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WELCOME

jBienvenidos a LCA Foods 2022 en Lima, Peru!
Welcome to LCA Foods 2022 in Lima, Peru!

The Role of Emerging Economies in Global Food

Security”

Lima is hosting in October 2022 the
world’s leading scientific and technical
forum on Life Cycle Assessment linked to
the food sector. The 13th edition of the
conference arrives as the first fully hybrid
edition of the event, after the forceful
virtual conference that had to be held in
Berlin in 2020 during the COVID-19 pan-
demic. Despite the setbacks due to the
pandemic, Berlin provided a high quality
conference in which the number of atten-
dees was comparable to past events. Two
years later, distancing is no longer an obli-
gation as it was in the first months of the
pandemic. Hence, we are now hosting an
edition in which many of us are eager to
meet up in-person after 4 full years since
we last met in Bangkok for the 11th edition
of the conference; however, the virtualiza-
tion of conferences worldwide showed us
that another way of interacting with our
colleagues is possible without having to
travel thousands of miles to meet those
experts that we wish to discuss science
with. This led to the conundrum regarding
what Lima, the gastronomic capital of the
Americas, should offer participants in this
edition. The thirst forin-personinteraction,
offering a low-carbon event in line with
what should be expected in a environmen-
tally-centered conference, the need for

countries like Peru to participate in the
global flow of scientific knowledge and
discussion or the fact that the conference
travels forthe first time to Latin Americaand
the Caribbean were all aspects that we
discussed for the past two years in order to
determine what type of conference we
should offer.

Finally, we have managed to offer a hybrid
conference in which we are happy to share
an online platform through which we will all
unite for 4 full days. When this proceedings
book was sent out for publication, over 210
participants had confirmed their attendan-
ce from approximately 40 countries world-
wide. Approximately 45% will also be joining
us physically at Open PUCP in Lima.

Life Cycle Assessment (LCA) is currently
one of the most commonly used and scien-
tifically robust environmental management
methodologies to determine the environ-
mental profile of products and services.
Although its applicability is vast, with nota-
ble research in most productive sectors, the
agri-food sector has benefited undoubtedly
thanks to LCA-related research. In this con-
text, the aim of the 13th edition of the LCA
of Foods Conference is to continue with the
work done in previous editions of the confe-



rence by creating a space for the LCA
community to share and discuss about
their advancements, foster networking
between research groups and industries
on a global scale and provide a space for
LCA practitioners and developers to
exchange ideas on methodological deve-
lopments. Moreover, in this case we want
to introduce policy-makers and industries
in the Latin America - Caribbean region to
the world of LCA, allowing them to
meet the LCA community.

The consolidation of LCA methodologies
in the agri-food sector coincides with food
security arising as one of the major global
challenges for the 21st century. Objectives
such as zero hunger and the reduction of
poverty and extreme poverty will only be
attained if humanity is capable of impro-
ving the sustainability of diets, combining
environmental issues with social and
health needs. For this to be possible, die-
tary patterns should continue their transi-
tion to low carbon choices in the develo-
ped world, but changes are also needed in
developing and emerging nations. This
implies that improvements in terms of
environmental impact mitigation must be
attained in a number of sectors, including
livestock, fisheries, aquaculture and agri-
culture, but also in the increasingly com-
plex processing and freighting supply
chains that have developed through glo-
balization.

We expect that these and other topics will
be presented and discussed in Lima for
three full days. The workshops planned for
Day Zero (11 October) should also be a nice
complement to the activities in the main
programme. We have also prepared a Spe-
cial Issue in the International Journal of Life
Cycle Assessment. Approximately 20 oral
presentations linked to the main topic of
the conference have been invited to
submit a manuscript to this call, although
submission is also open for other manus-
cripts.

Finally, on behalf of the Organizing Commi-
ttee, | would like to thank the authors for
their presentations and posters. We are also
very grateful to the 24 members of our
Scientific Committee for their efforts in
reviewing the abstracts and selecting the
papers for oral presentations. We warmly
thank our sponsors for supporting the con-
ference. Last but not least, | would like to
thank all those from the PUCP community,
especially the members of the Peruvian
LCA & Industrial Ecology Network (PEL-
CAN), for their essential contribution to the
success of the conference.

We hope that you all have alovely experien-
ce in Lima and Peru during the conference.
For those of you who will be traveling
around the country in the days before or
after the conference, you will visit some of
the most beautiful places in Latin America.
We hope that the small taste of the Peru-
vian cuisine that you will get in lunches and
the Gala Dinner at the conference will com-
plement this experience.

IAN VAZQUEZ ROWE
LCA Foods 2022 Chair
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PROGRAMME OVERVIEW

DAY ZERO
Tuesday, October 11,2022

Dr. Elena Corella

Puertas (CIRAIG/ )
Dr. Juan Pablo . . UNEP) Launch of Dr. Ulrike Uberle
Dr. Olivier Jolliet (Germany)
Chargoy T the UNEP supermarket s 7
. -1 ; U of Michigan) ; The main environmental
9:00 am - 1:00 pm (Mexico) (! g food packaging LCA : f foods and
Introduction to the META Analysis Impectsof (A0S ED
Fundamentals on HENI | levers for sustainable
: ndex :
SimaPro production systems
1:00 pm -2:00 pm BREAK
Dr. Juan Pablo
2:00pm -4:00 pm g:g;?c?)' Dr. Sarah McLaren Dr. Jan Paul Lindner
Parameters on (NewZsgiand) (Germany) -
Sirap Workshop on Workshop aquatic
ImakFro nutritional LCA Biodiversity Valuing

and Valuation
4:00 pm - 5:00 pm

5:00 pm-6:00 pm




DAY 1
Wednesday, October 12, 2022

7:30am-8:30 am
8:30 am - 2:00 am

9:00 am -10:00 am

10:00 am - 11:00 am

11:00am - 11:30 am

11:30 am - 1:00 pm

1:00 am - 2:30 pm

Parallel Session V

(Databases,
toolboxes
and others)

2:30 pm -4:00 pm

4:00am -4:30 am

4:30 am - 6:00 pm

(Marine plastics
& Miscellanea)

7:00 pm

Parallel Session |
(eco-labelling)

Parallel Session IX

WALK IN REGISTRATION

OPENING WORDS

MORNING COFFEE BREAK

Parallel Session Il
(Sustainable farming
systems - Other
meats & eggs)

Parallel Session |l
(Sustainable farming
systems | - Dairy)

LUNCH: Open PUCP (Marine)

Parallel Session VII
(Sustainable farming
systems Il -
Nutrients & soil)

Parallel Session VI
(Fisheries &
aquaculture)

AFTERNOON COFFEE BREAK

Parallel Session X
(NEPTUNUS
Special Session)

Parallel Session XI
(Crops)

Bus from OpenPUCP to "Museo Larco"
Welcome toast and dinner at "Museo Larco”

José Luis Chicoma (Peru) Keynote Speaker - "Building strength for food crises”

Peter Tyedmers (Canada) Keynote Speaker - "Seafood sustainability:
achieving the promise while avoiding the pitfalls”

Parallel Session IV
(Rural communities)

Parallel Session VIII
(LCIA methods)

Parallel Session Xl|
(Viticulture, wine
& others)

VI



DAY 2
Thursday, October 13,2022

7:30 am - 8:30 am WALK IN REGISTRATION

Parallel Session XV

8:30 am - 10:00 am Parallel Session XllI Parallel Session XIV  (Sustainable Farming  Parallel Session XVI
’ : (meals and other) (Water Scarcity) Systems || - (Aquaculture
Livestock)

Assumpcié Antén (Spain) - Keynote Speaker “25 years of LCA Food,

10:00 am - 11:00 am Does LCA serve for the improvement of agricultural sustainability?” (virtual)
11:00 am - 11:30 am MORNING COFFEE BREAK
: Parallel Session XVIII  Parallel Session XIX Parallel Session XX
11:30 am -1:00 pm F{’;r:tﬂr?tfi::s:;:nl-)é\:)l (HESTIA Special (Sustainable Farming  (Sustainable Farming
Session) Systems IV -Crops)  Systems V - Livestock)
1:00am-2:30 pm LUNCH: Open PUCP (Andean)

Parallel Session XXIV

530 6 =430 Bin Parallel Session XXI  Parallel Session XXIl  Parallel Session XXIll ~ (Sustainable Farming
ot ot (Miscellanea l) (Miscellanea ) (Spanish Session) Systems VI -
Miscellanea)

) ) POSTER SESSION (in-person only) -
4:30am - 6:00 pm An online session will be available throughout the conference

7:00 pm Scientific Committee Side Event

VI



DAY 3

Friday, October 14, 2022

7:30 am - 8:30 am WALK IN REGISTRATION

. . Olivier Jolliet (U Michigan, US) - Keynote Speaker
¢20am-%.00am "Why Food LCA should always consider nutritional impacts during use phase!"

9:30 10:30 Maryam Rezaei (FAO, Egypt) - Keynote Speaker "Potential of nLCA in
BOAL IR S0 e supporting policy making to transform agri-food systems - An FAO perspective” (virtual)

10:30 am - 11:00 am MORNING COFFEE BREAK

Parallel Session XXV

: ; Parallel Session XXVIII
11:00 am - 1:00 pm (LCA in tropical P?I;I\[ﬁl{?;?t:;n Paralle!{;eégoAf; Xxvil (Food Loss and
contexts) Waste)

1:00am - 2:30 pm LUNCH: Open PUCP (Pan de la Chola)

Melissa D. Ho (WWEF, US) - Keynote Speaker "Towards a regenerative
2:30 pm-3:30 pm and resilient food systems transformation: Can we measure what success looks like
and what is the role of an LCA approach?"

3:30 am - 4:00 pm CLOSING CEREMONY

VIII



GENERAL INFORMATION

Registration
The registration fees include:

In-person registration

- Admission to all conference sessions, poster sessions and the exhibition area.

- A conference bag, including your badge, a booklet and a pen to take notes and organic Peruvian chocolate.
- Welcome reception and Gala dinner: cocktail and dinner on 12 October, 19.00 hours

- Lunches: 12,13 and 14 October

- Refreshments during session breaks

- Access to the International workshops offered on 11 October.

- Admission to all conference sessions and poster sessions throughout the three days through the online platform.
- Access to the International workshops offered on 11 October (online).

- Access to the online platform for 15 days after the conference.

Upon registration you will receive a badge to be worn during the conference.

Online registration

- Admission to all conference sessions and poster sessions throughout the three days through the online platform.
- Access to the International workshops offered on 11 October (online).

- Access to the online platform for 15 days after the conference.

Arrival at the airport in Lima

Please make sure you have proof of your Covid vaccine. Your passport should be valid for at least an additional 6
months; otherwise this could be anissue entering the country. You will also need to fill in this document to show at
customs.

Customs at Lima airport are tricky due to delays, so expect a 15-45 minutes wait before you enter the country. If prior
to the conference you've got a connecting flight to go to Cusco/Machu Picchu or some other destination, make
sure there is plenty of time between each flight, as in all cases you go through customs in Lima. If you need to stay a
night close to the airport, we recommend the Wyndham-Costa del Sol Lima Airport Hotel.

Exchange rate

The Peruvian Sol is quite a stable currency in Latin America. 1USD is currently roughly 3.9 soles, and 1EUR is about
4 soles. Do not change money at the airport orin banks. You are much better off at the "Casas de Cambio" you'll find
in every corner. Food and taxis are cheap, but you may find that imported goods are more expensive than in your
home countries.

Climate

Octobershould be warm (approximately 20 or 22°C during the day) and fresh (16°C) at night. However, please note
that we are under the effects of La Nifa, which could lower temperatures by a couple of degrees. We recommend
you bring a warm jumper for the evening activities. Don't expect it to be very sunny in October, although if we are
lucky we may get some sunny days during the conference. It doesn't rainin Lima, so unless you are also travelling to
the Andes or the Amazon, you don't need an umbrella or raincoat

Taxis at the airport

To get to Miraflores, Barranco or San Isidro, we do not recommend taking an Uber from the airport. It is much better
if you stick to the taxi companies that offer services to the city once you pass the baggage collection area (Taxi
Green or Direct Taxi are some of the companies you'll see at the desks). The cost of a taxi to Miraflores should be
around 60 or 75 soles.



Hotels

Please find attached an Excelfile with a list of hotels in the districts of San Isidro and Miraflores. All these hotels have
a special rate with our University (PUCP), so if you decide to book with them just make sure you let them know you
are attending a conference organized by PUCP.

Plugs

Peru has a hybrid system with American and European plugs in most places. At our venue there are plenty of plugs
forlaptops and there is a special classroom booked for those of you who need to keep up with your email or connect
to other Zoom events.

Moving around town

For moving around the city, we recommend you download Uber or Cabify. They are safe options, especially at night.
Publictransportin Limais chaotic, slow and frustrating, but if it is your first time in Lima you may find it an adventure
worth trying!

Venue

The conference will be held in OpenPUCP, premises that belong to our University, but are located in a shopping
mall called Plaza San Miguel, which is next to the University Campus.

Family

Let us know in advance if you are travelling with your spouse/partner/child/friend so that we can give them tips for
visiting the city. If you would like them to attend the Gala Dinner, please let us know.

Dining in Lima

Lima hosts some of the best restaurants in the world. Central, in Barranco, is currently ranked #2 in the world, Maido
#11and Mayta #32. Central is an expensive restaurant, but substantially cheaper than top-10restaurants in Europe,
soif youwanttosplash outyoushould book in advance. There are plenty of other options in town, especially in Mira-
flores and Barranco.

Food at the conference

Remember we are offering lunch the 3 days of the conference and on Day 1 we have a Gala Dinner at the Museo
Larco, one of the most beautiful museums you'll find in Latin America. We are making sure that the food at the
conference allows you to taste some of Peru's famous cuisine, but we are also trying to make it low-carbon and
sustainable!

COVID-19

Peru has suffered a lot with the pandemic, as you may have seen in the news. Therefore, do not expect masking
mandates to be as flexible as they are in Europe or North America at the moment. The good news is that no masks
are needed outdoors, restaurants or bars, but in most indoor spaces you will be required to use one. We are expec-
ting mask mandates to be dropped in the education sector before the end of the month, which would make things
more flexible at our venue, but it is still not official at the moment.

Excursion to a fishmeal plant

We are organizing an excursion to a fishmeal plant in Callao, 15 km north or Miraflores/Barranco on Saturday (Octo-
ber 15th). Whenever we have more information, we will share it with you.



Machu Picchu

Traveling to Cusco, Machu Picchu and the Sacred Valley is an incredible experience. We recommend you buy
tickets for the Sanctuary in advance, as well as the train that takes you from Cusco or Ollantaytambo to Aguas
Calientes/Machu Picchu. There are many other wonderful destinations you can visit: Choquequirao, Arequipa,
Iquitos, Manu National Reserve, Tambopata are just a small bunch of amazing places you can explore. If you want to
fit in a beach and sun vacation before the Northern hemisphere's winter, Mancora and Tumbes in the North have
some lovely hotels and beaches!

WhatsApp hotline at the conference

We are opening today a WhatsApp account for you guys to contact us for specific questions on different issues,
including paperwork to enter the country, travelling information, etc. The number is +51-945656457 and Eizo
Mufioz, our Conference Secretary, will be the person in charge of responding.

Participation certificate

Digital participation certificates will be delivered to all participants by October 25th 2022.

Internet access

Free access to the Internet is available through our University WiFi. The username is RED PUCP and the password
to get accessis CRAA28BAR3.

