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Abstract

Purpose. The global freshwater use boundary must be spatially downscaled to reflect differences in
water availability, because water scarcity is a local or regional phenomenon. In China, as in most
countries, irrigation is the major freshwater user, closely linking food security to the freshwater
boundary. This study aims to explore how a grain production shift affects the national water scarcity
and the potential to reach sustainable water use limits while maintaining the current grain
production level.

Methods. We quantify the spatial shift of the production of the main staple crops (maize, wheat and
rice) by mapping the location (longitude and latitude) of the centroids under China’s dramatic land-
use change from 1980 to 2015. We estimate the water-scarcity footprint (WSF) of the three crops,
which incorporates a water scarcity index to link water consumption to potential impacts from water
scarcity. The AquaCrop model was applied to simulate crop yields and irrigation, which were used
to calculate crop WSFs. By conducting a sensitivity analysis, we explore how the breadbasket shift
affects the national WSF. We then examine the balance of both irrigation water and grain production
under a downscaled water boundary, considering also crop redistribution and yield gap closures.
Results and discussion. We found that the historical breadbasket shift towards water-scarce
northern regions has increased the WSF by 40% during 1980-2015. To operate within the boundary,
national irrigation needs to be reduced by 18% in hotspot regions, with implications of a 21% loss
of grain production. However, this loss can be reduced to around 8% by closing yield gaps in water-
rich regions. It demonstrates the high potential of integrating crop redistribution and closing yield
gaps to achieve grain production goals within freshwater boundaries.

Conclusions. We identify that China’s historical shift of grain production has exacerbated national
water scarcity and illustrate the potential to achieve grain production goals within freshwater
boundaries. The pressure which land-use change puts on China’s freshwater arises from the current
pattern of water consumption, which often occurs in highly water-scarce regions. China must
reverse its grain production shift towards water-scarce regions. National crop redistribution can also
be combined with existing technologies and knowledge, but priorities should be given to the hotspot
regions to satisfy the more urgent needs and obtain a higher positive impact.

Keywords: Water scarcity; food security; planetary boundary; crop redistribution; yield gap.

Introduction
Freshwater use has been identified as one of the nine planetary boundaries and it appears that
current global water consumption is within the safe operating space for humanity (Steffen et al.
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2015). However, as freshwater is spatially heterogeneous and often dominated by local dynamics,
the global boundary must be downscaled to reflect differences in water scarcity. Currently, major
parts of global freshwater withdrawals occur in water-stressed regions, indicating that the spatial
water consumption pattern rather than the absolute shortage requires further assessment to reduce
the pressure humanity puts on freshwater (Ridoutt and Pfister, 2010a).

In China, as in most countries, irrigation is responsible for the highest freshwater use, closely
linking food security to the freshwater boundary. It is therefore necessary to set food production
goals within the downscaled planetary water boundary. Over the past decades, China’s agricultural
production remarkably increased and underwent a spatial shift along with its rapidly growing
economy and food demand (Zuo et al. 2018). Both the increase and shift of agricultural production
could cause enormous water-related impacts because of the geographical mismatch between
cropland and water availability. China’s current food production paradigm is experiencing a
paradox: producing food in drier regions and transferring the food to wetter regions by agricultural
trade (Dalin et al. 2014). To address the water for food dilemma, strategies have been put in place
on water transfer project construction (Liu et al. 2013), virtual water trade (Dalin et al. 2014), and
water productivity improvement (Kang et al. 2017). Undeniably, the combination of these solutions
can substantially reduce the pressure on water resources. However, these strategies, which usually
ignore the potential environmental impacts from water scarcity and lack a regional water use
boundary, might conflict with the goal of water scarcity mitigation. Davis et al. (2017) found that
global redistribution of crops would feed an additional 825 million people while reducing the water
consumption. However, crop redistribution at global scale is less policy relevant, because most
governance takes place at the regional rather than global scale. Therefore, strategies aimed at
sustainable water use and food security must integrate water consumption patterns and downscaled
water boundaries. This study explores how a breadbasket shift affects the national water scarcity,
and whether China can reach sustainable limits while maintaining the current grain production level
by closing yield gaps (Huang et al. 2020). Our study aims to enable policies to set national
agricultural water use priorities across regions by considering the environmental implications of
meeting food security.

