.1  2.66 2.06 – 3.03 12.0 
CO2 eq (Kg) 46.7 25.3 – 67.5 25.0  187.5 94.9 – 288.0 43.3 
(*, #) = average of 9 and 8 samples 
 
Conclusion 
 
The results obtained allowed the collection of several important data related to the preparation of 
beans. Meal preparation in restaurants is more efficient than at home in many ways. The average 
energy consumption in households per kilogram of beans is about 4.0 times higher than the average 
consumption measured in restaurants, probably due to a scale-up effect. It was observed that the 
bean/water ratios significantly influence energy consumption and that it is possible to optimize 
them, given the great variability between them. 
The study presented here was restricted only to the food preparation stage, although it is known that 
transport costs for the purchase of food, whether in restaurants or at home, are also likely to have a 
significant impact. These data may be added in future studies, and were not included here, so that 
the food processing step could be highlighted. 
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Rational: The use of biodegradable packaging developed from polymers of renewable origin, such as 
PLA, is a key option for the reduction of environmental pollution caused by the disposal of non-
biodegradable packaging (Halal, 2014). Likewise, in order to improve the quality and also the shelf 
life of packaged products, reducing food waste, more and more biodegradable plastic flexible films 
are used in packaging. Among the biodegradable polymers, the ones that have attracted the most 
attention are those obtained from renewable sources, due to the lower environmental impact caused. 
Although the production costs are higher than those of conventional polymers, biodegradable 
biopolymers have been the subject of extensive research and evaluation (Martelli et al., 2014). PLA 
is considered safe for human health and is stable, which allows it to be safely used for food packaging. 
In addition, its production is considered economically viable (Oliveira and Borges, 2020) and is a 
good candidate for replacement of PET. Several studies have been conducted in order to improve the 
performance of PLA in sustainable packaging applications. 
Objective: The FLUI project's main goal is the development of a new bio-PLA extrusion equipment, 
disruptive for its capacity of extrusion and simultaneous incorporation of bioactive compounds. 
Represents a modular way, for the production of functionalized flexible films (FLUI systems) applied 
in food packaging and with innovation vision and application range for high and low moisture 
contents and a more sustainable end of life of flexible films with lower environmental impacts. These 
new biofunctional and biodegradable flexible films will extend the shelf life of packaged products by 
reducing food waste, contributing to the goals and action plans for the Circular Economy, and at the 
same time, by being produced from bio-PLA will contribute to reducing the consumption of fossil-
based plastics and non-biodegradable and use renewable raw materials, and in particular by-products 
and waste from agro-forestry activities that do not compete with the food sector. 
Approach and methodology: The project is centred on three major axes: i) disruptive engineering 
technology development - development of a new equipment (FLUI) for simultaneous extrusion of 
bio-PLA and integration of bioactive extracts for the production of flexible biofunctional films for 
food packaging; ii) Valorisation of lignocellulosic resource and a new packaging safe and sustainable 
design composed of biofunctional and biodegradable flexible films for efficient food preservation 
with extended food shelf life; iii) Life Cycle Assessment - Reducing Environmental Impacts in the 
holistic life cycle perspective of flexible films. 
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Results and discussion: As results of the FLUI project the following is expected: i) Development of 
the first prototype system for PLA extrusion and simultaneous incorporation of bioactive extracts to 
produce biofunctional films for food packaging. This prototype system will consist of a disruptive 
innovative solution for the production of biofunctional PLA flexible film; ii) Development of new 
packaging that is entirely biodegradable and biofunctional thanks to the use of PLA (of organic origin) 
and the integration of bioactive extracts (from agri-food waste). The packaging will be in accordance 
with current standards, ensuring the safety and sustainable of packaged food products. In a strategic 
vision of valorisation of regional food products from the Interior Region of Portugal and utilization 
of lignocellulosic biomass generated by forest and marginal land, it is proposed to use this biomass 
for the production of lactic acid (PLA intermediate); iii) In a perspective of life cycle thinking, the 
new equipment to be developed presents itself as extremely innovative since it allows the production 
of flexible films and biofunctional films (FLUI Films) for food packaging with the following 
characteristics: a) Development of flexible films through lignocellulosic biomass residues; b) 
incorporation of bioactive compounds, through agro-food waste that enable the increase of shelf life 
of food and the reduction of food waste; iii) Reduction of environmental impacts associated with 
flexible films (80% compared to fossil-based solutions and 50% compared to PLA based on food 
waste). For this purpose, a holistic LCA study will be developed. 
Conclusions: The present project will enable the transition to the market of innovative and disruptive 
equipment with the solutions present in the market (TRL6) for the production of biofunctional flexible 
films intended for the production of food packaging. The equipment to be developed will allow the 
extrusion of biodegradable polymer of biological origin in parallel for the production of films and the 
integration of bioactive extracts. The developments of these prototypes will be accompanied by the 
investigation of the production of PLA from agro-industrial residues, as well as the identification, 
characterization and integration of bioactive extracts resistant to the extrusion temperature of the PLA 
matrix, at different stages of the extrusion process.  The development of these prototypes will be 
supported by an efficient ecodesign model in order to maximize their economic and environmental 
impact compared to those currently available on the market. 
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Introduction 
Participant recruitment is a significant challenge when pursuing research (Blanton et al., 