OPEN PUCP

Xl



CONTENTS FOR DETAILED
PROGRAMME

Wednesday, October 12, 2022

PARALLEL SESSION I: Eco-labelling

OptiSignFood: developing more sustainable food products through artificial intelligence
TOMIAS NEIMIECEK ..ottt ettt et s s 848 28 85 88 2R84 88 288ttt n et e srne |

Calculation of the environmental labeling of food products based on the packaging information
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ENVIROSCORE: Easy-to-understand label to communicate food LCA results to consumers
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Towards a large-scale food eco-labelling scheme. Outcomes of the “French Experimentation 2019-2021”
VINCENT COIOMD ...ttt e e e e s senscrsnenns 1 EF

The contribution of Life Cycle Sustainability Assessment to the development of sustainable food labelling framework
- Insights from the tomato industry in [taly
LBUIE ZBNCNI. ittt sas sttt et st et nras |

First insight of pesticide residues consideration for environmental labelling of food product using LCA, a French
experiment
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PARALLEL SESSION li: Sustainable Farming Systems I - Dairy

Milk alternatives from an environmental and nutritional point of view
BEAEIIZ SIVA ..ottt sttt DO

Human health impacts of particulate matter emitted from different milk production systems in Brazil: LCA sensitivity
analysis
GABFIEIA GIUSTI ..ot ot s e 2 O

Enviranmental implications of soybean reduction in dairy cattle diet in Luxembourg: results from the combination of
detailed CH4 emission and agent-based model
TOMAS INBVAITETE. ..ottt ittt ettt st 888888458626 5862482t

Toolbox for modelling climate change impacts on the environmental sustainability of the European dairy sector by
2050
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Environmental impact of insect-based milk alternative
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Lowering the carbon footprint of milk production: a LCA of European dairy farm
Marion Sorley
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PARALLEL SESSION llI: Sustainable Farming Systems - Other meats and eggs

Regionalized life cycle assessment of renewable energy and waste valorization technologies for the Canadian egg
industry
FAIAN KBNMBNI. ettt et s e 8 R s 2885 SR8t sttt ns DO

The effect of emission reduction strategies on other environmental impacts in Australian egg and chicken meat
production
M ATy = FTANCES COPIBY. ettt ettt ettt sttt sttt i Rs e s 8t e st S bm s et sttt b et D

Assessment of environmental and economic performance on Swiss farms
DIATIO PEAOIN ettt st e e s 28 882228 88828 582 E8 bttt sttt D T

Environmental profile of chicken meat supply chains: focus on food wastage, consumer behavior, and packaging
Margot CooremMan-AlGOE. ...ttt bttt st ens s sst s st ens s snrennee s O ]

Chicken: from soy and insects to eggs and meat
KT BATTL .ottt ettt sm e R8e258 4 8828 R £ E8 58kt R8s et st n st enns e O

Global warming and eutrophication potential of a sweater produced from Peruvian alpaca fiber
DIUSEN RISTIC e e ses et e e e oo OO

PARALLEL SESSION IV: Rural communities

Anticipating educational outcomes among children of milk producers central Madagascar’s agroecological mixed
farming systems: a case study application of Social LCA
AATTIY TRIOIM e ettt et 88 £ 0808 888 08 ettt ertees ]

Life cycle assessment of low-cost technologies for digestate treatment and reuse in small-scale farms in Colombia
KU ZieGler—ROAMGUEZ ...ttt ettt e e s ent st enssssnssnsnassssrenend

Assessing the sustainability of coconut chain in Sanquianga region, Colombia
ALEJANATO COTONE 11ttt et e s bbb s et st bbbttt n b es O O

Artisan curd-type cheese production life cycle assessment in a cattle farm at Puerto Lépez, Colombia
JUAN JOSE PINZON ettt et ettt s et R 8 ettt D

Evaluating Environmental, Economic, and Social Aspects of an Intensive Pig Farming Production Farm in the South
of Brazil: Case Study
MICREIIE SBVIBN ...ttt et b et b ettt OO

PARALLEL SESSION V: Databases, toolboxes and others

Bringing biodiversity to the Agribalyse database
JBIN PAUL LINANET.. ettt es et ettt 28 e 8 a8 £ 828 st et st snt e rantene D O

The ILCIDAF Project for the development of an ltalian database of Life Cycle Inventory of agri-food products: focus
on the cereal sector agricultural phase
BrUNO N OTAIMICOI8 e ettt £t a8 a8 st 28 sem et st snnentsrnntenns O |

Adapting MEANS-InOut LCA software to food engineering, in relation to the PO’ food ontology and PO*-BaGaTel
food engineering database
JUIIE AU BT GO .ottt ettt st e st s st et b st e et et sbasat s bt et nnsens e si st s e ses O

The use of the Environmental Footprint methods to measure and communicate the life cycle environmental perfor-
mance of food products

B LI RITIO ettt ettt et bt et et R R bR R sttt | DO

Development and harmonization of environmental footprint assessment of food productsin Finland
JUNA-Matti KATA]AJUUTI. ..ottt ens et s bbb sttt ses s srn e st eenns s sisensen s snnsnessensnnssens 1O ]
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SALCAfuture: developing an expert system for life cycle assessments of agricultural products and farms
JENS LANSCR@ ..ttt bttt ssssnenes ]

PARALLEL SESSION Vi: Fisheries and aquaculture

Ecosystem Dynamic model for biodiversity impact assessment in LCA: Proof of concept on fisheries in the Adriatic
Sea
ChIoe StaNfOrA=Clark. ...ttt ssnsessns | 1D

Sustainable fisheries: towards operationalization of decision-making accounting for biodiversity through LCA
indicators
GreQOITe GaIlIBT ..ottt e et eb et b s bs et bs et bs st sb et s snest et et ent e stennren e saennee | 1]

On combined use of ecological risk assessment and life cycle assessments in fisheries
SAIA HOMNDONG ottt ettt e st et bt bt bt st ent e bh et st ens s st s ssnerse s nns | 2

Seafood sustainability: achieving the promise while avoiding the pitfalls
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Are the environmental benefits of seaweed lost in post-harvest processing?
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Algae omega-3s as a sustainable alternative to fish oil
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PARALLEL SESSION VIii: Sustainable Farming Systems Il - Nutrients and soil

Comparative LCA of different grape production systems integrated with RothC model to calculate carbon dynamics
in soil
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Rethinking N-fertiliser and greenhouse-gas balances in rainfed cropping systems
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Why does crop rotation entail environmental benefits in terms of yield, nitrogen and water use in the cultivation of
lupin, wheat and potato?
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Economic and environmental assessment of small-scale Haber-Bosch and plasma-assisted nitrogen fertilizers
production pathways
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Embedding soil carbon sequestration in greenhouse gas calculations of ruminant systems and possibilities to offset
enteric methane emissions
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PARALLEL SESSION VilI: LCIA Methods

Including Negative and Positive Effects in LCA when evaluating salinity variations on aquatic environments
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Why regionalization matters - Provision of GIS-based characterization factors for groundwater regeneration
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Towards Biodiversity Impact Assessment in Freshwater Ecosystems: First steps, thoughts and research gaps
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Land use-specific characterization factors to assess biodiversity of conventional and organic woody perennial and

annual arable crops in the European Mediterranean Biome
ErICa I ONE MY OF ittt s b8 bt bt bttt sr st ssn s sensanntes | 7 O

XIV



Using agent-based maodeling to embed disruptive impacts in the sustainability assessment of supply network: a proof
of concept on the Peruvian fishmeal industry
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PARALLEL SESSION IX: Marine plastics & Miscellanea

Environmental performance comparison of polylactic acid and fossil-based bioplastics: a literature review in feed
and food packaging
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Plastic Pollution as a result of the Peruvian Fishing Industry
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Development of simplified characterization factors for the assessment of marine microplastic emissions and applica-
tion on food packaging case studies
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Developing characterization factors to quantify the environmental impacts of plastic waste in the ocean
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LCA of two West African fisheries : mapping value chains and assessing ecoefficiency indicators to identify priorities
forimprovement
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Integrating epistemic uncertainty quantification into life cycle assessment to visualize the influence of environmental
standards and labels
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PARALLEL SESSION X: NEPTUNUS Special Session

Environmental and nutritional performance of fish and seafood: A friendly tool for producers and consumers
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Management tool for monitoring the energy requirements of freezing chambers in seafood sector
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Life cycle assessment of oyster farming in Portugal
PaULE QQUINTEITO . oottt et e et es et et en s ee s e et se et et ste et eneere st ensensneeneneanssnessesessesessensesesseissns 2 1 O

Environmental assessment of common octopus (Octopus vulgaris) from pots and traps fishery in Portugal
@118 AIMIBIAA. 1ottt et es et et 828R 4 SR8 e85 R8s EE sttt snt e nnt e 2 | O

ReFish-to-Food: towards the use of resources from the seafood processing industry as a new source of proteins
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Life cycle assessment of canned tuna products - A comparison of traditional and industrial process
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PARALLEL SESSION XI: Crops

Assessing the environmental impacts of organic vegetable farms using system LCA
ANEONIN PPN, ottt st st s e 88 bk b bbbt st D |

Water-related energy consumption and associated greenhouse gas footprint of the vegetable supply chain in
Australia
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Conventional Agriculture, Greenhouse, and Hydroponics: An LCA of US Vegetables
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Evaluating the Environmental Impacts of Growing Avocados in New Zealand
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The impact of farm-inherent variability in environmental assessment of dairy products
Marta RUIZ-COIMENEIO. ..t e e e e e e o O D O

Chemical and mechanical weeding strategies in maize crops
ANAANE BAIEGA. ...ttt ettt D

PARALLEL SESSION XllI: Viticulture, wine & Miscellanea

Soil organic carbon accounting in agricultural life cycle assessments
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Using the carbon footprint and biodiversity metric as key indicators for zero emissions and biodiversity protection in
vineyards: a case study from Cyprus
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Accompanying agro-ecological transitions through eco-design: For a better consideration of nitrate emissions in
viticultural LCA
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Developing a point system for farms to reduce greenhouse gas emissions by 10%
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Participatory eco-design at production basin scale, case study in viticulture
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Prospective life cycle assessment of viticulture under climate change scenarios
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PARALLEL SESSION XliI: Meals and other

LCA-WEF nexus approach to assess meals in Barcelona schools
LaUra Batt e Bayer ettt et ettt ettt ettt OO P

Sustainable diets optimal design for the massive food services: Economic versus Environmental aspects
ANATEE ESPINOZA. ..ttt ettt s st s s bbb bbbttt D O |

Influence of the preparation mode on the environmental performance of food products: A case study on pizzas
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Are athletes environmental champions? LCA case study in sports nutrition
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Assessing eco-efficiency of honey production using life cycle approaches
Leonardo VAZQUEZ-IDAITA . ...ttt ettt et s st ses s s bs s s stn et s snesn s seentensse e D DD

Pursuing sustainability in the dairy sector: Water-Energy-Food nexus score for dairy farms
Eduardo Entrena-—BarbDero... ...ttt sttt st snten e S O O

PARALLEL SESSION XIV: Water Scarcity
Revisiting regionalized water scarcity characterization factors for selected watersheds along the hyper-arid Peruvian
coast using AWARE
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Environmental impacts of food in Germany with a focus on biodiversity impacts and water scarcity
INTCO VUMM ettt ettt et et ekt 8 bttt et es oD | O

Water scarcity mitigation in China’s rice production: closing yield and harvest area gaps
JING HUBNG et bt b e R R s et nr st s D

Assessing water scarcity impacts of food product in harmonized LCA - focus on life cycle inventory
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Historical trends in the spatial patterns of water and land footprints of the world’s major crops
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Water scarcity footprint of sugarcane production in the state of Sao Paulo, Brazil
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PARALLEL SESSION XV: Sustainable Farming Systems Il - Livestock

Life cycle assessment of novel plant products compared to animal products
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Replacement of dairy production with cellular agriculture
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A Comparative Life Cycle Assessment of Pork Meat and Plant-Based, Meat Alternative Patties
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ArdiCarbon:a farm level tool for environmental assessment in dairy sheep production
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Preliminary results of a systematic literature review: Cradle-to-farm gate life cycle assessment of pig production
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Meat sheep production simplified LCA: comparison and evaluation of different tools to estimate carbon footprint
across Europe
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PARALLEL SESSION XVI: Aquaculture

Comparative life cycle assessment of shrimp production chains involving different types of farming systems
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Life cycle assessment in aquaculture certification: Greenhouse gas screening tools for the Aquaculture Stewardship
Council
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Life cycle assessment of different Italian offshore aquaculture plants
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Eco-formulation of fish feeds: a promising efficient solution to limit aquaculture impacts on the environment
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Towards a sustainable aquaculture in the Mediterranean Sea
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Potentials and challenges of novel feed inputs in salmonid diets
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PARALLEL SESSION XVII: Nutrition and LCA

Applying multi-nutrient functional units
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Chef Woo high-protein ramen noodle Life Cycle Assessment: A detailed comparison with animal-based protein
sources
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Updating the Mediterranean diet towards sustainability: Beyond the nutritional benefits of superfoods
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The Chilean dietary pattern under the spotlight of environmental sustainability and nutritional quality
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Using nutrient profiling algorithms to compare nutritionally-invested environmental impacts of cow’s milk and
plant-based beverages
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PARALLEL SESSION XV1II: HESTIA Special Session

HESTIA: An open-access platform for sharing harmonised agri-environmental data
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PARALLEL SESSION XIX: Sustainable Farming Systems IV - Crops

GHG emissions and carbon sequestrations in the apple orchards
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The applicability of LCA standards to model the effects of feed additives on the environmental footprint of animal
production
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LCA and cost calculation tool for SUstainable INsect CHAINs
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Environmental impact of Tenebrio molitor rearing. A case study in Spain
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Allocation of pre-crop effect in LCA of cropsin cultivation sequences
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PARALLEL SESSION XX: Sustainable Farming Systems V - Livestock

Comparative LCA of low crude protein strategy in broiler and swine production systems in Germany and England,
respectively
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Pig Farming Under a Life Cycle Thinking Lens: The First Combined Environmental, Economic and Social Life Cycle
Analysis
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Differences in LCA impact between meat types are reduced when ecosystem services related to their production are
accounted for
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Application of market-based feed formulation and LCA to capture actual displacements when integrating new ingre-
dients in compound pig feed
GlEEZa MANUIBT ... e nsnn o SR D

Analysis of the potential for reducing GHG emissions due to conversion of conventional agricultural systems into
integrated farming systems in the state of Goids-BR
Bruna C. CarvalNo. ... st e s e D D

Regionalized comparison of Canadian and European pulse production and transportation
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PARALLEL SESSION XXI: Sustainable Farming Systems V - Livestock

Using life cycle assessment to support circular economy strategies in agricultural systems
Sara Molins=Cabani.. ... et sss s sre e nne e O ]

Life cycle assessment of a novel method of producing bio-actives from fungal biomass
NISNERNE TAIWAT ..ottt ressssns e neenressre O D)

Building environmentally sustainable supply chains
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Assessing the nutritional, health and environmental dimensions of foods and diets: comparison of nutritional metrics
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Design of an indicator-based agri-environmental direct payments system inspired by the LCA methodology
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Benchmarking salad supply chains produced through agroecological, hydroponic controlled environment, and
field-based systems
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Pegada de carbono de café Arabica torrado e moido: estudo de caso no Brasil
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PARALLEL SESSION XXII: Miscellanea Il
Circular Economy and Environmental Impacts: An application of Territorial Life Cycle Assessment on a French integra-
ted agricultural system
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Environmental impact of biodegradable and conventional agricultural mulch film -case study for Norwegian conditions
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Embedding circularity into the transition towards sustainable agroforestry systems in Peru
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Life cycle effects of health promoting feed additives in Whitelegg shrimp (Panneaus vannamei) and Gilthead
seabream (Sparrus aurata) in aquaculture
BIOTN KOK ettt b st et er e et bt str et s en s st es s tnennnn s srnsnten s snennen s F P O

Multifunctionality in rooftop greenhouses: Increasing energy and crop yields through improved covering materials
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Contribution of aeroponic farm container system to food security and climate change in the UK
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Life Cycle Assessment of the production of different margarine typesin Peru
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PARALLEL SESSION XXIlI: Spanish Session

Analisis de efectos ambientales del modelo de economia circular de la valorizacién de descartes y mortalidades de
salmones
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Huella de carbono de la produccidn de peras argentinas incorporando el secuestro de carbono en las cortinas foresta-
lesy los suelos
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Estrategia paralavalorizacion de la cascarilla de arroz como alternativa de sostenibilidad energética en el Departamen-
to de Tolima, Colombia
Angie Tatiana Ortega RAMITEZ......... et st ees ettt ess et ettt en e sr s s senennns e D1 T

Analisis de los impactos ambientales del ciclo de vida del nexo agua-energia-alimento de hogares de Santiago de Chile
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Towards the ecological transition of the small ruminant sector. Insights from an ltalian case study
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Social and environmental sustainability of tropical livestock systems in Mexico
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Huella de Carbono del Cacao en Grano en Peru
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PARALLEL SESSION XX1V: Sustainable Farming Systems VI - Miscellanea
Transforming agriculture with Agroecological Symbiosis, integrating alternative protein production: Environmental
impacts assessment
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Life cycle assessment of microalgae as protein source: comparison of drying technologies
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More out of agrifood co-products - LCA platform of novel food and feed pathways
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Reducing livestock methane emissions with Asparagopsis taxiformis feed supplement - comparison of climate metrics
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Tailor made solutions for regenerative agriculture in the Netherlands: a diversity of solutions
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Assessing the eco-efficiency of irrigation scenarios using Territorial LCA : Food, water, energy nexus at regional scale
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Consistent modelling of heavy metal balances in LCA on field and farm level
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PARALLEL SESSION XXV:LCA in tropical contexts

LCA of Ecuadorian cocoa and chocolate: is the cocoa sector environmentally sustainable?
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Comparative early-stage life cycle assessment of two starch films based on food crop and agri-food waste sources
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Environmental impact assessment in the UEB Alvaro Barba, Company Los Atrevidos
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Assessing the contribution of lemon crops to climate change and blue water scarcity in Uruguay
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Sustainable Consumption and Production in the Food and Beverage sector of Argentina: Hotspots Analysis
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Environmental burdens of fishing and aquaculture trade between the European Union and South America:a bottom
up approach
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Introducing “An operational guide to LCA of agri-food systems within developing and emerging economies”
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Exploring the carbon footprint of different vegetable choices in Aruba, a food import dependent island
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PARALLEL SESSION XXVI: Diets

Are Nutritionally Balanced and Low-Carbon Diets Affordable for Low-Income Households in Ontario, Canada?
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Environmental impacts of food: future scenarios for Germany based on the planetary health diet
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Comparing apples and oysters - A review of dietary footprints
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Environmental Impact and Nutrient Adequacy of Derived Dietary Patternsin Vietnam
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Environmental consequences of reducing the share of animal protein in a nutritionally adequate diet modeled for

the French population
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Environmental impacts of patients' dietary habits in the context of the onset of diseases of affluence
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Biodiversity impact of the Dutch diet: comparing two metrics
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Conseqguential Life Cycle Assessment of meat consumption: environmental impacts of a diet change
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PARALLEL SESSION XXVII: MCDA
Methods for optimizing environmental outcomes in crop and livestock systems using predictive analytics and

machine learning integrated with LCA
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Multi-objective integrated decision support system of insect production
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Classification of Canadian egg farms according to life cycle impacts using clustering and random forest
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DEXi-Dairy, a multi-criteria method for assessing farm sustainability in key European dairy production areas
AUTELIE WIIFA. ...ttt st srs s et ssrs s nsssssrssssnsssresssnnesssnenneseessons OB O

Environmental impact of animal-based, plant-based and discretionary foods - a multicriteria assessment of Swedish
self-reported diets
ElINOr HalISTOM ...ttt bt O S
Using Multi-Criteria Decision Analysis to rank sustainability strategies and technologies for Canadian egg production
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Multi-objective diet optimization: A Brazilian pig diet case study
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A systematic review of the life cycle optimization (LCO) literature, and development of guidelines for performance of
agri-food LCO studies
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PARALLEL SESSION XXVIII: Food Loss and Waste

Packaging shelf-life and potential food waste can influence the environmental impact of food products: the case of
red beef
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Comparative life cycle assessment of waste treatment options in the foodservice sector - A case study of aveganand
zero-waste restaurant in Florianopolis/Brazil
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Food Waste and its Climate Impact in Urban and Suburban Regions in Finnish Households
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Food waste and product residuals as animal feed
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Utilization of animal by-products and waste at slaughterhouse stage to reduce the environmental impact of pork
products
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Connection between food waste generation and household fuel use: Trends and implications in Peru
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Importance of (properly) including food waste at retail and consumerin LCA
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Posters Session

Sustainable Farming Systems

Allocation in the LCA of meat products:is agreement possible?
AUTEIE WIIFAI ..ttt e bbb s bbb bttt st st s nns O D

Improving efficiency of Finnish beef production through breeding with genomic selection effects climate impact of
beef
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Life cycle assessment of tomato cultivation in Sicily: comparison between traditional and innovative method
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Strategies for reducing the carbon footprint in maize silage based dairy cattle farms from the Basque Country
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Introduction

The challenge to meet the UN sustainable development goals (https://sdgs.un.org/) and to bring our
food system back into the limits of the planetary boundaries requires concerted efforts at all stages of
the food value chain. Furthermore, there are 2 billion obese or overweight people worldwide, while
~800 millions suffering hunger or malnutrition (FAO et al., 2021).