Material and methods

We applied county-level production statistics of maize, wheat and rice to quantify the spatial shift of
the production by mapping the location (longitude and latitude) of the centroids in 1980, 1990, 2000
and 2015. We estimated the water-scarcity footprint (WSF) of the three crops from 1980 to 2015.
The WSEF incorporates a water scarcity index (WSI) to link water consumption to potential impacts
from water scarcity. The AquaCrop model (http://www.fao.org/aquacrop) was applied to simulate
crop yield and irrigation water consumption, which were subsequently used to calculate the crop
WSEF. To separate the impact of the crop production shift on national water scarcity from other
factors, we conducted a sensitivity analysis by changing one-factor-at-a-time. The parameter
perturbations for the sensitivity analysis are: P1—change in the national total production of the
three crops from 1980 to 2015; P2——change in the WSF per kg for each crop in each county from
1980 to 2015; P3——change in the national crop mix from 1980 to 2015; and P4—change in the
production centroid per crop from 1980 to 2015. We defined the sustainable water boundary in an
area with grain cultivation as the water consumption level at which the WSI would be 0.5,
indicating a water scarcity threshold between moderate and severe (Pfister et al. 2009). We then
examined the balance of both irrigation water and grain production under the boundary and checked
whether China can reach the sustainable limit while maintaining the current production level by
crop redistribution and closing yield gaps (reaching 75% and 80% potential yield, respectively).
Details on data sources and methods can be found in our published work (Huang et al. 2020).
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Results

China’s national WSF for grain production was 6.0x10' m* H,Oe in 2015, which was 2.6 times
higher than in 1980 (Fig.1a, b). Compared with 1980, the WSFs of all the sub-regions in 2015 have
increased. The counties with higher WSFs were found in the regions with higher water scarcity,
higher production, or a combination of both, such as Huang-Huai-Hai, the middle-lower reaches of
Yangtze basin, the northwest and northeast. The regions with a higher increase in the WSF were
found where the WSFs in 2015 were much higher than the counties’ average. Thus, the major
contributors to the increase were also Huang-Huai-Hai (25%), the middle-lower reaches of Yangtze
basin (21%), the northeast (21%) and northwest (18%). Based on four parameter perturbations (P1—
4) in the sensitivity analysis (Fig.1¢), we found that, apart from the change in the crop mix (P3), the
other perturbations (P2—4) significantly contributed to the increase of the total WSF from 1980 to
2015. The increase of the total WSF (increase by 130%) under P1 kept pace with the increase of
production and was the highest among all the parameter perturbations. The total WSF under P2 was
also much higher than that in 1980 (increase by 60%), because of higher WSF per kg grain. The
shift of the production centroid has increased the total WSF by 40%. While most southern regions
reduced their WSFs, the main increase happened in the northeast (65%), the northwest (23%), and
Huang-Huai-Hai (20%). Rice, wheat and maize contributed to the total increase by 62%, 24% and
14%, respectively. The shift of rice to the northeast, wheat to Huang-Huai-Hai, and maize to the
northwest were the main causes for the increase of the total WSF, accounting for 65%, 21% and
16%, respectively. This illustrates that the current distribution of grain crops has become
substantially less sustainable than in 1980, which has exacerbated China’s water scarcity.
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Fig. 1. Water-scarcity footprint (WSF) of the three crops (a) in 2015, (b) the net change between 1980 and 2015, and (c)
sensitivity analysis of the WSF. P1-4: please refer to the section of Material and methods.

To reach the sustainable limit (WSI = 0.5), China must reduce the irrigation water consumption in
hotspot regions by 2.4x10'® m?, which is 18% of the national irrigation for the three crops in 2015.
The major hotspot regions were in Huang-Huai-Hai, the northwest, and northeast, which required
46%, 31% and 7% of the total irrigation reduction target, respectively. The water-rich regions,
which had relatively lower WSIs (< 0.5), had a potential to increase irrigation by 2.2x10" m’,
which is far more than the reduction target for the hotspot regions. These regions are mainly located
in the south but also in the northeast, accounting for 78% and 19% of the total potential increase of
irrigation water. Consequently, there is no absolute national irrigation water shortage for grain
production within the water boundary. The reduction of irrigation in the hotspot regions implies that
the associated grain production would also be decreased. Based on the current crop yields, the total
grain loss in the hotspot regions was estimated as 1.3x10"" kg, 21% of national production in 2015.
However, the potential increase of irrigation in water-rich regions makes it also possible to increase
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grain production there. By considering both the irrigation water availability and crop yield potential,
we find that the possible increase of grain production in water-rich regions can compensate 56—65%
of the loss when yield gaps are closed to 75—-80% of the potential yield (Fig.2). Thus, the total grain
loss would be reduced from 21% to only 8-9% of the national grain production in 2015.
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Fig.2. Loss of grain production (whole bars) to meet the downscaled planetary water boundary in hotspot regions and
potential for compensation (blue bars) by closing yield gaps in water-rich regions. The red dashed frames indicate the
additional compensation potential by closing the yield gaps from 75% to 80% of the potential yield.