2006; Pencokofer et al., 2011; Leavens et al., 2019). However, recruiting and retaining an 
appropriate number of participants is vital for study generalizability and validity (Visovsky & 
Morrison-Beed, 2012). A brief review of the literature concerning participant recruitment and 
retention shows several health-centric studies (e.g., how to recruit and retain participants for clinical 
trials). While some techniques from the health field may be transferable, there is a gap in the 
strategies and challenges of recruiting and retaining participants from the agricultural community. 
The limited research on participant recruitment is particularly evident for life cycle assessment 
(LCA) studies where primary data collection surveys can be long and detailed. Here we report on an 
in-depth analysis of participant recruitment and retention efforts in support of an agricultural-sector 
LCA study undertaken during the COVID-19 pandemic. Specifically, we sought to: 

i) Understand the opportunities and challenges that exist in recruiting farmers for survey 
participation during a global pandemic. 
ii) Examine the methods used to recruit farmers for participation in addition to method successes 
and limitations. 
iii) Consider factors contributing to low participant recruitment and retention and provide 
strategies to increase participation in future studies.  

 
 Methods 

Currently, no formal database of organic farmers (the target of our study) exists in Canada. 
A list of potential participants was created through Google searches, contacting national and 
provincial agricultural organizations, and asking other farmers for potential leads. Initial 
recruitment of identified farmers was undertaken using publicly available contact information, such 
as e-mail, phone number, or website contact forms. Upon initial contact, the research purpose was 
described and farmers were invited to participate in a survey that would take between one to three 
hours, depending on ease of data recall, and size of farm operation. Survey sections included: farm 
location, operation and rotation details; inputs to nutrient and plant protect measures, field 
operations, post-harvest operations; and an optional farmer demographics questionnaire. Due to 
pandemic restrictions on travel and in-person meetings, surveys could be completed online via the 
digital survey instrument, REDCap, or in hardcopy, distributed by mail. Participants could also 
complete the survey with a researcher through a video chat or phone call. As pandemic restrictions 
eased, participants were offered in-person meetings to help fill out the survey.  

Initially, farmers were not offered remuneration. Several months into participant 
recruitment, a lack of farmer engagement prompted a change to offering $50 cash remuneration to 
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participants who submitted a complete survey for each crop grown. Remuneration was also 
provided to participants who completed surveys before the compensation was announced.  

Contact with potential participant farmers was attempted a maximum of three times. 
Following a first unsuccessful contact attempt, a second, and then a third contact attempt was made 
after observing two-week waiting periods between attempts. Potential participants contacted via 
phone were left a voicemail if that option was available. Farmers who answered ‘maybe’ to 
participating in the survey were only contacted again if they requested a follow-up at a later date. 
Farmers who agreed to participate were provided a version of the survey in their chosen mode.  
 

Results and Conclusion 
The success of many research projects hinges on the successful recruitment and retention of 

participants. LCA studies necessitate strong participant engagement for robust data and accurate 
results. Overall, 683 potential participants were identified and contacted to participate in our study. 
Despite repeated attempts to make initial contact with farmers, multiple modes of survey form 
offered, and compensation provided upon survey completion, only 50 complete survey responses 
(7.3%) were received. Potential factors contributing to our low final recruitment include pandemic-
related restrictions which limited opportunities to interact in-person. It could also have resulted 
from survey fatigue as many farmers reported completing similar surveys around the same time. 
Finally, the length and detail required of an LCA-centric survey also potentially deterred some 
potential participants. However, a majority of farmers who submitted complete surveys were those 
who had the opportunity to speak to a researcher on the phone, had organized and readily-available 
data, and expressed a genuine interest in the outcomes of the project. Regardless, there are several 
important things to consider when recruiting farmers for an LCA study:  

1. Introduce remuneration at the beginning of recruitment. Although remuneration was not a 
significant factor for many willing participants, not introducing it initially may have 
excluded potential participants.  

2. Disclose the amount of time and effort for survey completion. Potential participants will be 
less likely to open and leave the survey blank if they know the duration prior to starting.  

3. Allow for multiple survey methods. Most participants opted for the digital version, but 
several requested a hardcopy or a walk-through with a researcher. The variety of options 
allows for increased accessibility and survey completions. 

4. If available, reach participants by phone throughout the recruitment process 
When recruiting participants in a post-pandemic world, particularly farmers, it is necessary to 
consider their needs and adjust accordingly. Some participants may still prefer an in-person visit or 
a survey in the mail in an increasingly digital world. Furthermore, it is essential to contact more 
participants than necessary to account for the many who will ultimately opt out. Studies will have a 
higher response potential by being flexible and having prepared survey recruiters.    
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