The food industry plays a key role in this respect and can contribute to the mitigation of the
environmental impacts of the food system in several respects: 1) by using ingredients with low
environmental burdens, 2) by reducing the environmental impacts of processing, packaging, storage,
and transports, and 3) by offering a product basket to the consumers with low environmental impact,
high nutritional value, high quality, which is at the same time safe, tasty, and attractive.

The challenges for the food industry are that the food development process is time- and resource-
intensive, information on environmental impacts is either missing or not readily available, the
nutritional value, food safety and quality (e.g. microbial growth, pH value, colour, texture) are
difficult to predict. Food developers therefore face a multidimensional optimisation problem, with
high complexity and many parameters to be considered. There is a need for a tool providing an
integrated, fast and reliable solution that takes into account nutritional, sensorial, safety, health and
environmental parameters. The EU project OptiSignFood (https://themakers.ai/optisignfood/) is
currently developing such a tool.

Methods

The model builds on scientific data and uses artificial neural networks to solve the multidimensional
optimization problem. Food quality parameters are being estimated based on product samples derived
from different ingredient mixes. The software is implemented as a cloud application using a modular
architecture. The overall concept of the model is shown in Fig. 1.

Environmental impacts

Environmental impacts of food ingredients are calculated using life cycle assessment methodology.
Life cycle inventory data from five databases (ecoinvent, Agribalyse, WFLDB, Agri-footprint and
SALCA) will be used. Life cycle inventories will be selected according to data quality criteria
according to the ISO 14040/44 standards. The data will be prepared, harmonized, adapted (e.g.
adjusting system boundaries, electricity mixes or transports) and standardized for integration into the
meta-database. For missing data, new life cycle inventories will be created or proxies will be used to
approximate the environmental impacts according to the procedure described in Mila i Canals ef al.
(2011). The environmental impacts from the different inventories will be aggregated in case there



13" 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)

exist more than one inventory. Three sets of impact categories specific for life cycle impact
assessment in the agri-food sector are proposed for impact assessment of the LCI data.

e The restricted set considers a selection of the six most important impact categories for food
LCA according to Nemecek et al. (2011).

e The full set considers all impact categories of relevance to agricultural systems within the
SALCA framework. The SALCA impact assessment method is intended for the LCIA in the
agri-food sector.

e The PEF compliant set considers the impact categories given by the EU guideline to assess
the environmental footprint of a product (European Commission (EC), 2013).

Data gaps (= missing food ingredients) will be identified by comparing the LCI in the databases with
the food ingredients in the EuroFIR database. To guarantee a successful integration of the
environmental data into the meta-database, LCI data and their respective impacts will be linked to the
food ingredients from the EuroFIR database. This is done by applying LangualL codes and the
FoodEx2 food classification system which help to index and describe food products (Meller & Ireland,
2018).

Multivariate Optimisation of Food Quality
Data Based Prediction of Cradle-to-Gate Impact

. 6 GHG emissions 1 Nutrient Optimisation
Environment Health

7 landUse Ingredients —
2 ColourPrediction
8 WaterScarcity

9 Acidification

Food 3 TexturePrediction
o Production Sustainable v
10 Eutrophication Data Food Optimised
? Recipe
Minimal '
Processing
’\ Comparison of
——— Food Processings
5 Inactivation Model 4  pH Prediction/

Optimisation

Al Assisted Prediction of Food Safety

Safety

Fig. 1: Concept of the OptiSignFood tool for the food and beverage industry.

Nutritional indices

Nutritional indicators are used to assess the nutritional quality of foods products. They are based on
the concept of nutrient profiling, a ranking system to classify foods based on their nutritional
composition relative to nutrient needs of qualifying nutrients (nutrients to encourage) and
disqualifying nutrients (nutrients to avoid or limit) (Fulgoni et al., 2009). For this project, the EuroFIR
database (https://www.eurofir.org/) is used to determine the nutrient contents of different food
ingredients. As each nutritional indicator takes into account different nutrients, the values of each
indicator might rank foods differently. In addition, some nutritional indicators require a large set of
nutrients that might not be available in the EuroFIR database. In this case, when the missing nutrient
is not essential for the target population, a modified/adapted nutritional index will be used but if the
nutrient is relevant for the target population, proxies from other databases will be included. One aim
of the OptiSignFood project is to link and standardize robust, strong and valid nutritional composition
datasets from different EuroFIR countries that will allow for better calculations of the nutritional
indicators.
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The main objective to include nutritional indicators in the OptiSignFood project is to be able to
optimize the production of new or modified food products based on the principle that foods with
better nutrient profiling scores, encourage healthier diets than those with lower nutrient profile values.
However, this has been debated as some reformulation procedures just decrease disqualifying
nutrients and increase qualifying nutrients, but might not be synonym of an overall healthier diet.
Still, when assessing individual foods or specific food mixtures, nutritional indices help the food
industry produce foods with better profiles and the consumer to choose more nutritious options that
will at the end increase the overall nutritional content of the diet. In addition, some indices are being
associated to health outcomes, such as the Health Nutritional Index (HENI), which will be used in
the optimization model, and considers dietary risk factors based on the global Burden of Disease
Study (Stylianou ef al., 2021).

To facilitate the comparison between different food products, different nutritional indices will be
included in OptiSignFood (e.g NRF9.3, Nutri-Score, etc.). The aim is to include not only nutrient
information (e.g. grams of nutrients, kilocalories or percentages of daily recommended intakes), but
also nutrient indicators that will: 1) help the food industry produce more nutritious foods; 2) enable
consumers to evaluate the contribution of a food product to a healthy and balanced diet considering
its nutritional composition and; 3) to compare food products of the same category and choose a
healthier option.

Database harmonization and standardization

A particular challenge is to link the nutritional, life cycle inventory and the laboratory parameter
databases, since all databases use different classification systems and data structures. Figure 2 shows
examples of different type of information for food ingredients available in the databases, which need
to be connected in between databases.

Food Safety Nutrition
LCI Databases and Quality Databases
Databases

apple, raw, puree

apples, granny smith, cooked |

apples, raw (CH)

apple, fresh (UK) |

apple, Italy

| cooking

Fig 2: Type of information for food ingredients available in the databases

Different wording (apple vs. apples; raw vs. fresh) and sometimes missing information on the status
or processing of the food ingredient in the databases render a connection by names tedious.
Additionally, certain information (e.g. cooking/cooked) is sometimes part of the food ingredient, but
sometimes embedded as standardized code. To overcome this challenge, the LanguaL standardization
system will be applied to the food ingredients in order to standardize the names of the food ingredients
consistently. The Langual. food description thesaurus (https://www.langual.org/) provides an
automated method to describe, capture and retrieve food-related data and will be used for this purpose.
The EuroFIR nutritional database will serve as a backbone for the meta database and has already
LangualL codes implemented and connected to food ingredients. Other databases (environmental and
parameters database) will be connected to the EuroFIR database. Already implemented Langual
codes in EuroFIR should serve to facilitate the connection of the databases. However, due to
inconsistent application of the Langual system, the assignments of Langual codes to the food
ingredients in the EuroFIR have to be checked and validated.

Results and discussion
The EuroFIR databases for different countries differ not only in the number of nutrients considered,
but the values can also differ considerably between databases for the same nutrient. A data
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harmonization is therefore needed. Environmental impacts also differ and depend on the country of
origin, the production system, and the yield level. Representative environmental impacts are
calculated for the European food and beverage market.

As a first step, LCI data of food ingredients have been organized, structured and classified into the
EFSA FoodEx2 classification system by assigning Langual codes. The first overview shows that
there are more than 15’000 food LCI out of roughly 42’000 LCI datasets available from selected LCI
databases (35%) which can be grouped into 21 different food categories. Those 15’000 inventories
cover a total of 952 different and individual food ingredients.

The prediction of the model will be validated in real environments by food and beverage
manufacturers.

Information provided to the users

Figure 3 shows the first layer of the design of the software. The user can choose ingredients and their
amounts and can see the prediction of a set of the basic parameters and the legally important nutrient
values. We are also working on implementing a nutrition and an environmental score, like the
Nutriscore. From this general overview, the user can switch to the optimization window where the
recipe composition can be optimized based on these and other parameters. We are also planing a
window where the parameters of different compositions can be compared with each other. Currently,
we are designing another window for the environmental impact of the food composition, which needs
a separate tab, since it is multi-dimensional and has several parameters to be calculated and also needs
a higher degree of input from the user.

g 2anoe - Optisign Food-Calculator

pH Value Optimizer Compare

Ingredients Composition
Tomato Puree (self-made) - pH = 4.4 X - 29
Apricot, cooked - pH = 3.29 X - 19

Carrot, raw - pH = 6.26

Fig. 3: Possible user interface of the OptiSignFood software.

Conclusions

OptiSignFood should lead to faster product development with less developments being rejected and
food waste being avoided. This enables the manufacturers to react faster to societal and market trends,
e.g. replacing animal-sourced ingredients by plant-based alternatives. The systematic consideration
of environmental impacts and food quality, while ensuring food safety will lead to more nutritious
food with lower environmental impacts and improved resource efficiency. Potential trade-offs
between different parameters can be clearly shown.

OptiSignFood will enable the food and beverage industry to deliver nutritious food with high quality
and safety as well as low environmental impacts and thus to contribute to the sustainable development
of the food system.



13" 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)

References

EC (2013). 2013/179/EU: Commission Recommendation of 9 April 2013 on the use of common
methods to measure and communicate the life cycle environmental performance of products
and organisations Text with EEA relevance, 1-210 124 (2013). https://eur-lex.europa.cu/legal-
content/EN/TXT/?uri=CELEX:32013H0179

FAO, IFAD, UNICEF, WFP & WHO (2021). The State of Food Security and Nutrition in the World
2021. Transforming food systems for food security, improved nutrition and affordable healthy
diets for all. Rome, FAO. https://doi.org/10.4060/cb4474en

Fulgoni, V. L., 3rd, Keast, D. R., & Drewnowski, A. (2009). Development and validation of the
nutrient-rich foods index: a tool to measure nutritional quality of foods. J Nutr, 139(8), 1549-
1554. https://doi.org/10.3945/jn.108.101360

Mila i Canals, L., Azapagic, A., Doka, G., Jefferies, D., King, H., Mutel, C., Nemecek, T., Roches,
A., Sim, S., Stichnothe, H., Thoma, G., & Williams, A. (2011). Approaches for Addressing Life
Cycle Assessment Data Gaps for Bio-based Products. Journal of Industrial Ecology, 15(5), 707-
725. https://doi.org/10.1111/1.1530-9290.2011.00369.x

Mpller, A., & Ireland, J. (2018). LangualL™ 2017 - Thesaurus. Danish Food Informatics.
https://doi.org/10.13140/RG.2.2.23131.26404

Nemecek, T., Dubois, D., Huguenin-Elie, O., & Gaillard, G. (2011). Life cycle assessment of Swiss
farming systems: 1. Integrated and organic farming. Agricultural Systems, 104(3), 217-232.
https://doi.org/10.1016/j.agsy.2010.10.002

Stylianou, K. S., Fulgoni, V. L., & Jolliet, O. (2021). Small targeted dietary changes can yield
substantial gains for human health and the environment. Nature Food, 2(8), 616-627.
https://doi.org/10.1038/s43016-021-00343-4

Acknowledgement
This project receives funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 971242.



13" 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)

Calculation of the environmental labeling of food products based on the
packaging information

Justine Catel', Gustave Coste!*>, Arnaud Hélias'*

'ITAP, Univ Montpellier, INRAE, Institut Agro, Montpellier, France.

°Elsa, Research group for Environmental Lifecycle and Sustainability Assessment, Montpellier,
France

SLBE, Univ Montpellier, INRAE, Narbonne, France

Keywords: environmental labeling; food; nutritional data ; ingredients
*Corresponding author. Tel.: +33-787-346-452, Fax: - E-mail address: arnaud.helias@inrae.fr

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.

Ingredients properties
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Barres chocolatA®es .
Barres chocolatA®es biscuitA®es au caramel

Lpam et 88% Pork on skewer, raw Warnings

enicocoa-butter: 31.5% g
e 9 en:soya-lecithin has been identified as an allergen and ignored.
Shiskimmed mik-powder: 18.5% Pork, shoulder, raw The impact relative interquartie is high for Score unique EF (30%)

gn:cocoa-paste: 12.6% Pork, belly, raw The impact relative interquartile is high for Changement climatique (31%)

en:lactose: 5.2% T The impact relative interquartile is high for Appauvrissement de la couche d'ozone (28%)
- > Pork fat, raw The impact relative interquartile is high for Rayonnements ionisants (38%)

Sn:milkfat: 4.5% y The impact relative interquartile is high for Formation photochimique d'ozone (32%)
enmilk: 0.4% [T [P The impact relative interquartile is high for Particules (29%)

p s The impact relative interquartile is high for Acidification terrestre et eaux douces (33%)
| gt e S Dairy drink or fermented milk or The impact rfative interquarte s high for Eutrophisation eau douces (28%)

ensalt: 0.1% The impact relative interquartile is high for Eutrophisation marine (39%)

en:emulsifier: 0.3%
en:e500: 0.4%
en:natural-vanilla-extract: 0.1%

0% 25% 50% 75% 100%

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
10

00g
Estimated ingredients mass used
1017g

ensugar: 25.7%
eniglucose-syrup: 20.3%
eniwheat-flour: 17.0%
en:palm-fat; 10.4%
en:cocoa-butter: 7.9%
Snvskimmed-milk-powder: 5.1%
Scocoa:paste: 3.4%
hiactose: 23%

onmilfat: 1.8%

“enmilk: 1.4%
“enfat-reduced-cocoa: 0.9%
Jenisalt: 0.6%

encemulsifier: 0.4%

ene500: 0.4%
en:natural-vanilla-extract: 0.2%

yogurt, plain, with sugar, with L
Casei

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

Dairy drink or fermented milk or
yogurt, with frits, 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 fuits, with sugar,
with bificus

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

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

Dairy fat 20% fat, light,
spreadable, unsalted

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

k.t comtent ko, UKT stz

Dairy drink or fermented milk or yogurt,

plain, with sugar, with L Casei

Dairy drink o 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,
nsalted

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,
unsalte

Fermented milk or dairy specialty, yogurt

type, plain, with bifidus

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

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

Sea salt, grey, no enrichment

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

Salt, white, for human consumption
(sea, igneous o rock), iodine added, no

other enrichment
0% 250 s0% 75% 100% Salt, white (sea, igneous or rock),
iodine added, fiuoride added 25 Sea salt, grey, no enrichment
mgro0g
Warning : This

Ingredients

Full ingredient list

r | Sopioctnn

Baking powder i gent
Manuaanty

Varta,aqueous xact

Soyleotin

Basing powdor i agert

Varta, aqueous xact

The impact relative interquartile s high for Utiisation du sol (35%) _
The impact relative interquartile is high for pour AGcosystA tiques d'
douce (28%)

The impact relative interquartile is high for A%:puisement des ressources AGnergA®tiques (26%)

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 (€500, natural vanilla extract. may contain hazelnuts almonds

Parsed ingredient list

en:sugar , en:gl yrup , en: , en:palm-fat, .
powder , en:cocoa-paste , en:lactose , en:milkfat , en:whey-powder (en:milk ) , en:fat-reduced-
cocoa, ensalt, (en:s ) (en:e500) , en:natural-
vanilla-extract

Legend:

Figure 1. Example of an impact sheet generated automatically for a given food product
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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 Mila 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
(Lupiadnez-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.

- 1 i 1
Impact category Unit EFSI- NF ii)sitlaI:F’ per Weighting factors

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 Peq 1.94E+08 3.81E-01 295
EuT kg N eq 7.25E+09 1.42E+01 3.12
EuM mol N eq 8.07E+10 1.58E+02 391
LU Pt 1.24E+14 2 43E+05 842
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

* BEuropean 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 < 04

B Low > 04

C Medium > 145
D High > 2

E Very high > 10

Food items with EFSI results below 0.40 have been considered as very low environmental impact.
‘A score’ food items encompass for example orange, rye flour or soybean beverage. Products with
EFSI values between 0.40 and 1.45 receive a ‘B 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 ‘C score’. For instance,
fruit juices or refined sunflower oil can be found in this category. The ‘D score’ products 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 ‘E score’, very high environmental impact (Figure 5).