Discussion and conclusions

We identify that China’s historical shift of grain production has exacerbated national water scarcity
and illustrate the potential to achieve grain production goals within freshwater boundaries. The
results lead to several strategic implications for China’s grain production. First, the spatial water
consumption pattern rather than the absolute shortage requires more political attention. The pressure
which land-use change puts on China’s freshwater arises from the current pattern of water
consumption, which often occurs in highly water-scarce regions. Second, China must reverse its
grain production shift towards water-scarce regions. There is high potential to balance national
grain production by just closing yield gaps in water-rich regions while meeting a downscaled water
boundary. Third, national crop redistribution can also be combined with existing technologies and
knowledge. However, priorities should be given to the hotspot regions to satisfy the more urgent
needs and obtain a higher positive impact. By integrating food production and a water boundary, we
illustrate the broader value of the safe and just operating space approach for sustainable
development. Future work needs to further assess the results with detailed spatial information.
Especially, it requires to elaborate the exact amount of freshwater dominated by some regions
located in cross border areas sharing the same aquifers with their neighbouring countries.
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Abstract

Purpose: Environmental performance of farming systems needs to be assessed to decrease the
loss of biodiversity, for example using frameworks such as life cycle assessment (LCA) and
ecosystem services (ES) assessment. How to combine these two methods to assess environmental
performance more precisely remains a research question. We analyze parallel use of the LCA method
ReCiPe and the Ecological Focus Area (EFA) calculator, both of which can assess ES supplied by
EFAs, to evaluate how to address blind spots of LCA with an ES assessment tool.

Methods: ReCiPe assesses impact on four ES categories, and eleven additional ES categories
could be integrated into it, four of which have a high priority according to their monetary value.
However, doing so would not resolve two blind spots of LCA: (i) a vision oriented toward negative
impacts of agricultural production on ES supply, without considering potential benefits of certain
practices or farm management on ES supply, and (ii) not considering non-productive farm areas (i.e.
semi-natural areas) in assessments. We analyze the potential of the EFA calculator to address blind
spots of the LCA method ReCiPe and advantages that combining the two methods can provide for
assessing environmental performance of farming systems, especially by considering the influence of
both land cover and the intensity of practices on ES supply.

Results and discussion: We do not yet have empirical results for use of the two methods. We
assume that they will consist of (i) LCA results, (ii)) ES assessment results and (iiil) common
interpretation of them, with reflection on how they can be used to assess dynamics of ES on farms.
Adding impacts of farm production on other ES to ReCiPe and applying the EFA calculator to
grassland and cropland could increase the precision by benefiting from the complementarity between
the two methods (assessing the same ES on the same areas). An overview of other LCA and ES
assessment methods is necessary to highlight advantages and disadvantages of combining ReCiPe
and the EFA calculator.

Conclusion: Combining them could allow all farm area (productive and semi-natural areas) to be
considered when expanding beyond the negative-impact-oriented vision of LCA, to provide an
overall assessment of environmental performance. Combining LCA and ES assessment tools could
be a useful way to show environmental benefits and lower environmental impacts in a single
assessment for systems that base their production on biological processes and attempt to increase their

environmental performance.
Keywords: Environmental assessment; Life cycle assessment; Ecological focus area, Biodiversity, Agriculture.

Introduction

Loss of biodiversity has been identified as a major impact of farming systems, which emphasizes
the importance of redesigning them (Foley er al., 2011). This requires assessing their wider
environmental impacts and performances (Meier et al., 2015), using frameworks such as life cycle
assessment (LCA) (Huijbregts et al., 2016) and ecosystem services (ES) assessment. Biodiversity,
the biotic components of ecosystems, interacts with abiotic ecosystem components to furnish
ecological processes from which ES flow (Tallis et al., 2012). ES, which are contributions that
ecosystems make to human well-being (Haines-Young and Potschin, 2018), are assessed by
qualifying and quantifying (sometimes in a spatially explicit manner) their supply in a specific area
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(Tzilivakis et al., 2019). Currently, LCA methods do not consider ES. Alejandre et al. (2019) studied
different LCA methods to develop an approach to assess impacts on ES supply in LCA. To do this,
they noted that the LCA method ReCiPe (Huijbregts et al., 2016) already assesses four ES categories,
and eleven additional ES categories could be integrated into ReCiPe. However, their approach still
does not resolve two blind spots of LCA: (i) a vision oriented toward negative impacts of agricultural
production on ES supply without considering potential benefits of certain practices or farm
management on ES supply and (ii) not considering non-productive farm areas (i.e. semi-natural areas)
in assessments. Consequently, integrating ES assessment in LCA is not sufficient to assess the overall
environmental performance of a farm.

After an initial evaluation of selected ES assessment tools, we focus our analysis on the potential
of one of them, the Ecological Focus Area (EFA) calculator (Tzilivakis et al., 2016; Tzilivakis et al.,
2019), to address blind spots of the LCA method ReCiPe. EFAs correspond to non-productive semi-
natural areas of farms, such as hedges, fallows and isolated trees, which LCA does not consider.
Further, we highlight the complementarity of the two methods for assessing the environmental
performance of farming systems.

Material and methods

In an agricultural context, LCA usually focuses on a farm as a production system, considering
almost exclusively its inputs, outputs and the processes that occur on its agriculturally productive area
(Boone et al., 2019). ReCiPe connects the life cycle inventory to 17 midpoint impact categories that
can be aggregated into the three standard endpoint categories (Huijbregts et al., 2016). ReCiPe has
two advantages: (1) midpoints and endpoints are easily correlated using factors that remain constant
for each impact category, because environmental mechanisms for each stressor are considered to be
identical after the midpoint impact, and (2) characterization factors are adapted to a global scale rather
than a continental scale (Huijbregts et al., 2016).

Alejandre et al. (2019) used the ES classification of CICES V5.1 and found that the ReCiPe
method can assess four ES categories (Fig. 1), which are represented by two provisioning ES
(mineral/fossil energy scarcity, water provisioning) and two regulation and maintenance ES (carbon
sequestration, protection from UV radiation). Among eleven other categories of ES that could be
included in ReCiPe, they identified those with the highest priority. According to the monetary value
of'the ES in these categories, four of the categories can be represented in decreasing order by the most
valuable ES in each (i.e. erosion prevention, waste treatment, recreation and pollination) by
connecting them to midpoint impact categories (Fig. 1).

As mentioned, ReCiPe ignores potential environmental benefits of farming systems to ES supply.
Alejandre ef al. (2019) relate LCA impact categories to impact on ES supply, such as anthropogenic
emissions that counteract carbon sequestration ES. LCA considers practices or farm management that
could increase ES supply, but often considers only the emissions and extractions of resources for
agricultural production that decrease it. Moreover, ReCiPe, like all LCA methods, generally focuses
on the productive function of farming systems, considering livestock, crops, grasslands, equipment
and infrastructure in the assessment (Fig. 2). It ignores the farm’s semi-natural areas that play key
roles in supplying ES in a farming landscape (Sabatier et al., 2015).

To address the first blind spot, ES assessment tools can add a benefits-oriented vision to LCA’s
impact-oriented vision (Fig. 2). To address the second blind spot, ES assessment tools consider semi-
natural areas (Tzilivakis et al., 2019) and sometimes consider productive land areas as well (Fig. 2).
It would therefore be useful to associate LCA with an ES assessment tool to have two complementary
visions of environmental performance.

We propose using the EFA calculator (Tzilivakis ef al., 2019) in parallel with LCA. The calculator
contains several models, each of which estimates an ES supplied by EFAs based on their types,
locations, distance from productive areas and proportional areas on the farm. The EFA calculator
estimates the supply of five ES considered important to include in LCA: carbon sequestration (already
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considered by ReCiPe), erosion prevention, pollination, aesthetic value (these three a priority for
addition to ReCiPe (Alejandre ef al., 2019)) and pest control (not a priority for ReCiPe) (Fig. 1). The
calculator uses land-cover characteristics of EFAs to estimate the supply of the ES, but those of
grasslands and crops would also be interesting to include in the models. The calculator does not,
however, consider the influence of management intensity on ES supply.