1
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Beef —_— | ————

Sugar from sugar cane 1

Banana [ I
Pig meat |
Refined sunflower ol L | }
Rice I} d
Strawberry —I
Chicken meat ﬂ_|
Eggs (1]
Apple i
Onion 4 . I}
Carrot 1 I }—
Potato | I I
Refined rapeseed ail [ .
Tomato l___}—
Tofu —]::j— .
Apricot |_\
Lettuce |
Orange []:
LF
{l

Pea canned

Sugar from sugar beet

0 5 10 15
EFSI

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

Material

19 prlv;te a.nEd‘oReratlonal 2 working groups with experts Lab experiments and research
projects (ex: Ecoscore, (indicators and formats) schemes (INRAE, ESA)
Planetscore._.)
> g . Stakeholders forum Complementary studies
Scientific comittee (Professional organisations, NGOs, Casino, IDDRI, EY)
digital players...) (Cae ! !

Outcomes
- Scientific report by researchers, independant from ministries
- Final report and conclusions by governement.

Figure 1: Governance and deliverables of the French food experimentation 2019-2021

Much knowledge was obtained during the experimentation, based on “real life” projects, expert
workshops and “lab experiments”. Amongst the 18 projects, a diversity of approaches was found:
from carbon footprints to LCA indicators combined with other indicators, proposed by professional
organisations (dairy, oil, meat...), food companies, retailers, and creators of consumer apps.
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Private projects could be classified according to:
- the use of “primary/specific information” vs “secondary and average data”,
- 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
- “Internal calculations” vs. “consumer testing”

Indicators Ecoscore”
Karbon ATLA Les Mousquetaires
Yuka Elior ADEPALE Planetscore* Crystalchai
rystalchain
Carrefour Interbev (ITAB) INNIT
OFF
] ' " Yukan*
Eiko Kisaco Experoil L'Empreinte

Bearing Invitation
Point alaferme

La Note Globale

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 potential “3 levels system”, going from the 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:

o 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.

e 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.

e 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

e 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.

e 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.

Cost / Reference item
10 000€ 4 @ Specific data (PEFCR)
£

Semi-specific data y
from private sources /

/

-
Generic data

1€ ® —>® 'Semi-speciﬁc data from public sources
{ >
Environmental accuracy

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.

'B

IMPACT ENVIRONNEMENTAL

RESSOURCES & s ssssmm—m
BIODIVERSITY s w S —
CLIMATE o me— C —

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.

LCA indicators

Calculation D i Display
methodology Remplemeny indicaions format

Agregation methode | Place of display

Specific
Generic
Specific x Generic

Control procedure

Figure 5 : Global scheme to be set for labelling operationalisation
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Within the framework of the Green Deal the European Commission developed the so called “Farm
to Fork Strategy” [1]. It aims to improve the availability and price of sustainable food and to promote
adoption of healthy and sustainable diets by consumers. Key elements include — among others -
improving consumer information through a proposal for a harmonized mandatory front-of-pack
nutrition labelling, and a proposal for a sustainable food labelling framework to empower consumers
to make sustainable food choices. The sustainable labelling framework aims at covering, in synergy
with other initiatives, the nutritional, climate, environmental and social aspects of food products.

As one method to assess the sustainability of products and services Life Cycle Assessment (LCA)
considers all life cycle stages and thus is an adequate approach to evaluate potential impacts of the
food sector from raw material production, farming, processing, packaging and transports to use and
disposal by the costumer. This is already reflected in the Environmental Footprint and the strong
support it receives from the European Commission [3].

To address all sustainability pillars in accordance to the farm to fork strategy a life cycle sustainability
assessment (LCSA) could be used and build the basis for a Product Sustainability Footprint (PSF).
To make a PSF applicable to different product systems and sectors there are still some obstacles to
overcome. Main challenges are to develop a broadly applicable methodology, the interpretation and
communication of results and the availability of PSFCRs, verification procedures, data and
benchmarks. [4]

In the EU funded project ORIENTING [2] the consortium develops a robust and operational
methodology for the life cycle sustainability assessment (LCSA) of products and services in close
contact with relevant stakeholders. The novelty value of the project lies in a consistent approach that
considers environmental, social and economic impacts in an integrated way. The ambition is to
develop a methodology that can assess goods produced under linear as well as circular business
models, allowing practitioners to understand and manage possible trade-offs. Also ORIENTING
contributes to the development of a future Product Sustainability Footprint at European level,
evolving the existing PEF framework and designing new indicators for the evaluation of material
criticality and product circularity. To make LCSA suitable for supporting the implementation of the
sustainable labelling framework a twofold approach is chosen in ORIENTING: first to improve PEF
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with contributions to biodiversity and land use impact and improve S-LCA. Second to make current
methodologies applicable, integrate circularity and criticality, provide guidance to users on how to
carry out LCSA and on how to integrate and interpret results. Within the project five industry case
studies from different sectors are conducted to test the methodology developed and thus to assure a
user oriented approach. As part of the food sector tomato industry in Northern Italy was chosen.

In this contribution we present the Orienting approach, give first insights on its application to
agricultural production systems, and discuss how it can contribute to the implementation of the
sustainable labelling framework. We will present the demonstration status focusing on the goal and
scope, the data collection phase. Furthermore, first interim results are presented and discussed looking
at the joint investigation of all dimensions under investigation (environmental, social and economic
life cycle assessment as well as circularity and criticality). Based on this, we will discuss the
suitability of the ORIENTING framework for application in companies with different levels of
experience in LCSA. Furthermore, the overall contribution of LCSA to support the farm to fork
strategy is discussed under the consideration of different labeling and result visualization options.
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Introduction

Environmental labelling of food product is nowaday a key subject for policies and consumers in
Europe, LCA is the methodological basis. In France in 2020-2021, Agency and Ministry for
Ecological Transition (Ademe and MTE) launched a call for proposals of an environmental labelling
method for food products. 18 proposals were received and analysed by the scientific council which
indicated (Soler et al. 2021) that food labelling must be based on LCA and on the “Product
Environmental Footprint” (PEF) reference framework, with the need to assume a system compatible
with European work. Moreover, the inclusion of pesticide residues was questioned, pointing that
regulation already ensures the sanitary quality of food products through the application and control
of maximum residue limits (MRLs), nevertheless they recommand a targeted debate notably on the
fact that residues in food products do not come from environmental exposure but from direct ingestion.
Indeed, nutritional aspects are already considered in a nutri-score in France (Julia and Hercberg 2017)
and other countries (e.g. Spain, Germany) ; however, the indicator does not cover the presence of
additives nor pesticide residues, which can have human health impacts for consumers. Currently, no
indicator presents the potential health risks of food other than nutritional.

In LCA of food products, (eco-)toxicity is dominated by pesticides (Bessou et al. 2013; van der
Werf et al. 2020) and in particular by ingestion of residues, which is the main route of exposure
(Fantke and Jolliet 2016; Gentil et al. 2020). The international working group on Operationalising
LCA for pesticides, OLCA-Pest, recently recommended to account for pesticide residues in LCA
(Fantke et al. 2020). Although there are regulations on sanitary quality of food products regarding
pesticides, and related risks are hence considered “acceptable”, potential impacts on humans still exist
(Gentil et al. 2020). Moreover, as the planetary boundary for chemicals including pesticides is
exceeded (Persson et al. 2022), consumers should know the risk of their food and act accordingly.
The aim of our research is to highlight the feasibility and urgent need to consider within LCA, the
pesticide impacts from residues, on top of environmental exposure, for food environmental labelling
purposes.

Materials and methods

For the inventory phase, a selection of 8 crops (i.e. tomato, apple, carrot/potato, chicory/salad,
soybean, sunflower, vine, sugar beet) representing the main crop families (e.g. cereals, tubers...) was
realised using Agribalyse 3.0 (French LCA inventory for agri-products) and distinguishing farming
pratices (e.g. organic, conventional). Open-field production was preferred to apply pesticide emission
modelling. In Agribalyse, only so called ‘specific’ scenarios contain detailed pesticide inventory data,
those specific scenarios are aggregated to compose generic scenarios leading to representative French
crop production datasets. For each selected conventional crop scenario, the dominant specific
scenario in the generic one was chosen (e.g. the specific scenario “lettuce, open field, conventional,
at farm gate” was selected and represents 43.2% of the “lettuce, conventional, national average, at
farm gate”). No generic scenarios are available for organic productions, so only specific scenarios
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were selected. A total of 22 scenarios were analysed, of wich 9 in organic agriculture.

Then, according to OLCA-Pest recommandations on PestLCI (Nemecek et al. 2022), pesticide
emission fractions to the environment and crop (i.e. to air, off-field surface, field soil surface, crop
leaf surface) were used (Figure 1), with a differenciation by type of pesticide (e.g. fungicide,
insecticide) and crop families and according to French national soil occupation average for off-field
emissions (i.e. 59% agricultural soil, 40% natural soil and 1% surface water). These emission
fractions are now fully available in Nemecek et al. (2022) and were recently implemented in
Agribalyse (the PestLCI model is freely available on https://pestlciweb.man.dtu.dk/).

Emissions were then allocated to the corresponding USEtox LC-Impact and dynamiCROP
impact compartments, respectively, to assess environmental and residues’ potential human impacts.
An intermediate approach of LC-Impact with the dynamic version of USEtox 2.12 was developed to
obtain characterisation factors (CFs) at mid-point with a 100 years time horizon. Only human non-
cancer (HNC) toxicity was assessed due to too many missing CFs for human cancer toxicity (85% of
the active susbtances used in our case studies are not characterized). Those results were compared
with the current modelling approach, using impact method EF3.0 (Product Environmental Footprint)
and considering 100% of pesticides emitted to soil. Freshwater, marine and terrestrial ecotoxicity
were also studied but are not presented here.
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Figure 1: Connection of emission compartments of PestLCl with USEtox_LC-Impact for environmental exposure and
dynamiCROP for residues (LAI: leaf area index, FAI: fruit area index)

Results and discussion
Importance of residues in human non-cancer toxicity (HNC) for conventional products

Our method allows us to take into account the impacts of pesticides including residues on
human health in LCA and to compare different types of farming e.g. organic versus conventional.
Table 1 presents the impact score for HNC toxicity from environmental exposure and from residues
(without processing factor from Fantke et al. (2012), for e.g. baked potatoes). Impacts from residues
are mostly dominating total impact of pesticides for conventional productions, except for tubers
(potato: 2%). Results for both environmental exposure and residues are often dominated by one
substance, e.g. for environmental exposure, in 16 of 19 scenarios, impact is explained by one
substance representing more than 50% of total impact. Copper substances are dominating
environmental exposure impacts for organic crops, while pesticides from the triazoles and
organochlorines family are mostly dominating impacts for conventional crops. These results highlight
the possibility to reduce HNC toxicity by substituting or reducing the one substance dominating total
impact. Within our 22 scenarios, pesticide residues account for up to 99.5% of all pesticide-related
impacts (conventional lettuce) and are generally dominating the total HNC toxicity impact. In Figure
2, residues represent 53% of human impacts from pesticides for conventional apple, and 96% for
conventional tomato. Residue-related toxicity for organic products is usually zero, except for some
case studies such as tomato, due to spinosad pesticide residues (homologated in organic agriculture).
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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.

Human non-cancer toxicity From environmental exposure From residues
(Without processing factor)

Crop and type of farming (I(ri?'szfakgs:::?;;; % / total Main substance (I(I;S:;Egs‘c:?c:; % / total | Main substance
Apple, conventional 1,2E-07 47% Emamectin benzoate 1,4E-07 53% Amitrole
Apple, organic 1,0E-09 100% Copper oxychloride n/a n/a n/a
Tomato, conventional 1,4E-10 4% Copper sulfate 3,4E-09 96% Acetamiprid
Tomato, organic 1,4E-10 98% Copper sulfate 2,4E-12 2% Spinosad
Lettuce, conventional 5,8E-11 0,5% Abamectin 1,2E-08 99,5% Pronamide
Chicory witloof, organic 1,4E-09 100% Caopper oxide n/a n/a n/a
Chicory witloof, conventional 8,6E-10 2% Difenoconazole 3,6E-08 98% Difenoconazole
Carrot, organic 1,5E-10 100% Copper sulfate n/a n/a n/a
Carrot, conventional 7,7E-11 29% Linuron 1,9E-10 71% Metam-sodium
Ware potato, conventional 1,8E-10 98% Diquat 4,0E-12 2% Diquat
Soft wheat grain, conventional 1,0E-10 6% Epoxiconazole 1,6E-09 94%  Picoxystrobin
Winter wheat, organic 0 - - 0 - -
Sugar beet, conventional 8,2E-12 100% Cyproconazole n/a n/a n/a
Soybean, animal feed, BR 3,7E-10 100% 2,4-D n/a n/a n/a
Soybean, animal feed, FR 6,4E-11 100% Metolachlor, (S) n/a n/a n/a
Soybean grain, organic 0 - - 0 - -
Sunflower grain, conventional 2,4E-11 100% Metolachlor, (S) n/a n/a n/a
Sunflower grain, organic, 0 - - 0 - -
Grape, conventional, AOC 2,8E-09 100% Difenoconazole n/a n/a n/a
Grape, conventional 6,6E-09 100% Copper n/a n/a n/a
Grape, organic, AOC 1,1E-08 100% Copper n/a n/a n/a
Grape, organic 8,7E-09 100% Copper n/a n/a n/a

Figure 2 compares 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. Some organic crops have no impact due to the absence of substances used, and some
residues impacts could not be assessed for inorganic substances used. HNC toxicity is in general 3
orders of magnitude higher than with PEF method (EF3.0), due to the inclusion of residues.
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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)Vkg of harvested crop).

MRVLs respected and potential human health impacts

DynamiCROP model allows to estimate amounts of pesticide on food crops according to
pesticide application and to check if MRLs are respected. In the 22 case studies, the amounts of
pesticides in food products were estimated to be below MRLs; however potential health impact could
be assessed and is not equal to zero.

Some limitations

Currently, the full impacts of pesticides cannot be assessed. Only human non-cancer toxicity
could be assessed due to too many substances not characterized for cancer impacts. Indeed out of 138
pesticides applied in our case studies, 85% were not characterized for cancer impacts; also 28% of
substances were not characterized for human non-cancer toxicity for residues and 26% for
environmental exposure. Plant uptake of copper substances could not be assessed with the current
version of dynamiCROP model, as it is not yet developed for inorganic substances; it was therefore
not possible to reach any conclusions on their residues in food. At inventory level, out of our 138
substances, 26% are not homologated in France anymore, hence update of Agribalyse is required and
should be carried out in the upcoming release. Thus, potential over- and under-estimation of impacts
exists due to these current limitations.

Outlook and conclusions

Using Agribalyse and the most up-to-date LCIA pesticide models, a methodology to assess
human toxicity due to pesticides was proposed for food environmental labelling purposes. Thus, a
pesticide-LCA study of 22 representative crops, including food residues with metal substances at 100
years for 8 crop types was assessed, comparing impacts for organic and conventional pratices. First
results show that human non-cancer toxicity of residues reached up to 99,5% of total impacts from
pesticides for conventional products. Human non-cancer toxicity is always higher for conventional
than organic crops, mainly from residues.

Nevertheless, to fully assess the impacts of pesticides, CFs for cancer toxicity need to be
developed as well as CFs for new substances, notably the ones used in organic farming. Further
research is also required for inorganic substances, metabolites, adjuvants and cocktail effects.

Overall, in the context of consumer information, we are challenging the statement that MRLs
are already wholly addressing human health due to pesticides. Indeed, our study shows that doses of
ingested chemicals below MRLs can still have potential impacts on humans. Thus, environmental
labelling of food products (using LCA methodology) should consider impact of pesticides on human
health, from both environmental exposures and residues in food, as recommended by the international
scientific community, in order to compare crops with each other.

This approach could be extensively extrapolated to other food crops to cover environmental
labelling requirements and pave the way toward general consideration of pesticide and their residues
for environmental labelling of food products. Consideration on processed food products must also be
carried out. As per now, priority is to operationalize current tools for practitioners and for this
environmental labelling purposes including in LCA software tools.
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Objective

Milk consumption in humans goes on for longer than in other mammals’ species (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: “xxx milk
LCA”, “mylk vs milk LCA”, “milk vs plant-based milk LCA”, “plant-based milk LCA”, “xxx
beverage LCA”, “milk substitutes LCA” and “environmental impact of milk substitutes”. And the
second was for the nutritional properties of the beverages, with the keywords: “xxx milk”, “xxx
mylk”, “plant beverages”, “nutritional profile of plant beverages”. In these, the “xxx” term was
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 pg / 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 pg of vit. B9 in soy milk, 77.14 pg of vit. B12 in almond milk, 19.2 mg of vit. E in
almond milk and 3.33 pg 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 CO- eq. for for
animal-based milk and between 0.021-3.85 kg CO: 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 CFCI1 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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Rationale and objective of the work

Brazilian milk production reached a record 25.53 billion liters in 2020 (IBGE, 2021).
According to Embrapa (2021), the supply of milk grew by 2.8% in the country, which keeps Brazil
the third-largest producer of milk in the world, behind the United States and India (FAOSTAT, 2021).
However, the Brazilian raising of ruminant animals management showed an increase of 107% in air
pollution from 1990 (1 kilo-DALY) to 2018 (2 kilo-DALY) due to particulate matter (PM) related
emissions (UN, 2022). PM is an atmospheric pollutant composed of a complex mix of solid and liquid
particles suspended in the air (WHO, 2018). PM is graded according to its aerodynamic diameter and
can reach less than 2.5 micrometers (PMas), standing as the fifth largest risk factor for human
mortality in 2015 (Cohen et al., 2017).