As mentioned, ReCiPe already considers four ES categories, and with the addition of new impact
midpoint categories, other ES could be assessed, especially regulation and maintenance ES and their
relation to land use (Alejandre ef al., 2019) and thus to the intensity of practices. Adopting these two
methods would provide two ways to assess ES: based on land use (i.e. intensity of human
management on an area) (ReCiPe) and based on land cover (i.e. type of physical material on an area,
without quantifying the intensity of human management) (EFA calculator).

Using the EFA calculator along with ReCiPe requires identifying what additional data the
calculator requires that are not collected for LCA. These data include each type of EFA, location,
proportional area (or length, depending on the EFA) and boundaries with productive areas. Another
advantage of using the EFA calculator is its ability to assess support for biodiversity by relating the
variety of EFAs and their characteristics to potential habitats for genetic and species diversity.

Results

We do not yet have empirical results for the use of the two methods, but preliminary results will
be forthcoming. We assume that they will consist of (i) LCA results, (i1) ES assessment results and
(111)) common interpretation of them. We are currently planning how to interpret the results, such as
comparing the two methods’ estimates of ES supply and integrating the estimates into an overall
vision of ES dynamics on the farm by considering their interactions with farm practices and land-
cover types. We chose the EFA calculator rather than another tool because (i) we can apply it
throughout Europe, (ii) it is already operational for many EFAs and (iii) it seems possible to add
productive areas to it.

Discussion

Both the EFA calculator and ReCiPe (in its current version and with the addition of midpoint
categories proposed by Alejandre et al. (2019) to assess high-priority ES) focus on a few ES, which
raises questions about their ability to consider ES supply well in an assessment of overall
environmental performance of a farm. According to Alejandre et al. (2019), pest control is not
considered a high priority ES to include in ReCiPe, but it could be included, despite its lower
monetary value. Doing so would allow ReCiPe to consider all ES assessed by the EFA calculator.
Moreover, they prioritized ES based on their monetary value, and the regulation and maintenance ES
(pollination, erosion prevention and carbon sequestration) are the most important. Since both methods
can consider them, it could be sufficient to use these methods with their selection of ES.

The EFA calculator estimates ES supplied by EFAs, not by other types of land cover on the farm.
As mentioned, it may be possible to adapt the calculator to consider the ES supplied by other types
of land cover. Doing so would require adapting the equations in the models that estimate ES supply
to consider crop area. Initial examination of these equations indicates that grassland would be easier
to consider than crops, because grassland has more characteristics in common with EFAs.

In line with the definition of “land cover”, the EFA calculator relates land cover to ES supply
without considering farm practices. Since it focuses on EFAs, we assume that human activities on
them influence ES supply less than other characteristics of these areas (type, location and proportional
area) (Sabatier et al., 2015). If we add grassland and crops to the EFA calculator, we will use the same
parameters as those for the EFAs (type, location, absolute area and proportional area); however, the
land use (i.e. practices such as grassland grazing or mowing, species of crop grown) of productive
areas (i.e. grassland and crops) influences the impacts of productive land cover greatly (e.g.).
Consequently, we will first need to relate these parameters to farm practices. When applying the two
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methods in parallel, ReCiPe will estimate the impact of land use on ES supply. It is important,
however, not to double-count the environmental effects assessed by the two methods, especially for
regulation and maintenance ES (e.g. water purification) and their inverse equivalents in LCA (e.g.
pollutant emissions to water) (Alejandre ef al., 2019).

We are currently focusing on the ReCiPe and EFA calculator methods, but other methods could
be used for LCA and especially for ES assessment. Other ES tools that can consider all land-cover
types and not only EFAs may be interesting to use (Tallis et al., 2012), but they appear to require
more data and be more difficult to relate to LCA. Moreover, the EFA calculator could be useful for
considering on-farm biodiversity along with environmental impacts and ES in an overall assessment
of environmental performance of farming systems.

Conclusions

Combining the ReCiPe method and the EFA calculator could allow all farm area (productive and
semi-natural areas) to be considered when expanding beyond the negative-impact-oriented vision of
LCA to provide an overall assessment of environmental performance that considers environmental
impacts and ES. Doing so, however requires considering factors that influence ES supply, particularly
land use (related to the ReCiPe method) and land cover (related to the EFA calculator). Agricultural
systems that attempt to increase their sustainability, such as agroecological systems, increase their
use of ES to decrease their purchased inputs, which also decreases their environmental impacts
(Dumont et al., 2013; Therond et al., 2017). Combining LCA and ES assessment tools could be a
useful way to reveal greater environmental benefits and lower environmental impacts of such systems
in a single assessment.