Life Cycle Assessment (LCA) is an important technique (ISO, 2006) to account for the health
impacts due to PM emitted by milk production in Brazil. However, most characterization models for
the PM formation category were developed for different geographical scopes, such as Europe, the
United States, and Japan. Some recent models covered the Brazilian context, for example, Fantke et
al. (2017, 2019), Van Zelm et al. (2016), and Oberschelp et al. (2020). Nevertheless, there is a
methodological gap due to the existence of few studies in the literature evaluating the sensitivity of
methods that include the Brazilian context concerning the PM category (Giusti et al., 2022).

Based on an LCA study, this research aims to evaluate the human health damages of PM
emitted from two confined milk production systems in Brazil; and to analyze the LCA sensitivity of
results in face of different characterization models application.

Methodology

Goal and Scope Definitions

Two systems of confined milk production were evaluated in Brazil. The first one was the
compost barn system located at Angatuba city of Sao Paulo state. In this system, the cows are confined,
and sawdust is constantly inserted as bedding (bulky material) for the cows and mixed with manure
to produce biofertilizer. The second one was the confined system located at Campos Gerais of Parana
state, with biogas and/or biofertilizer generation in the manure treatment.

Both systems were analyzed in a cradle-to-farm production for 1 kg of Fat and Protein
Corrected Milk (FPCM) as the functional unit (UF). The physical allocation was used to address the
multifunctionality of the milk production systems due to the generation of two by-products: meat and
manure.

Life Cycle Inventory Analysis
Life Cycle Inventory (LCI) for the confined milk production in Campos Gerais region was
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extracted from the National Life Cycle Inventory Database (SICV Brasil) and imported into the
OpenLCA 1.10.2 software tool. For the LCI of the Compost Barn production system in the
southwestern region of Sao Paulo state, the necessary data from Silva (2022) were used. The
background processes to complete the cradle-to-farm compared systems were obtained from the

ecoinvent 3.7 databases.

Life Cycle Impact Assessment
Life Cycle Impact Assessment (LCIA) was developed exclusively for the PM formation

category using four characterization models with Brazilian coverage: (1) Van Zelm et al. (2016),
which provided Characterization Factors (CF) to the world and only one CF for Brazil as a whole; (2)
Oberschelp et al. (2020), with CF to the world, to Brazil as a whole, and regionalized CF to Brazilian
states; (3) Fantke et al. (2017, 2019), which provided regionalized CF for 126 Brazilian cities, and;
(4) UNEP and SETAC (2016), which is the global recommendation from the Life Cycle Initiative.
Giusti et al. (2022) recently recommended using at least one of the cited models (1), (2), or (3) for
LCA studies in the Brazilian context.

Considering the models developed by Van Zelm et al. (2016) and Oberschelp et al. (2020),
which did not divide the factors into archetypes, the same elementary flow emitted in different
archetypes received the same CF. On the other hand, Fantke et al. (2017, 2019) and UNEP and SETAC
(2016) provided CFs varying with the emission archetype; thus, the models’ archetypes were
connected to the inventories’ archetypes as follows: emissions to air in high population density
archetype received the CF for outdoor urban archetype; emission in low population density was
connected to CF for outdoor rural archetype and; emission to unspecified archetype received the

higher CF.

Results and discussion
Regarding the inventory data, the confined system showed lower emissions of NH3 (69%) and

NOx (35%) concerning the compost barn and higher emissions of PMz s (109%) and SO: (106%).
These differences led to different impact results when changed the characterization model, as shown

in Figure 1.

Figure 1 - Life cycle impacts of particulate matter formation for the compost barn and confined systems.
Legend: 1) Van Zelm et al. (2016); 2) Oberschelp et al. (2020); 3) Fantke et al. (2017, 2019); 4) UNEP and
SETAC (2016)
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Using the CF provided by Van Zelm et al. (2016) to the global average, the compost barn
showed an impact of 2.7x10"7 DALY /kg FPCM, and the confined system was 28% lower. Using the
Brazilian CF of Van Zelm et al. (2016), the compost barn impact was 2.4x10% DALY /kg FPCM, and
the confined system resulted in 20% higher damages. The NH3 emissions were the primary hotspot
in the compost barn for global and national CF. However, the hotspot varied with the LCIA
regionalization level in the confined system. Results indicated that PM: s is the hotspot for the global
approach and the SO> for the national one.

Using the Oberschelp et al. (2020)’s CF, the compost barn resulted in 1.8x10%, 4.9x108, and
4.6x107 DALY/ kg FPCM for global, national, and state levels, respectively. These results were 45%,
54%, and 85% lower for the confined system. These three geographical coverages indicated the NH3
as the main hotspot for the compost barn and confined systems.

Fantke et al. (2017, 2019)’s CF values showed that the compost barn impact was 7.5x10~°
DALY/kg FPCM, and the confined system presented an impact 242% higher. To this model, the NH3,
SO,, and NOx emissions did not account for effects due to the lack of specific CF. Thus, the hotspots
analysis was not a viable step in this model use.

Finally, the CF recommended by UNEP and SETAC (2016) resulted in 1x107 DALY /kg
FPCM for the compost barn, which was 16% lower than the confined impact. The confined system
presented higher emissions of NOx for the high population density archetype, mainly due to the
background processes and higher emissions of PM2 s and SO, compared to the compost barn. NH3
and PM, s were found as the hotspots in the compost barn, while only PM2 5 was highlighted in the
confined system.

It is worth mentioning that the analyzed milk production systems are not directly comparable,
given the need for more harmonization in the inventory data quality. However, it is interesting to note
that the variation in the characterization models significantly changed the impact results of both
systems, also changing the hotspot analysis.

Owsianiak et al. (2014) evaluated the environmental impacts of four window design options
for residential buildings comparing the ILCD 2009 with IMPACT 2002+ and ReCiPe 2008. The PM
formation impacts showed a difference of only one order of magnitude by varying the LCIA method.
However, the authors identify that the hotspots varied according to the method due to the different
characterization models used. Nevertheless, the methods used by Owsianiak et al. (2014) were
developed for a geographical scope divergent from the Brazilian one. Moreover, Giusti et al. (2022)
also found a high variance of LCIA results for the Brazilian production of particleboards when they
varied the characterization models, suggesting that the CF covering the Brazilian context needs
further refinement to reduce their uncertainties.

Conclusion

For the PM formation category, regionalized CF values are recommended. Fantke et al. (2017,
2019) provided the most refined territorial scope among the used models and CF for the different
archetypes. However, this model showed a limitation due to the lack of factors for PM precursor
emissions.

Thus, regarding the total PM impacts of the analyzed systems and geographic scope, the state-
level model provided by Oberschelp et al. (2020) showed more consistency for the LCA application.
The selection of the LCIA method should be made with caution, considering the LCA scope and the
level of regionalization for the models available and required to attend to the LCA goal.
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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 ef 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 CHs emissions and 53% of N>O emissions
(Gerber et al., 2013). Considering the contribution of global supply-chains, Gerber ef 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 CHy 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, lizumi 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 ef 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 Brightway?2 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 ef 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).

70 30 0.7 16 29.7 1 1 1.2 0.7 1 0.7
40 60 1.1 28 17 0.8 0.8 1 1.1 1.5 1.1
70 30 1 16 29.7 0 0 2.5 1 0.33 0.23
40 60 1.5 28.8 17.1 0.5 0.5 0.5 1.5 0.5 0.36
T 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

Conventional 50% Ry, 50% R, 33% Ry, 33% Ry, 33% P

Conventional-GMO 50% R3, 50% R4 33% R3, 33% R4, 33% P

Organic 33% Ry, 67% R5 100% P

Methane (CHy4) 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):
kg CH GE (o) x 1 x 365
EF ( 4 ) _ ead x day) ~ 100 (1)
head X year 55.65

where EF is the emission factor and Y, 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 B (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.
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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.
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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.
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Rationale and objective: The European Union (EU) has adopted a net-zero emission target for 2050.
In line with this flagship initiative, the EU dairy sector aims to supply the future demand for dairy
products, which is projected to double, by moving towards an environmentally sustainable production
by 2050 thanks to the development of mitigation strategies (IPCC, 2018). However, the
environmental sustainability of the EU dairy sector is subject to climatic conditions, and thus, this
transition can be challenged as climate change will modify ecosystems unevenly across regions. In
this context, climate change hazards have an effect on the dairy sector’s environmental sustainability
due to changes in the foreground and background data of the Life Cycle Inventory (LCI). On the one
hand, climate hazards lead to biophysical impacts on the dairy products value chains, mainly at the
production stage (i.e. feed and raw milk production), leading to changes in the environmental impact
per unit of raw milk. Raw milk losses, caused by cow’s milk yield reduction due to heat stress, is one
of the identified biophysical impacts that is expected to change. In addition to heat stress, raw milk
losses can be caused by cow’s diseases as well that alter the raw milk quality and reduce cow’s milk
yield. Other biophysical impacts at this stage also include changes in the crop yields and their
geographical distribution caused by climate variability, crop pest infestation, and floods. Moreover,
changes in on-site freshwater available for herds and crops are caused by water stress. On the other
hand, the environmental sustainability of the dairy sector can also be affected by adaptation strategies
to cope with the aforementioned biophysical impacts since given strategies require resources to
operate.

Nevertheless, the quantification of the changes in the foreground and background data is quite
complex, considering the significant number of internal and external factors involved, and the high
degree of uncertainty associated with them (Guzman-Luna et al. 2021). In this instance, PROTECT
(www.protect-itn.eu), which is a Marie Sklodowska-Curie Action ITN funded under the Horizon
2020 programme, uses predictive modelling tools to evaluate the climate change effects on the dairy
sector from different perspectives. Within PROTECT, the present contribution looks at defining the
challenges that climate change poses to the transition of the dairy sector towards environmental
sustainability by 2050. Despite the present degree of complexity and climate change uncertainty, this
research presents a toolbox to model the effects of climate change on the EU dairy sector’s
environmental sustainability by quantifying changes in the foreground and background data caused
by biophysical impacts from climate change and proposed adaptation strategies.

Approach and methodology: Based on previous work on how climate change affects the
environmental sustainability of the dairy sector (Guzman-Luna et al., 2021), it was possible to
qualitatively capture all the elementary flows and links involved in that complexity (Module 3 and 4
of Fig. 1, with focus on the production stage). Around it, several modules have been constructed as
depicted in Fig. 1 and detailed below.
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Fig 1. Framework of the toolbox to estimate changes on the LCI due to climate change at the production stage.

The first module identifies and selects the countries and the crops used in the cows’ feed. First,
the 10 cow milk producing countries in the European dairy sector are defined by using FABIO (Food
and Agriculture Biomass Input-Output), which is a set of global multiregional supply and use tables
that covers 130 commodities and 191 countries (Bruckner et al., 2019). Then, the crops supplied to
those 10 cow milk producing countries are identified together with the largest supplying countries for
those crops. To do so, several filters are run in Matlab (2021) to reduce the size of the FABIO database
to the countries and commodities of interest. Also, at this module, the identified crops are categorized
in five crop groups (i.e. cereals, oilseeds, sugar crops, grain legumes, and roots) for the sake of
simplicity.

The second module defines the climatic conditions of the selected countries. Four
biogeographical regions across Europe are selected: i) Atlantic (i.e. Western Europe), ii)
Mediterranean (i.e. southern Europe), Continental (i.e. central, and eastern Europe), and iv) Northern,
as proposed by European Environment Agency (2017). Later, open databases are used to obtain
monthly climatic data on the temperature, relative humidity, and precipitation of these four regions
under different climate scenarios (NASA, 2021; World Bank Group, 2021). The Representative
Concentration Pathways (RCPs) are climate scenarios developed by the Intergovernmental Panel on
Climate Change and they are characterized by their total radiative forcing ranging from very low
(RCP2.6) to very high (RCP8.5) (IPCC, 2014). The RCP 4.5 and 8.5 are the climate scenarios used
in the present contribution.

Then, the third module estimates the magnitude of climate hazards across the selected regions
and estimates the corresponding biophysical impacts, whereas the fourth module estimates the effects
of adaptation strategies to compensate biophysical impacts on the resource use. As shown in Fig. 1,
different tools, and a combination of them, are used in these two modules depending on the climate
hazard present.

Starting with the first two climate hazards, Geographical Information Systems (GIS) allows
to visualize and analyse complex environmental challenges around the globe due to its robust
geographical data (Eccles et al., 2019). Thus, projected georeferenced data under the RCPs scenarios
from the Aqueduct project is used to define the magnitude of water stress, and riverine and coastal
floods (World Resources Institute, 2022). Across regions under water stress, adaptation strategies,
such as changing the water supply mix, are required to guarantee on-site water. The P-WSmix
(Prospective Water Supply mix) model from Ledo et al. (2018) is implemented. It is built on Aqueduct
data, and it allows to project the water sources under future climate scenarios depending on the
geographical location and water user.

Crop pest infestation is the next identified climate hazard. Literature (i.e. scientific papers,
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national and EU reports) is needed to obtain data on the crop pest infestation prevalence and the
corresponding changes in yields in the five crop groups under different climate scenarios. Adaptation
strategies, such as the use of pesticides, are necessary to avoid crop pests. Data from literature is used
to estimate the extra amount of pesticide required based on the pest prevalence.

Moving to the next climate hazard, mathematical modelling is used to estimate changes in the
yield of the five crop groups due to climate variability. The FAO’s AquaCrop model, which models
crop growth considering environment and management conditions, is used (FAO, 2022), and monthly
climatic data from Module 2 is required. Then, adaptation strategies, such as fertilizer use, are
required to compensate for yield reductions on affected crop groups. Data from literature is used to
estimate extra fertilizer needs.

Following the next climate hazard, mathematical modelling is also used to estimate the
number of months under heat stress and the corresponding milk losses in different climate scenarios.
The Temperature Humidity Index (THI) is a common indicator used to determine when cows are
under heat stress once the THI threshold (i.e. 68) is exceeded (Hempel et al., 2019). Monthly
temperature and relative humidity data from Module 2 are required here. Later, available models are
used to estimate the extra water and energy required by the heat abatement system (i.e. adaptation
strategy) during the identified heat stress months.

Regarding the last climate hazard, mathematical modelling is used to estimate changes in milk
losses due to cow diseases (i.e., bovine mastitis). The predictive model from Guzmén-Luna et al.
(2022), which is based on a risk assessment approach, is used to estimate raw milk losses as a result
of a reduction of milk yield and exceeding the mastitis pathogen concentration in the bulk tank milk
(CFU/mL). Then, data from the literature is used to estimate the amount of mastitis treatment (pg/mL)
required based on the pathogen concentration in the tank.

In the fifth module, the estimated percentage changes in the foreground and background data
due to biophysical impacts (Module 3) and adaptation strategies (Module 4) can be included in the
LCI, so later, it is transferred to the impact assessment stage.

Main results: To demonstrate the expected results from the toolbox, this section only shows results
from the Spanish Mediterranean region, and only presents changes in the LCI due to the biophysical
impacts of one climate hazard (i.e. heat stress), and the corresponding adaptation strategies. As
defined in Module 1, Spain is one of the largest milk producers in Europe (Fig. 2a). To model how
imported feed will be affected, the largest crops suppliers to the Spanish dairy farms are identified
(Fig. 2b).
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Figure 2. Largest milk producers across Europe (a) and the crops imported together with their country of origin (b).

As aresult from Module 2, the temperature and relative humidity for the Mediterranean region
projected by 2050 under RCP4.5 (a) and RCPS8.5 (b) are displayed in Fig. 3.
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a) b)
Figure 3. Monthly climate normals of temperature and relativity humidity across Mediterranean by 2050 in a RCP4.5 (a) and RCP8.5 (b) scenario.

Then, from Module 3 on biophysical impacts, Fig. 4 shows that cows will experience 6 heat
stress months in a RCP4.5 (a), and 7 months in a RCP8.5 (b). It leads to an increase on the annual
raw milk losses of 7% and 9%, respectively, when no improvements are considered (e.g. accounting
for increase in milk yield over time or improving cows’ genetic to be more resistant to heat stress).

a) b)
Figure 4. Number of months under heat stress (i.e., TH[>68) and the subsequent monthly raw milk losses in two scenarios: RCP 4.5 (a) and RCP8.5 (b).

Lastly, as a result of Module 4, adaptation strategies (i.e. heat abatement systems) are required to
relieve heat stress during those heat stress months and avoid raw milk losses. However, heat
abatement systems lead to an annual increase of 23% in water and 12% in energy in an RCP4.5
scenario, and an annual increase of 24% and 13% in an RCP8.5. At this point, the future energy and
water supply mix need to be considered as they affect the background data of the water and energy
required.

Conclusion

A combined set of tools, such as the proposed in the present toolbox, are necessary to handle
and address complex environmental issues where many interconnected factors are involved. By using
the toolbox, it is possible to quantify the different variations that the dairy sector is expected to
experience, both at a foreground and background level due to climate change impacts.

However, uncertainty can be present in the toolbox due to the projected data used (e.g.,
climatic data) as well as in the models and data extracted, both from literature and GIS. Thus, an
uncertainty analysis is the next step of this research. In addition, the present toolbox only aims to
estimate changes in the LCI as a consequence of climate change. Variations at the impact assessment
stage might also occur as several impact categories are climate dependent, but those are left out of
the scope of this research. This contribution looks at supporting the dairy sector in its transition to
environmental sustainability by defining potential pathways that this sector could face by 2050.
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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 7. 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 7. 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 7 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
Alstatte 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 7. molitor larvae, water, ascorbic acid, 7. 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 7. 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 COzeq. 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

uPt 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 CO»eq. kg 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

elementary prototype of “insect milk”, 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 COs eq. kg'! FPCM in global warming potential, the land use was 0.93 m?a 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); (i1) 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 CO»-
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

45



13™ 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)

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 for a country’s climatic conditions. 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 O’Brien
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 higher tier EFs, ‘HTEF’, compared to default EFs from the IPCC (2019) and EEA
(2019), ‘DEF’, 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 COz-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’s post-
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-value?