References

Alejandre, E.M., van Bodegom, P.M., Guinée, J.B., 2019. Towards an optimal coverage of ecosystem services in LCA.
Journal of Cleaner Production 231, 714-722.

Boone, L., Roldan-Ruiz, 1., Van Linden, V., Muylle, H., Dewulf, J., 2019. Environmental sustainability of conventional
and organic farming: Accounting for ecosystem services in life cycle assessment. Sci. Total Environ. 695, 133841.
Dumont, B., Fortun-Lamothe, L., Jouven, M., Thomas, M., Tichit, M., 2013. Prospects from agroecology and industrial
ecology for animal production in the 21st century. Animal 7, 1028-1043.

Foley, J.A., Ramankutty, N., Brauman, K.A., Cassidy, E.S., Gerber, J.S., Johnston, M., Mueller, N.D., O'Connell, C.,
Ray, D.K., West, P.C., Balzer, C., Bennett, E.M., Carpenter, S.R., Hill, J., Monfreda, C., Polasky, S., Rockstrom, J.,
Sheehan, J., Siebert, S., Tilman, D., Zaks, D.P., 2011. Solutions for a cultivated planet. Nature 478, 337-342.
Haines-Young, R., Potschin, M., 2018. Common International Classification of Ecosystem Services (CICES) V5.1
Guidance on the Application of the Revised Structure.

Huijbregts, M.A.J., Steinmann, Z.J.N., Elshout, P.M.F., Stam, G., Verones, F., Vieira, M., Zijp, M., Hollander, A., van
Zelm, R., 2016. ReCiPe2016: a harmonised life cycle impact assessment method at midpoint and endpoint level. The
International Journal of Life Cycle Assessment 22, 138-147.

Meier, M.S., Stoessel, F., Jungbluth, N., Juraske, R., Schader, C., Stolze, M., 2015. Environmental impacts of organic
and conventional agricultural products--are the differences captured by life cycle assessment? J. Environ. Manage. 149,
193-208.

Sabatier, R., Durant, D., Hazard, L., Lauvie, A., Lecrivain, E., Magda, D., Martel, G., Roche, B., de Sainte Marie, C.,
Teillard, F., Tichit, M., 2015. Towards biodiversity-based livestock systems: review of evidence and options for
improvement. CAB Reviews: Perspectives in Agriculture, Veterinary Science, Nutrition and Natural Resources 20.
Tallis, H., Mooney, H., Andelman, S., Balvanera, P., Cramer, W., Karp, D., Polasky, S., Reyers, B., Ricketts, T.H.,
Running, S., Thonicke, K., Tietjen, B., Walz, A., 2012. A Global System for Monitoring Ecosystem Service Change.
Bioscience 62, 977-986.

Therond, O., Duru, M., Roger-Estrade, J., Richard, G., 2017. A new analytical framework of farming system and
agriculture model diversities. A review. Agronomy for Sustainable Development 37.

Tzilivakis, J., Warner, D.J., Green, A., Lewis, K.A., Angileri, V., 2016. An indicator framework to help maximise
potential benefits for ecosystem services and biodiversity from ecological focus areas. Ecol. Indicators 69, 859-872.
Tzilivakis, J., Warner, D.J., Holland, J.M., 2019. Developing practical techniques for quantitative assessment of
ecosystem services on farmland. Ecol. Indicators 106, 105514,

11



12th International Conference on Life Cycle Assessment of Food 2020 (LCA Food 2020)
“Towards Sustainable Agri-Food Systems”
13-16 October 2020, Berlin, Germany — Virtual Format

3 endpoint
impact categories
Life Cycle 17 midpoint
inventory impact categories
ES supply
impacted:
Regulation and maintenance: Provisioning: ‘ Cultural:
*  Protection from UV radiation = Mineral/fossil energy scarcity | = Aesthetic value (recreation)
« Carbon sequestration = Water provisioning ‘
= Erosion prevention ‘
* Pollination ‘
«  \Waste treatment Ecosystem services considered by ReCiPe
Ecosystem services suggested to integrate in ReCiPe
*  Pest control Ecosystem services also estimated by the EFA Calculator
Adapted from (Huijbregts et al., 2016 Alejandre et al., 2019)

Figure 1. Ecosystem services (ES) in the LCA method ReCiPe and relations to ES estimated by the EFA calculator
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Abstract

Purpose When evaluating the environmental performance of arable systems by LCA, the focus is put
on the harvested product. Because the agricultural product involves actually a bundle of ecosystem
services (ES), the impact should be allocated among the whole output. This study aims to develop
and apply an allocation approach in order to fairly compare the resource footprint of products
cultivated by organic and conventional arable farming systems.

Methods To compute allocation factors, we rely on the ecosystems services concept. First, a number
of ESprov (provisioning ES) and ESie (regulating ES) relevant to conventional and organic systems
are selected. Second, scores are assigned to each of the ES, reflecting the capacity of the agro-
ecosystem to supply a particular ES. Scores will be different for conventional and organic agro-
ecosystems, because the capacity to supply ES is strongly influenced by farming practices which are
different for both. For both steps, we relied on literature as well as expert knowledge. Data for the
resource footprint are retrieved from life cycle inventory databases and the applied LCIA method is
CEENE.

Results and discussion The environmental impact should be allocated among ESprov and ES;eg. The
allocation factor for ESpoy corresponds to the share of the average capacity to supply ESprov by a
particular system to the sum of the average capacities to supply ESprov and ESreg. Applying this to the
selected and scored ES, two third of the input should be allocated to the ESywov for a conventional
system, while for an organic system, less than half of the inputs should be assigned to ESieg, reflecting
the focus of organic farming to deliver a range of ESeg as well. Applying this approach demonstrates
that for about half of the studied food products, organic products have clear environmental benefits
in terms of resource consumption in comparison to conventionally cultivated products.

Conclusions In this study, we address the shortcoming that the multifunctional role of agricultural
systems is often not integrated in LCA. The proposed allocation approach based on the capacity of
agro-ecosystems to supply ES allows a more complete comparison of the environmental sustainability
of organically and conventionally produced food and acknowledge the efforts made by farmers that
not only aim to increase the productivity but also environmental sustainability.

Keywords: Life cycle assessment, ecosystem services, agriculture, organic, arable farming
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Introduction

Today, there is an ongoing debate on the environmental sustainability of the products of organic
farming. Life cycle assessment (LCA) can be used to compare the performance of conventional and
organic arable farming systems in terms of environmental impact and productivity. Often, due to
lower crop yields attained by organic systems, higher environmental burden might be found for
organic products when evaluating the LCA results per product unit, despite the use of more
environmental-friendly practices (Meier et al., 2015). However, these considerable differences in
farm management affect the ecosystem services (ES) delivered by an agro-ecosystem (Sandhu et al.,
2010). Though, in LCA the focus is traditionally put only on the (harvested) product, while the
product provided by an agricultural system encompasses actually a bundle of ES (Meier et al., 2015;
Schader et al., 2012).

In this study, we address the shortcoming that the multifunctional role of agricultural systems is often
not considered in LCAs. Therefore, an allocation procedure is proposed based on the capacity of agro-
ecosystems to supply different ES in order to divide the environmental impact over all agricultural
outputs (i.e. provisioning and other ES). Allocation factors are developed for conventional and
organic arable crop systems. These allocation factors are applied to calculate and compare the
resource footprint of a range of crops cultivated by organic and conventional farming systems.

Material and methods

The recently updated Common International Classification of Ecosystem Services (CICES)
distinguishes ‘provisioning’ (ESprov), ‘regulating and maintenance’ (ES;e¢) and ‘cultural’ ES (Haines-
Young and Potschin, 2018). In this study, the focus has been put on ESprov and ES;eg, being of main
importance for arable farming systems.

First, relying on the CICES classification, a number of ESpov and ESr; relevant to European
conventional and organic arable systems are selected. This selection happened based on literature
research and expert judgement (national and international). For the two agro-ecosystems, the same
ES are selected, to cover the largest group of ES relevant for both. However, the capacity of agro-
ecosystems to provide ES is strongly influenced by farming practices such as tillage, fertilization or
crop rotation, which are different for the two types of farming systems. Consequently, the supply of
ES is different for organic and for conventional systems.

This forms the basis for the second step, namely scoring of the ES. To each ES, a score is assigned
reflecting the capacity of the agro-ecosystem to supply this particular ES. This score will often be
different for the organic and the conventional agro-ecosystem. Scoring happens according to the
approach of Burkhard et al. (2012), an approach widely used for ES assessment. They evaluate several
land cover classes according to their capacity to supply a specific bundle of ES within a given time
period. They propose a scale ranging from 0 to 5, representing ‘no’ up to a ‘very high’ capacity. In
this study, when possible, their scores are adopted. Supplemental scoring is based on literature
research after which the scores are verified by experts from national and international research
institutes.