Number of farms # 16 17 38
On-farm land area ha 113.3 127.8 63.6 9.17 **
Arable land ha 40 16.5 219 2.26 **
Stocking rate LU/ha 2.04 1.99 4.20 0.215 Ak
Dairy cow replacement rate % 26 31 35 1.2 o
Average cow liveweight kg 554 625 658 73 ol
Mean time spent grazing % 68 42 0 35 ok
Annual milk production kg FPCM/cow 5,889 8,371 9,793 243.5 Hokk
Milk fat % 434 4.14 3.74 4512 oAk
Milk protein % 3.56 332 3.27 2212 oAk
Concentrates imported onto the farm t/LU 0.93 2.24 329 0.169 Ak
Forages imported onto the farm t/LU 0.37 0.31 1.21 0.137 ok
Fertiliser N kg N/ha 202 132 124 119 o
Nitrogen use efficiency # 0.48 0.37 0.33 0.042 ns
Phosphorus use efficiency # 1.24 0.72 0.52 0.132 o
Electricity usage kWh/cow 371 365 509 26.7 o
Diesel consumption L/cow 80.7 1152 141.6 6.2 HAK
Carbon Footprint kg CO; eq./kg FPCM 1.13 1.23 1.50 0.039 HAK
t CO; eq./on-farm ha 11.62 15.06 43.33 2.663 oAk
t CO; eq./global ha 9.25 9.74 14.87 0.526 oAk

* 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).
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Figure 1. Relationship between annual milk output per cow (kg FPCM/cow) and the carbon footprint
(kg COzeq./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 using SimaPro™ 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 ARS
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 (m?) 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 either screened ‘in’ or ‘out’. 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.

M?2 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 (Vésquez-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 m? year CML 2001

Deforestation m? SALCA (LCI calculation)

Total water use m3 SALCA (LCI calculation)

Global warming potential 100a kg CO; eq IPCC

Acidification cmol H+ eq GLO

Eutrophication Person year GLO

Freshwater ecotoxicity organic + inorganic PAF m? 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).
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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.

Milk Cattle

Hl Mountain Valley Hal Mountsin
—1.00 o —~1.24
0 <o B 0
8 8 > & ©° o 8
£ 0.751 el Sos
E O %00 o OP E 5

C o
=050 8 o = °R
L ® L
E 0.251 S % %9 E B =018
g R=028 R=-0.028 = 0.078 € 0.0 Op = 0.036 p=036
a0 0.004 p=0.017 p=088 p=073 a0
00 05 10 00 05 10 00 05 10 40 05 00 05 1010 05 00 05 1010 -05 00 05 10
Environmental efficiency (-) Environmental efficiency (-)
Cereals Potatoes
Valiey Hill Hill
T @ o G0 ° 5
@ [6 o [}
S o) S S
£ 0.751 2% o o o) =
: ° 256%8 :
s o FARE e o s
§050 oegr oo og o -
g OQ 2% ) o 2
5 OB P00 5
L B L
E 0.251 F g "o 08°% E o
g R=015 © & =0.0038 g R=037 R=-042
3000_ p=018 p=098 5000_ p=012 p=0.14
000 025 050 075 100 000 025 050 075 1.00 000 025 050 075 100 000 025 050 075 1.00
Environmental efficiency (-) Environmental efficiency (-)

Figure 1: Correlation of environmental efficiency and economic performance for the production regions. Shown
are Pearson’s correlation coefficients R and their p-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
Research Programme “Sustainable Economy: resource-friendly, future-oriented, innovative” (NRP 73) Grant-
N° 407340 172373.
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Despite life cycle assessment (LCA) being a robust and standardized methodology, LCA
research has overlooked some items within food supply chains such as food loss and waste
(FLW) (Notarnicola et al., 2017). FLW is defined as “the decrease in quantity or quality of food
along the food supply chain”. Food loss occurs at the beginning of the supply chain and food
waste at the end (FAO, 2019). Food-packaging systems and consumer behavior can affect FLW
in numerous ways and are often excluded from scientific research. One example is packaging
that is too large, which hampers the entire consumption of foods in time (Molina-Besch et al.,
2018). Also, consumers lacking routines of reusing leftovers might waste more food (Bravi et
al., 2020). However, little research has addressed FLW and its relation to food-packaging
systems and consumer behavior in estimating the environmental profile of foods. Particularly,
products with high environmental burdens such as chicken meat are relevant to investigate.

This study aims to assess the environmental impact through LCA of the combination of four
packed chicken products and four types of household behaviors within a Belgian (Flemish)
context. The chicken products are diced chicken breast 0.5 kg, chicken breasts 1 kg, chicken
breasts 0.5 kg, and frozen chicken breasts 1 kg sold at various Colruyt supermarkets across
Flanders. The household behaviors include, amongst others, various household chicken waste
percentages as stated in Cooreman-Algoed et al. (2021). They were called, in increasing
percentages of chicken waste, non-wasters, minor wasters, mild wasters, and major wasters.

The life cycle covers the chicken farm, poultry processing, meat cutting and packaging,
distribution, retail, consumer, and end-of-life (EoL). The functional unit is “the average yearly
consumption of a packed Colruyt chicken meat product per Flemish household (18 kg)”. The
impact assessment method is the Environmental Footprint 2.0 single score (EC, 2013).

The results demonstrate that the behavior of ‘major wasters’ increases the environmental
profile of the entire food chain by 8.4% compared to the ‘non-wasters’. The impact of the
product with the worst score, diced chicken breast 0.5 kg, rises 9.6% compared to the one with
the best score, chicken breast 0.5 kg. Both these increasing percentages are chiefly attributed
to the peeking food waste levels in households and surplus food (i.e. edible food that is not sold
or consumed by the intended customer; Garrone et al., 2014) amounts at retail, respectively.
The burden of food waste at the consumer level is by a factor of ten higher than those of
packaging production and EoL. Overall, the environmental impact of the average Flemish
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consumer is 2.3-4.0% higher than for ‘non-wasters’, depending on the purchased chicken
product.

This study stresses that LCA research on foods should not overlook food wastage in relation to
consumer behavior and food-packaging systems. It offers insight into the importance of
minimizing FLW in order to allow global food security, particularly relevant for countries with
strong or fast-growing agricultural production systems such as emerging economies.

More details on this research can be found in Cooreman-Algoed et al. (2022).
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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 the world’s most polluting
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

63


mailto:kbartl@pucp.edu.pe

13™ 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)

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
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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 (PRe-Product Ecology Consultants, 2017).

3. Results

The estimated global warming potential was 0.449 kg CO;-equivalents (CO,e) for each use of the
garment which corresponds to a total life-cycle emission of 48.95 kg CO,e/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 CO,e) 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 POy-equivalents (PO4e) for each use of the
garment, which corresponds to a total life-cycle emission of 0.076 kg POse/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 (Gonzélez-Garcia 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! 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 (Cote 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 “Dairy Triangle”, while milk powder is
simultaneously being imported for use in Madagascar’s commercial dairies (Bélieres & Lancon, 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

! Anchored by Madagascar’s 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 ‘cradle to gate’ and the area of
protection (AoP) as human wellbeing. An extensive review of gray literature from two AR4D
projects > 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 children® from the sample’s milk producing HHs.

Two outcome variables were considered: first, a measure of children’s years of education attained ‘on
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: children’s age, gender, school status and on-farm agricultural activities;
parents’ individual educational attainment; HH size, distance to market and road access; farms’ total
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 SEcurisation Foncigre) from 2018 — 2022

3 Children from ages 5 to 17 were selected for the sub-sample, in alignment with the Malagasy educational system’s ages 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 ‘on 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 ‘busier’ 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’s household
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 story* 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 (Cote 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 (Garfi, 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 (Garfi, 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 (Garfi, et al., 2012; Garfi, 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 m? 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 °C (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.
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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 CO; 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™!-year™!, 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, Taparo, and Criollo
cultivars, as there are usually called in the region. The average yield considered for each cultivar was
3,834 kg-ha'! for Enano; 5,110 kg-ha! for Manila; 4,657 kg-ha™! for Tdparo; and 5,111 kg-ha™! 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™!-yr’
1.

Coconut cultivar

Heading Enano® Manila®  Taparo? Criollo?
Income for salesin the local market 1,365 1,359 1,292 1,482
Income for salesin 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
Tota 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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Tota 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

aCommonly named in the region

For the fruit marketed locally, farmer income ranges between 1,292 USD-ha!-year™!, for Tdparo
cultivar, to 1,482 USD-ha!-yr'!, 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!-year! for Enano cultivar, and
2,100 USD-ha'-year! 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 CO>
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 Taparo 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 Taparo Criollo
Climate change (CC: kg CO; eq.-ha?) 86.65 11549 10525 11551
Fossil depletion (FD: kg ail eq.-ha?) 28.72 38.27 34.88 38.28
Photochemical Ozone Formation, Ecosystems (POFe: kg

Nox eq.-ha?) 0.56 0.74 0.68 0.74
Photochemical Ozone Formation, Human Health (POFh: kg

Nox eg.-ha?) 0.56 0.74 0.68 0.74

Integrating the sustainability dimension
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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 Taparo 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, Taparo 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 Tdparo 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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Pork is now the world’s most widely eaten meat, with consumption expected to increase further
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 ‘Guidelines for Social Life Cycle
Assessment of Products’ (sSLCA) published by UNEP/SETAC (2009). The social analyses were
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 kgL.W, which was similar to the literature value of
$0.0459 kgLLW. 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/kgl.W 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
old. The farmer worked longer hours (58 h/week) than the “standard” 40-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.

Associacdo Brasileira dos Criadores De Suinos — ABCS (2016)' Mapeamento da suinocultura
brasileira'. SEBRAE, Brasilia-DF: 376.

Chen, W. and Holden, N.M. 2018. 'Tiered life cycle sustainability assessment applied to a grazing
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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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Abstract One of the major problems of the implementation of LCA for Italian agri-food product
systems is the absence of geographically representative background data. The project entitled Italian
Life Cycle Inventory Database of Agrifoods (ILCIDAF) intends to overcome these problems through
the creation of Life Cycle Inventory datasets for the most representative production chains in the
Italian agri-food sector. Similarly, the application of scientifically valid models to the Italian territory
is necessary in order for the model to be properly implemented for a correct estimation of emissions.
This paper describes the methodology followed for the creation of datasets on the cultivation of Italian
durum and soft wheat, with particular reference to the adaptation of the Swiss SALCA-SM model
(Freiermuth, 2006) for the estimation of heavy metal emissions to the Italian territory. In order to
assess the robustness of these changes, a comparison was made of the results obtained by subjecting
existing and newly constructed datasets (ILCIDAF) to LCIA, with and without the application of the
SALCA model.

Introduction

The cereal sector is particularly important for the Italian economic system, especially for the pasta
industry. In 2020, Italy harvested approximately 6.7 million tons of wheat of which almost 60% was
durum and just over 40% was soft. In addition to these quantities, imports amounted to 2.9 million
tons (80% durum wheat and 20% soft wheat). Pasta production in the same period was 3.5 million
tons (according to EUROSTAT). Furthermore, Italy is among the world leaders in pasta consumption,
followed by the USA (2 million t), Brazil (1.1 million t) and Russia (1 million t).

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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Approach and methodology

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
was acquired through the “field logbooks” of the farmers who collaborated on the project. The most
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, P2Os and K>O 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 (Aj), 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.

The SALCA model has several formulas referring to: the amount of heavy metal “i” removed from
the soil by erosion that can be attributed to cultivation (Mgrosion,i); the amount of eroded soil (Skrosion,i);
the estimated load of heavy metal “i” that is removed from the layer by leaching and can be attributed
to cultivation (Mreach,i). Using data published on the European Soil Data Centre (ESCAD) database,
it was possible to characterise many of the factors in these formulas at the national level and for each
Italian region. In particular, with regard to the formula for estimating the amount of eroded soil, the
factors R, c1, c2, P and LS were characterised on a regional scale, while a national average value was
assumed for the Ksioniness factor (Panagos et al., 2014). The Cror,i factor contained in the formula for
estimating the amount of heavy metals removed by erosion is characterised for four Italian macro-
areas (north, centre, south and islands). The approach given in the SALCA-SM model (Wolfensberger
& Dinkel, 1997) were followed to estimate the heavy metal load “1” removed by leaching from the
soil.

[13%3]
1

Main results and discussion

Having defined the scientific methodology and the modifications made to the SALCA model, it was
possible to create 59 datasets: 30 relating to conventional cultivation (16 for durum wheat and 14 for
soft wheat), 20 referring to organic cultivation (11 for durum wheat and 9 for soft wheat) and 9 more
specific ones taken from the data collected on-field referring to the different cultivars.

Below, for illustrative purposes, is a national average dataset on the inputs of conventional cultivation
of one hectare of durum wheat. Inputs related to agricultural operations are presented in aggregate
form due to lack of space.

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

INPUT

Description Quantity Unita Description Quantity Unita

Occupation, annual harvest 10 000 m? Fertilisers P2Os 72.06 kg
Seeds 234.67 kg Fertilisers K,O 89.71 kg
Fuel 116.98 kg Bromoxilin 4.85 kg
Electricity 0.5 kWh Mecoprop 4.33 kg
Lubrificating oil 2.14 kg lodosulfuron 0.06 kg
Rail transport 91.60 tkm Fenpropimorf 0.81 kg
Road transport 51.27 tkm Piraclostrobin 1.06 kg
Water transport 45.66 tkm Epoxiconazolo 1.19 kg
Fertilisers N 125.59 kg Cloquintozet-mexyl 2.28 kg
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By implementing the SALCA-SM model in the ILCIDAF database, it was possible to observe,
through a Life Cycle Impact Assessment (LCIA), how it affects the results by increasing the value of
the final eco-indicator. The impact assessment was done by including and excluding the estimated
emissions of heavy metals, thus obtaining a percentage change (A%) in terms of the eco-indicator.
The LCIA was conducted for all ILCIDAF datasets related to conventional wheat cultivation. Table
2 shows the percentage differences for: national average value for durum and soft wheat and an
overall average value.

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

A% 1.07 0.34 0.71

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
AR AU CA DE ES FR HU IN IT PL RU US ZA

Ecoinvent 241 [396 |348 | 1.73 |3.09 0.31 1.8 0.1
WFLDB! 2.02 12.29 5.44 3.09
WFLDRB? 054 [3.62 |0.68 | 1.17 0.73 |0.25 1.4 0.1 1.2

Agrifootprint | 1.83 1.08 | 252 [ 395 [4.02 |3.18 [3.15 |094 |3.64 | 451 |251 |2.09
Note: 1 for durum wheat WFLDB processes; 2 for non-irrigated wheat WFLDB processes

A maximum value was obtained for Spain (WFLDB) with a A% value of 5.44%, while minimum
values were calculated in South Africa (Ecoinvent) and Russia (WFLDB) with a A% of 0.1%. The
ILCIDAF database shows an average A% value for durum wheat of 1.07% higher than the average
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 where the A%
is lower than for general cultivation, excluding Australia where an opposite trend is observed.
Irrigation, therefore, further promotes erosion and leaching. Analysing the A% relative to the Italian
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.

Conclusions

In conclusion, the adaptation of the SALCA model to the Italian territory applied for the ILCIDAF
database allows the geographically representative estimation of heavy metal emissions.

By comparing the eco-indicators obtained by subjecting the existing datasets (Ecoinvent, WFLDB
and Agri-footprint) and the newly constructed datasets (LCIDAF) relating to wheat cultivation in
different countries to LCIA, with and without the application of the SALCA model, it can be stated
that the results obtained for the ILCIDAF database are in line with those found for the existing
datasets, albeit below average. The Italian average A% for durum wheat is 1.07%, while for soft wheat
it is 0.34%. In contrast, for the existing datasets, A%max of 5.44%, A%min of 0.1% are recorded.

The high variability of the A% is due to the regionalised application of the model. In fact, the data
used in the ILCIDAF datasets are different from those in the described documents of the other
analysed databases. The factors used for estimating erosion and heavy metal deposition are
exclusively related to the Italian territory and furthermore characterised for each region. This makes
it possible to state that the regionalised application of the SALCA model to the Italian territory is
necessary in order to obtain representative site-specific results. Furthermore, this implies a useful
development of the LCA methodology to the Italian agri-food sector and in particular to the
agricultural phase.
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1- Rationale and objective

Food systems are the main contributors to environmental impacts (e.g. climate change, water scarcity,
land use). Meanwhile, half humanity suffers either from lack of food or from low-quality diets.
Drastic changes in diets and in food production are necessary both to decrease environmental impacts
of food and to improve global human health (Willet et al., 2019). To accompany or pilot these changes,
data on food are necessary. In France, databases such as Ciqual and Agribalyse provide information
on nutritional composition and environmental impacts, respectively, of standard food products.
However, they neither cover the huge variability of products in the food sector nor help to assess new
products or the new ways of production that are needed. The DataSusFood project aims to develop a
modular IT system to organize, store and share data related to food engineering, and to assess the
composition, nutritional and sensory properties, and environmental impacts of food products. Initially,
researchers will be the main users of the IT system, but the data and knowledge produced will be
available in open access.

The IT system of DataSusFood relies on two tools: the PO? ontology developed by INRAE (French
national research institute for agriculture, alimentation and environment) and MEANS-InOut,
developed by INRAE and Cirad (French agricultural research and international cooperation
organization working for the sustainable development of tropical and Mediterranean regions). The
PO? ontology (Ibanescu et al., 2016) organizes all relevant information about food and bio-product
engineering; its core model is embodied in the PO?*-BaGaTel database that capitalizes data on
production processes and product characteristics. MEANS-InOut (Auberger et al., 2018) is a user-
friendly web app that helps users to apply life cycle assessment (LCA) by building life cycle
inventories (LCI) from data that describe the system studied. MEANS-InOut is currently operational
to generate LCI of agricultural production systems at farm gate. In the IT system of DataSusFood,
the role of MEANS-InOut is to support the calculation of environmental data about food and bio-
products. The objective of this presentation is to describe how MEANS-InOut has been adapted to
food and bio-product engineering, in relation to PO? ontology and PO?-BaGaTel database.

2- Approach and methodology
The DataSusFood project organizes collaboration between methodological questions and
development of MEANS-InOut. First, two scientists in food and bio-product engineering defined user
needs. Next, a larger group of food-engineering scientists and LCA practitioners at INRAE reviewed,
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enriched and validated these needs. The main users targeted are food and bio-products engineering
scientists, who are specialists of the systems and processes they want to assess; secondary targeted
users are people who want to assess food processes without being familiar of food engineering. The
needs were thus defined for users who want to gather detailed information about processes, and to be
guided for LCA modelling. The users’ needs were translated into requirements of MEANS-InOut.
Two requirements fall under “general functionalities” of software. MEANS-InOut should (1) be user-
friendly for food scientists, rather than for LCA practitioners; (2) connect LCA data to other tools,
especially PO? ontology and PO?-BaGaTel database, in order to capitalize knowledge on food and
bio-product engineering. The objective is to store in PO?-BaGatel database the data describing the
process, the associated Life Cycle Inventory and the LCA results: the values of environmental impact
indicators related to a functional unit. Three requirements are related to the implementation of LCA
of food and bio-products processes. MEANS-InOut should: (3) cover a wide range of production
processes and of food and bio-products; (4) allow all information relevant for LCA of food and bio-
products and/or their production processes to be collected to create life cycle inventories of good
quality; and (5) address several questions about environmental impacts of food and bio-product
engineering, such as identifying hotspots, comparing processes for the same product, comparing
products.

The first phase of developing MEANS-InOut for food and bio-product engineering is completed.
MEANS-InOut has been presented to food scientists regularly during the development phase to verify
that the tool is adapted to their needs. Food scientists have tested it, which has revealed modeling
errors and omissions. These errors have been corrected before the delivery of MEANS-InOut to users.

3- Results and discussion
We describe the main features of MEANS-InOut developed to meet the requirements for food and
bio-product engineering (Figure 1). In MEANS-InOut, users will be able to study food and bio-
product transformation at the process scale, by describing the foreground system. To represent a
process under study, users draw a process-flow diagram. This is a usual way of process description
for food and bio-product engineering scientists, (requirement 1). The process-flow diagram defines
all steps of the process, including cleaning and transport. A generic framework was developed to
describe the steps (requirement 3). Each box in the diagram generates input forms to guide data
collection for process flows: ingredient and product flows, energy, water, cooling practices,
packaging, equipment, consumables, detergents, waste or water treatment, pollutant emissions and
transport (type and distance). The forms are built at a fine level of detail, for the process study. These
detailed forms ensure that users do not forget important input, product, waste, or pollutant flows.
Mass-balance checks are performed between inputs (ingredients and product under process, coming
from previous step) and outputs (product under process going to further step, coproduct going out of
the process, losses, waste, and emissions) for each step of a given process to reduce the risk of data-
entry errors (requirements 1 and 4). A reference vocabulary (e.g. names of ingredients, products,
processes, steps) comes from the PO? ontology (requirement 2). This reference vocabulary is used to
assist data entry using drop-down menus and to specify the products and processes under study. An
export function generates LCI files from the information collected by users. The creation by MEANS-
InOut of these process or product Life cycle inventories is based on an embedded mapping between
the resources mobilized by the process (ingredients, energy, machines, waste treatment...) and LCI
from ecoinvent and Agribalyse databases (requirement 1). This ensures the coverage of background
system. Depending on their objective, users can create a process LCI or product and coproducts LCI,
and for the latter, several allocation methods are possible: mass on a dry or wet basis, volume, protein,
fat, energy or economic. Process LCI and products LCI are structured as a combination of unit
operations and ingredients, which allows identifying the hotspots of the process (requirement 5). The
LClT files generated with MEANS-InOut are ready to be imported in LCA software, which is required
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to calculate environmental impact indicators.

The developments are not yet fully adapted to represent a food supply chain, as data collection forms
have been designed for the fine description of the processes. The consistency of the forms with other
steps of a value chain such as retail has not been evaluated. A further adaptation of MEANS-InOut
to the whole food supply chain is thus needed. It should be based on concepts to be added in PO2-
ontology, which describe the elements of the supply chain.

Web services are under development to exchange data on processes (process description, LCIs,
LCIAs), first from MEANS-InOut to the PO?*-BaGaTel database. We also plan to create a link
between MEANS-InOut and OpenLCA, to launch directly from the interface of MEANS-InOut the
module for calculating the indicators of environmental impacts of the studied system (requirement 2).
Being able to export LCA data from MEANS-InOut to the PO*-BaGaTel database and connect it to
other dimensions of food products will be an achievement for the DataSusFood project.
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Figure 1 : Main functions of MEANS-InOut for food and bio-product processing, link to PO*-BagaTel database will not be
available at first delivery but after further developments.

MEANS-InOut mapping of LCA results
inputs with ecoinvent v3.8 ani
AGRIBALYSE V3 LCI

The generic framework for collection forms allows describing processes with flexibility. Users can
describe systems with more or less details, more or less unit operations aggregated in steps and test
different process scenarios. However, in this generic framework, default or reference values for
specific processes such as energy consumption for sterilization, or the quantity of water needed to
clean a membrane are not available. The absence of default values is intended to make MEANS-
InOut more flexible to use for food and bio-product engineering specialists, to study all types of
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processes, including innovative processes or processes for which few references are available. But
this absence of default values may also make MEANS-InOut more difficult to use for those who are
not specialists of their studied process, or users who study food engineering within a system, when
food engineering is not the core issue. The possibility of querying PO*-BaGaTel from MEANS-InOut,
which is intended in further developments, will be helpful to overcome this limitation: knowledge
and data available on food and processes in PO?-BaGaTel will be accessible to MEANS-InOut users
in order to perform LCA with adequate system descriptions and data.

PO? ontology defines both a data structuration to describe the food and bio-products production
processes and the vocabulary associated. It is a reference in INRAE for food and food processes
description. Process representation and data collection forms in MEANS-InOut are based on PO? data
structuration and vocabulary. Using PO? data structuration ensures that MEANS-InOut data format
for food and bio-product processing is validated by the scientific community, and is shared with
INRAE food and bio-products engineering scientists. It also ensures the connection with PO?*-
BaGaTel database and the capitalization of the data generated with MEANS-InOut. However,
MEANS-InOut collects data that are specific for LCA calculation (e.g.: functional unit, factor used
to calculate allocations) or documentation (e.g.: PEF quality notation, temporal boundaries of the
process). It can also be data important in environmental assessment but initially not identified as
essential when describing a transformation process, such as data about cleaning of equipment
(detergent types, quantity of water involved).

Therefore, new concepts have been added in the PO2 ontology to allow the description of these data
specific to LCA. Thus the intended inter-operability between PO2 ontology and MEANS-InOut has
not only given a structure to the latter but also it has enriched PO2 ontology.

4- Conclusion and perspectives

MEANS-InOut aims to become an international reference tool for environmental assessment in the
agri-food sector. It was able to calculate agricultural production LCIs at farm gate. The described new
developments of MEANS-InOut allow to calculate food or bio-products LClIs at food-plant output
gate. In the next years, further developments will be pursued to model food chains and perform
economic assessment at the food-chain scale, allowing environmental and economic assessment of
complete value chains from farm to fork. By studying agricultural systems in MEANS-InOut or
addressing methodological questions, users have identified new needs, which have led to
improvements in the tool for agricultural systems. We therefore look forward for the use of MEANS-
InOut for the study of food engineering systems to arise needs or to improve existing functionalities.

Access to and use of MEANS-InOut (available in English and French) is open to anyone, free of
charges for six months. Further use is subject to the terms of a service contract.
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Abstract

Political and business decision-making and communication about the environmental footprints of
food products should be uniform and comparable. Our work aims to ensure that at least Finnish
companies and actors would assess and communicate the environmental footprints of food products
in a comparable way, especially when bringing information to the public discussion and
environmental claims. The work will facilitate and promote the assessment of other environmental
impacts in addition to carbon footprint assessment. Although the food LCA methods and different
standards and guides have developed, a common challenge is still the large number of individual
choices and solution possibilities offered by LCA assessment methods at several points in the
assessment, which weakens the comparability of the results. In our project, a general guideline for
the food LCA method will be completed, which outlines, among other things, allocations, system
boundaries, data quality requirements, soil carbon changes and a number of assessment and
equation formulas for, for example, animal and plant production. In this regard, our guidelines will
be more harmonized than the generic PEF, which does not aim for comparability between product
groups. It is essential to harmonize the main principles regarding the environmental footprint of
foodstuffs so that the assessment are comparable between product groups as well. At the same time,
our aim is to prepare the guidelines as PEF-compatible as possible. However, despite our goal, it
does not mean that nutritionally different products can or should be directly compared to each other
as such. From the company perspective, around 30 Finnish companies are involved in the project,
and the participation of companies speeds up the implementation of the harmonization and
development work of food LCAs.

Introduction and background

Carbon and environmental claims and labels and LCA based environmental information of food
products have widely entered into public discussion and debate. Also the Intergovernmental Panel
on Climate Change has raised food and its consumption and consumption changes as one of the key
means in the fight against climate change. Finnish, especially the largest companies, are currently
investing a lot in determining and reducing the environmental impact of their products and supply
chain, albeit with an emphasis on the carbon footprint.

Scientific articles on Life Cycle Assessment (LCA) of food highlight new methods and approaches,

calculation models and results from the perspective of both food products and diets and the
environmental footprints of production and consumption. Carbon neutrality is being pursued in the
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companies' value chains and especially attempts to increase carbon soil in primary production is in
headlines. There is a desire to reduce the environmental impact of food. However, there is still a
long way to go to uniformly measure the carbon and environmental footprints of food products.

Finnish companies are already quite well aware that carbon and environmental footprint
assessments carried out at different times and places and by different companies and organizations
are not automatically comparable. The challenge is the large number of solution possibilities and
choices offered by the LCA methods, approaches and standards at several points in the LCA
process, which weakens the comparability of the results. Therefore, we should answer e.g. to the
following questions in our current methodology harmonization initiative.

Are the soil carbon stocks of food products (also potential carbon sinks) included and how could
they be included in the assessment in uniform way? How are CO; emissions released from peat
fields interpreted in the carbon footprint assessment, since this is essential element especially in
Finland. How are emissions allocated in side stream situations or are they compensated and with
what principles in different types of circular economy situations, regarding e.g. manure use and
side-stream based feed raw materials? What tier level of emission models should be used for the
biological processes of primary production to make the results comparable? Whether and how is the
carbon footprint of use stage, especially food preparation and transportation of households,
determined and communicated as part of the product LCA results, since there are many options to
prepare food by consumers? Is it necessary and to what extent should there be actual primary
activity data from primary production farms?

The extensive Finnish LCAFoodPrint work aimed at harmonizing food LCAs started in 2021 and
will end in the summer of 2024 to answer these challenges. Cooperation with around 30 companies
and associations operating in Finland is in the core of the project, in addition to actual methodology
development and harmonisation work. The starting point of the national harmonisation work is the
work by the European Commission on the assessment of the environmental footprint of products
(Product Environmental Footprint, PEF). It has many strengths. Furthermore, the Commission will
probably push for the fact that in the future companies must carry out the assessment in accordance
with the PEF assessment, if they want to launch lifecycle-based environmental footprint claims. The
participating companies will get to know several food LCA related classic and newer challenges
and areas and their solutions throughout the project and ongoing methodological harmonization and
development efforts by the research team. The participation of companies speeds up the
implementation of work in the field, and the collection of initial data on farming operations and
chain processes becomes easier.

First Finnish climate assessment protocol of food products was already developed by Katajajuuri et
al. 2012, and the learnings, results and background work from that process will be utilized in the
current work.

Rationale, objective and scope

Common rules are needed for assessment and calculation methods to enable consistent, harmonized
and comparable carbon and other environmental footprinting of food, public debate and decision-
making. ISO 14040 series, ISO 14067 standards and Product Environmental Footprint guides
(European Commission 2017) and newest suggestions for PEF improvements by Zampori and Pant
(2019) and related food product category rules (PEFCRs; also Helmes et al. 2020) provide an
excellent basis for that. However, there are certain contradictions between them (see e.g. Pedersen,
E. and Remmen, A. 2021) and also PEFCRs of different food product groups consists of different
type of methodological solutions and suggestions. As we see that PEF seems to be even stronger in
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the future, and it might be mandatory to make the LCAs based on that, if aimed for public use, our
methodology is meant to be as closely compatible with PEF and PEFCRs as possible. Furthermore,
suitability and acceptability of the methods and models is important from the company point of
view. The environmental impact categories included in the work are climate impact (ie. carbon
footprint), water footprint and eutrophication. In the future, also other essential environmental
footprint impact categories should be included, as required by PEF.

First preliminary results — comparison of LCA methodologies of current PEFCRs

As the first international output of our work, Hietala et al. 2022 summarizes the key differences
within current actual food PEFCRs and some draft versions of PEFCRs. The PEF and PEFCR
guidelines were observed in parallel and the comparability of the life cycle assessment results thus
defined was also assessed between product groups. Due to the generic PEF guidelines, most PEFCR
guidelines follow largely the same methods and requirements, but some critical differences also
exist to enable comparability. In addition to the functional unit, the most significant differences
were observed in allocation, system boundaries, especially in the definition of the use phase, and in
the hierarchy levels of the modelling. It should be noted that this comparison was kept at a
relatively general level. A more detailed examination could refine these results and the differences
between the PEFCR could be better identified. Our comparison was challenged by the fact that
PEFCRs vary in quality and documentation. Based on our analysis, it is clear that current PEFCRs
does not aim to make LCAs of different food product categories comparable at all as stated in the
PEF documentation as well, and from that reason it would be important to have one “food PEF”
covering all the food products with uniform requirements.

Additionally, the soil carbon stock changes have been taken into account in only a few PEFCR
guidelines, which is one of the most crucial ‘newer’ challenges in food LCAs and mostly soil
carbon changes have been discarded in previous individual food LCAs, or carried out with large
methodological variation (e.g. Joensuu et al. 2021, Hietala et al. 2022). It should be noted that
according to the general guidelines of PAS2050: 2011, changes in soil carbon stocks should not be
taken into account when they are not due to direct land use changes (BSI 2011). As a result, for
example, the effects of cultivation measures on carbon stocks should be disregarded according to
the PAS2050 guideline. In conclusion, the requirements for the treatment of biogenic carbon in
several PEFCRs are loose. The increase in soil carbon stocks has been taken into account in only a
few PEFCR guidelines and the PEF general guideline is based on the PAS2050: 2011 guideline
(European Commission 2017, BSI 2011). The assessment of soil carbon stocks need to be
developed and integrated much better in food LCAs, and this is now even more important when
companies have many initiatives to increase soil carbon and they are keen to communicate this as
well.

In addition, some national calculation rules will be developed for regionalized eutrophication
impact category, and also some further assessment models for improved LCA (not harmonized) will
be recommended during the project.

Conclusions and next steps

Although PEF has some contradictions and ambiguities, it is still the most ambitious attempt to
harmonize LCA calculation so far. Based on PEF, it would be possible to make LCA calculations
internationally comparable, also between different product groups, but this needs to be improved. H
owever, it does not mean that nutritionally different products might or should be directly compared t
o each other as such. To obtain internationally harmonized methods, the development of PEFCRs
will be followed, when possible and uniform, and all national methods are aligned with them in our
development and harmonization work. PEFCRs exist only for a few food product categories, but all
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food sectors need harmonized rules, also between food product categories.

In the project, a general guideline for the LCA method of food products will be completed, which
aligns with PEF as far as possible, based on, for example, allocations and side stream handling,
system boundaries, soil carbon changes, data quality requirements and a number of individual
calculation formulas for, for example, animal and plant production. There is clear demand for that
kind of generic and uniform food PEFCR, covering all the food product categories.
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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
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The methods were tested between 2013-2018 by more than 280 volunteering companies and
organisations (mainly industry associations, large OEM’s 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 OEEF, 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:

e 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
methods’ development.

e 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: 1), 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: 1) 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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Rationale

Global decline in wild capture fisheries is now widely accepted. Principle factors contributing to this
decline include pollution, climate change, destructive and unsustainable fishing practices, discard
mortality and illegal, unreported and unregulated fishing (FAO, 2020). Over-exploitation of wild
capture fish stocks is the most direct threat to the future of global seafood, arising due to global human
population growth, increasing demand for fish products, and inequality in fisheries policy and
management efforts (IPBES, 2019). Life Cycle Assessment (LCA) methods are a robust way of
understanding potential environmental impacts of products and human activities such as fishing, a
crucial step to achieving sustainability and resilience in seafood supply required by international
Agreements and targets including UN Sustainable Development Goal 14 (SDG14). In Life Cycle
Impact Assessment (LCIA) methods, marine impact pathways are relatively under-developed in
comparison to terrestrial counterparts. This limitation means these impacts are not currently included
in LCA studies nor any subsequent decisions that are informed by these studies. This lag in
development however, provides both impetus and opportunity to develop these impact pathways,
improving assessments and their contribution to tools and decision making towards more sustainable
fisheries.

Objective & Approach

This work introduces a novel LCIA methodology, incorporating ecosystem dynamics into cause-
effect modelling and applied to marine ecosystems, to holistically quantify the impact of fishing
activities on biodiversity. The approach incorporates the cascade of impacts initiated at ecosystem
level including the natural variation within the ecosystem otherwise hidden from impact assessment,
to enable a more realistic assessment of the impacts of human activity on ecosystem quality.

Building on the pioneering LCIA approach developed by Hélias ef al (2018) and Hélias and Bach
(2021) quantifying the impact on targeted stocks based on individual species modelling, this approach
explores the inclusion of dynamic ecosystem modelling. The assessment is thus elevated from species
to ecosystem scale, through consideration of inter-species interactions. The ongoing objective of the
work is to define how best to integrate the dynamic representation of biotic ecosystem change into
the LCIA framework at both the midpoint and endpoint level until the quantification of damage to the
Ecosystem Quality Area of Protection (AoP). Proposals will be made to quantify characterisation
factors (CFs) using the recommended metric Potentially Disappeared Fraction (PDF) of species to
represent biodiversity loss.

A proof of concept is presented, using fisheries and ecological data from the Adriatic Sea ecosystem
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(FAO fishing area 37. 2.1), as the first step towards regionalised, global characterisation of the holistic,
ecosystem scale impact of biomass removal by fisheries, using the data that is currently available.
The Adriatic Sea is a sub-region of the Mediterranean and Black Sea FAO fishing area, a region
currently experiencing disproportionally heavy exploitation levels. It is also well studied from an
ecological perspective, making it a suitable choice for a proof of concept in terms of data availability
and studies for comparison, as well as being a manageable size in terms of preliminary data collection
and modelling groundwork.

Methodology

Ecopath with Ecosim (EWE), a suite of models based on trophic food-web interactions, is widely
cited as one of the most robust and commonly implemented ecosystem models. It has been applied at
a broad range of scales both in fisheries management and ecological studies and even in conjunction
with LCA, to achieve more holistic assessment of systems and supply chains of seafood products
(Avadi et al, 2014). Whilst the choice of model itself is not a novel fusion with LCA, the aim of this
work is to build a generic modelling framework that can be fed with region-specific fishery and
biophysical information in order to achieve a globally consistent approach to the endpoint. Whilst
previous efforts have provided integration of a range of mid-point indicators for over-fishing, trophic
level impacts (Hornborg et al., 2013), potentially lost yield (Emanuelsson et al., 2014) and most
recently distance-to-target indicators (Bach et al., 2022), these predominantly relate to impacts on the
Resources AoP (Langlois et al., 2014) and are not currently operational.

Using an adaptation of the time dynamic module of EWE (Pauly, Christensen and Walters, 2000),
temporal changes in the biomass of species and/or functional groups are simulated in response to
fishing pressure and species interactions. This allows the effects of predation and other mediating
factors occurring in the marine ecosystem to be integrated. Each year of the simulation is fed by the
biomass produced as a result of these interactions during the previous year. Figure 1 emphasises the
main phenomena encompassed by the modelling.
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Figure 1. Principles of the dynamic modelling approach

The Adriatic Sea model consists of 188 marine species and 42 Functional Groups reported in FAO
catch data for the area, and for which biological data is available online in Fishbase and Sealifebase
databases. With this data it is possible to have two approaches, one making use of individual species
level detail provided by FAO FishStat] database of any species included in catch reported by fisheries
operating that that area. A second variation, commonly implemented in EWE models, is the use of up
to 44 Functional Groups, which categorise marine species based on ecological and physical traits
including habitat preferences and size, and an average value is derived for each input parameter.

Dynamic inter-species interactions are simulated through a system of ordinary differential equations.
Interactions are introduced as predation pressure on each prey type, based on a version of a generic
diet matrix defined by Christensen et a/ (2008) where each species is both predator and prey as
defined by column or row, represented as a proportion of the biomass making up the diet of each
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predator. Foraging arena principles (Ahrens et al, 2012) also enable detail to be added on fish
behaviours relating to predation effectiveness and predator avoidance, as well as the direct influence
of biomass removal by fishing.

Main results & Discussion

The modelling approach allows the characterisation of the ecologically dynamic impact of fishing
activity in the Adriatic Sea. Midpoint CFs are developed for fish stocks, as the first step to quantifying
the direct and indirect impacts of biomass removal on biodiversity into the LCA framework. A
predictive time series of biomass for each species and functional groups will allow the calculation of
a range of fisheries relevant indicators to explore the relative state of stocks over time as well as
providing a midpoint CF for biotic change. These can be explored for ancillary understanding and
comparison of impacts in the ecosystem, as well as the data for calculating damage level CFs.

The key novelty that this approach ultimately aims to provide is the completion of the impact pathway
for biomass removal to the endpoint for Ecosystem Quality. The derivation of an endpoint indicator
in PDF is a central line of work, to ensure harmonisation in line with UNEP-SETAC GLAM
recommendations (Frischknecht and Jolliet, 2016) and has raised some challenges. The calculation
of PDF, a metric that is closely linked to land use change impacts where an impact in the ecosystem
can be assumed to affect any species occurring there to some extent, is most commonly measured
using unspecified species richness changes. As fisheries are both the impact and the impacted medium,
with species level data available this presents the possibility to have a more detailed level of
assessment through change in abundances within the ecosystem. This is however, a deviation from
the typical method of applying PDF. Possibilities to consider are outlined in Figure 2. Options include
deriving a fractional PDF that incorporates abundance information over the total ecosystem, or
applying a fisheries relevant threshold, to link depletion of abundance to the potential disappearance
of the species, similar to the PAF (Potentially Affected Fractions of species) to PDF approach applied
to ecotoxicology impacts. In this sense, several options will be discussed to estimate CFs at the
endpoint level.
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Figure 2. Possibilities to derive endpoint Characterisation Factor consistent with PDF metric.

Another novel element introduced into impact assessment is by this method is how to represent the
temporal dynamism of the system and of the impact. This therefore poses several methodological
questions, including how to deal with temporality within the static structure of characterisation factors,
and how to link the midpoint to the endpoint.

Several methodological challenges and limitations are acknowledged, stemming from a variety of
currently unavoidable elements. Ecological modelling is inherently data intensive, and EWE is no
exception. When coupled with the ambitious scale of the approach to deliver regionalised modelling
with global coverage, data availability and consistency becomes a key challenge, due to differences
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in reporting quality, formats and regularity between regions. Due to the size of the model, there are
instances where data is not available requiring an estimation to be introduced in order to maintain a
globally consistent approach, including the use of a generic diet matrix which can be adapted to reflect
the constituents of each ecosystem. The requirement of certain input data to be estimated rather than
coming from real world data also introduces an additional source of uncertainty. The need to strike a
balance describing a system as complex as the ocean with the simplification required by modelling,
is then further reduced down to one indicator metric in the LCA framework.

Conclusion

The ability to include a more holistic representation of fishing impacts improves the
comprehensiveness of impact assessments relating to the lifecycle of seafood products. This in turn
improves the informative capability of LCA as a tool for guiding decision-making and tangible action
towards achieving the goals defined by treaties and conservation targets, including SDG14.
Application of the approach globally using FAO Major fishing areas for regionalisation represents
the next step. This proof of concept presents an approach to improve the accuracy of fisheries LCIA
using dynamic ecosystem modelling, thus providing a step towards more realistic, regionalised
understanding of impacts to be faced in the future of global seafood supply. This advance, when
applied globally can guide the development of more sustainable fisheries policy. Thus facilitating
improved stock management in individual ecoregions to a more uniform standard, towards the goal
of creating a sustainable industry capable of feeding the world whilst conserving and improving ocean
health.
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Abstract

Rationale. Overexploitation of biotic resources constitutes a major threat on marine biodiversity
while demand for seafood will rise in the next decades. Application of Life Cycle Assessment to
marine ecosystems needs further research to allow a quantitative characterisation of the impact of
sea-based products on biodiversity. Moreover, there is a rising demand for product eco-design, as
illustrated in Business @ Biodiversity studies; presently, corporates and policy makers do not have
proper tools to decide for sustainable practices regarding seafood production.

Introduction and methods. This study aims to apply existing assessment methods of the impact of
overexploitation on biotic resources (Langlois et al. 2014 and Emanuelsson et al. 2014) to 125 marine
stocks fished in the 14 marine areas drawn by the FAO. We present how the results can be reproduced,
including what kind of database can provide for the data needed. We discuss how results can be
interpreted as a proxy for biodiversity assessment and the ecological limits of the methods. Finally,
we propose operational guidelines for sustainable production and efficient conservation policies.
Results. We show that unsustainable fishing is responsible for a loss of up to 30 times the potential
yield of major fish stocks such as Atlantic cod, red snapper and bluefin tuna. We identify depleted
fish stocks for which biomass is up to 15 times lower than it should be (yellownose skate fished in
South America) and stocks facing fishing mortality up to 1.9*107 times higher than the maximum
required to allow sustainable recovery (Pacific Ocean perch fished off the US West Coast). Regarding
intrinsic biodiversity, our study shows that we are not able to understand the consequences of
overfishing through a cause-effects chain due to lack of science knowledge. However, we display
how to limit the impacts on biodiversity by using complementary indicators at species and ecosystem
level.

Recommendation. While methods seemed to compete against each other in the impact assessment
of marine stock overexploitation on biodiversity, this study shows their complementarity. Hence, in
the aim of making seafood more sustainable, a combination of the indicators they provide should be
used. The complexity of marine ecosystems and the remaining limits of methods are discussed,
showing the compelling need for further data collection and analysis, and opening ways for targeted
research.

Introduction

The latest report of the IPBES indicates that direct exploitation of biotic resources sets the main threat
on marine biodiversity and ecosystem services (IPBES, 2019). This driver impacts natural resources
at species and ecosystem level. It endangers taxa like sharks, rays, and chimaeras globally, some being
already extinct (Dulvy et al., 2021). On the other hand, marine ecosystems provide vital services
including source of protein for many coastal populations across the world. Both for the intrinsic value
of biodiversity and for its contribution to human, a sustainable management of marine resources and

1
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fisheries is needed to reach the challenges of the next decades (FAO, 2020). Although Life Cycle
Assessment (LCA) consistency and reliability is gaining robustness on terrestrial ecosystem
assessment, it still displays major shortcomings for marine ecosystems (Asselin et al., 2019). Several
studies proposed frameworks towards the inclusion of biotic resources exploitation into Life Cycle
Assessment (Guinée and Heijungs, 1995; Emanuelsson et al., 2014; Langlois et al., 2014; Taelman
et al., 2014; Sonderegger et al., 2017; Crenna et al., 2018; Hélias et al., 2018). In this study, the two
methods mentioned by (Woods et al., 2016) are reviewed: i) Emanuelsson et al. (2014) and ii)
Langlois et al. (2014). Both are based on the concept of Maximum Sustainable Yield (MSY)
introduced by Schaefer (1954), commonly used to assess the sustainability of fisheries. The goal of
this work is to: 1) apply both of these methods to more stocks on a worldwide updated database (RAM
Legacy Stock Assessment Database, 2018), ii) understand methods and their limits based on results
of this application and iii) propose a guideline for decision makers in the context of eco-design of fish
products and conservation of marine ecosystems. We aim to answer: Is it possible to evaluate the
impact of fishing on intrinsic biodiversity and improve the sustainability of seafood-based products
as well as marine conservation policies? Considering the complexity of marine ecosystems and of
their assessment, it is not expected to accurately evaluate impact of fishing on intrinsic biodiversity
with any of these two methods. However, the methods are expected to determine if a stock is
threatened and consequently to help decision making to build more sustainable stock management
through product eco-design and conservation policies.

Material and methods

Two methods were selected to determine a midpoint impact of overexploitation: i) A method
reflecting the difference between current and target fisheries management developed by Emanuelsson
et al. (2014), and ii) a method quantifying the impact of stock exploitation at species and ecosystem
levels developed by Langlois et al. (2014). Their values for each stock studied were compared.
Among the drivers of biodiversity loss, overexploitation of biotic resources impacts ecosystems
through the decrease in exploited stock at i) species level and ii) ecosystem level due to trophic
interactions. Emanuelsson et al. (2014) focuses on the first impact pathway and Langlois ef al., (2014)
proposes indicators on both impact pathways. The impact of by-catch is not included in this work so
far. The methodology used to determine overexploitation impact on biodiversity is presented in Figure
1.
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Figure 1: Goal and scope of our work to assess impact of fisheries on biodiversity.
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Access to data was one of the major challenges of this study. Several databases have been considered
to conduct this study. They were provided by: (i) regional organisms (NEAFC, NOAA, CCAMLR),
(i1) species-specific oganisms (CCSBT, IPHC) or (iii) global and multi-species organisms (FAO
FishStat, RAM Legacy Stock Assessment Database, ExioBase, FishBase, SeaAroundUs). Our final
selection was based on the necessity to include fishing data, as well as biological timeseries and MSY
parameters. It needed to be available on a worldwide scale, taking stock in all seas and oceans into
account. Thus, the RAM Legacy Database was selected as main source of data, completed by
biological and ecosystem information from FishBase and SeaAroundUs.

Results
Results from ‘Lost Potential Yield (LPY)’ and its complementary indicators led us to discriminate
between four categories illustrating why potential yield was lost and directing what kind of decision
should be taken:

“Overexploited”, such as ‘Atlantic cod, European Union’

“Overexploitation risk”, such as ‘King mackerel, US Southeast and Gulf”

“Recovering”, such as ‘Bigeye tuna, Pacific Ocean’

- “Loss of opportunity”, such as ‘Argentine anchoita, South America’

Results from the ‘Indicator of Biotic Natural Resources at ecosystem level (IBNReeo)’ allow
comparisons of the ecological impact of fishing through the rate of Net Primary Production (NPP)
uptake. Although individual values of this indicator don’t provide information, we show that the
higher the indicator is, the more NPP it requires.
The application of these indicators to 125 stocks among 14 FAO areas allowed us to build a decision-
making guideline (see Figure 2, the full guideline is available in Gaillet ef al. (2022)). It can be used
by different stakeholders, in order to reduce their impact on biodiversity through overexploitation, by
selecting which indicator corresponds to their goal and scope and how to interpret results or complete
them with another indicator in case of a borderless score.
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Figure 2. Partial decision tree for the use of indicators of overfishing impact on biodiversity. Both
indicators should be used in eco-design of seafood-based products.
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Discussion

The application of these indicators to 125 stocks among 14 FAO areas made us understand their
strengths, as well as their limitations. Two main limitations of the indicators arose from the study.
The ecological significance of the indicators is limited. There is an overwhelming importance of top
predators, and the ecosystem complexity is not considered, reflecting for example in the assumption
that marine populations abundance are at their equilibrium. Because of such limitations, keystone
species of low trophic level would not receive the warning they deserve. It is the case of Antarctic
krill (Euphausia superba), representing 98% of catches of FAO area Atlantic, Antarctic. It wasn’t
calculated here because it doesn’t appear in the database but it would receive a low ‘indicator of
Biotic Natural Resources at ecosystem level’, due to its low trophic level. However it is a keystone
species of the Antarctic ecosystem, being the main source of food for air-breathing animals (Murphy
etal,2012).

The indicators focus only on a single-species fisheries. Fisheries can be more complex, most fishing
campaigns are not fully specific and include the catch of several species. These simultaneous catches
can have different vulnerability and come from stocks of different statuses. Hélias et al. (2018)
proposed a framework to better assess multi-species stocks, extending one of the indicators analysed
here (Langlois et al., 2014). It also improves the assessment through the inclusion of multi-habitat
stocks and has a relatively low data requirement. However, ecological considerations are still
uncomplete, as shown by the low Characterization Factor of Antarctic krill which exploitation
disturbs the Southern Ocean’s ecosystem greatly (Mangel and Switzer, 1998; Murphy et al., 2012).
Finally, the impact pathway of bycatch is not yet accounted for, despite its potential serious threat on
species and ecosystems. Bycatch of not commercialised species such as air-breathing mammals, birds,
and reptiles has a great impact on ecosystem as they often play a role in ocean’s productivity through
nutrient cycling and communities structure (Epperly ef al., 2002; Frankish et al., 2021; Peltier et al.,
2021). In addition to this shortcoming, these indicators don’t take into account the potential damage
on habitat of various fishing techniques like ghost fishing and seabed trawling. All these impact
pathways will be assessed in later works of the team.

Despite all these shortcomings, the indicators analysed here contribute to a better assessment of
environmental impact of fishing. They provide initial tools for informed Ecosystem-Based
Management of fisheries, which should be developed further.

Conclusions

Application of indicators of both methods on a wide range of stocks allowed us to provide an up-to-
date stock status evaluation and to understand their implications, conclusions and limitations. Both
methods still have limits preventing their application to all kind of stocks and fisheries. Impact on
biodiversity calculated by indicators is partial and must be developed but it helps determining if a
stock is threatened and consequently help decision making to build more sustainable stock
management through product eco-design and conservation policies. The main obstacle against
accuracy and reliability of the methods remains the lack of data. The specific and up-to-date biological
and statistical data required only enabled us to provide them for some of the worldwide fisheries. By
helping the assessment of overexploitation of fished stocks, this work makes a step towards a
management of fisheries conserving biodiversity. It will be enhanced and developed further to include
new indicators (Crenna et al., 2018; Hélias et al., 2018) and other impacts of fishing activities: mainly
bycatch and habitat damage. Data analysis will be improved by the works on ecosystem-wide
assessment in progress in the Ecopath with Ecosim project (Christensen et al., 2005).
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