In this study, both the selection of ES and the scores refer to regular conventional and organic agro-
ecosystems, so representing a general case. However, a high degree of variability exists within both
conventional and organic systems. Therefore, the number of selected ES might be different when
focusing on a particular case study about which more specific information regarding farm
management is available. Certain practices or decisions (e.g. greening measures) will vary (the focus
of) the range of ES supplied by the farm system. Next, farmers need to make a range of choices
regarding amongst others fertilization, crop rotation, etc. This will all influence the capacity to supply
ES and, consequently, the scores assigned to the ES. Therefore, per case study, the values must be
critically examined.
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Production data of the studied food products are retrieved from the life cycle inventory databases
Ecoinvent and Agribalyse (INRA, 2018; Koch and Salou, 2013; Swiss Centre for Life Cycle
Inventories, 2015). The LCA method used to calculate the resource footprint (RF) of the production
of food products is the resource accounting method CEENE (Cumulative Exergy Extraction from
Natural Environment), which allows to express the natural resource consumption in terms of one
single unit, i.e. joules exergy (Jex) (Alvarenga et al., 2013; Dewulf et al., 2007).

The choice to retrieve data from life cycle inventory databases in this study corresponds to the choice
made regarding the selection of ES as well as the scores assigned to them. Both are carried out from
the viewpoint to represent regular conventional and organic agro-ecosystems, in general. So the data
inventory and scores of ES are characterized by the same level of detail, both based on Western-
European case studies and not representing any specific situation. It is therefore important to keep in
mind that if selecting and scoring of ES is performed for a specific case study, also the data inventory
(including yield) need to be changed accordingly in order to calculate the environmental impact.

Results and Discussion

Calculation allocation factors

The impact should be allocated among two groups of output: ESprov and ESreg. An allocation factor
that indicates the fraction of the impact that is assigned to ESprov (fprov) 1s computed for each of the
two farming systems. Consequently, the rest of the environmental impact is allocated to ESieg,
indicated by the allocation factor freg, as indicated in Eq. (1).

fprov + freg =1 (1)

Because the capacity to supply ESprov and ESye is different for a conventional and organic system,
the allocation factors will also be dissimilar, although the same procedure to compute the allocation
factors is applied. First, relying on the scores assigned to the selected ESprov and ESieg, the average
capacity to deliver ESprov, called (capacity to supply ESprov)av, for a conventional and organic system
is computed by Eq. (2). npv refers to the number of ESprov selected, which equals 4 in this study. The
number of ES;eg selected is 10.

Y capacity to supply ES

(capacity to supply ESprop)av = prov )

Nprov

Applying Eq. (2), the average capacity to deliver ESpwov is 3.5 for a conventional and 2.75 for an
organic system. Analogous, the average capacity to deliver ESr is calculated, being 1.60 and 2.90
for a conventional and organic system, respectively. Then, the allocation factor indicating the fraction
of the environmental burden assigned to the ESpov is calculated by Eq. (3). The factor fyrov
corresponds to the share of the average capacity to supply ESprov by a particular system to the sum of
the average capacities to supply ESprov and ESree. Consequently, the rest of the environmental impact
is allocated to ESqeg.

(capacity to supply ESprm,)av
(capacity to supply ESprov)av+(capacity to supply Esreg)av

f prov —

3)

Applying this formula to the selected and scored ES, 69% of the input should be allocated to the
ESprov for a conventional system (fprov=0.69). In contrast, for an organic system, 51% of the inputs
should be assigned to ES;eg (fprov=0.49, fec=0.51), reflecting the focus of organic farming to deliver a
range of ESeg. The allocation procedure is schematically presented in Fig. (1).
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Figure 1: Visualization of the allocation of the environmental impact to the output of an agro-ecosystem. The input includes
provisioning (ESprov) and regulating and maintenance (ESreg) ecosystem services.

In this study, we rely on the average capacity to deliver ESprov and ES;eg in the allocation approach.
In this sense, an equal weight is attached to ESyrov and ESieg (both can get a maximum score of 5).
Another option could be to use the ratio of the total capacity to supply ES;rov and the total capacity of
ES delivered in order to compute fyrov. On the one hand, one could argue that the priorities are then
clearly reflected in the allocation factors, but, on the other hand, the availability of ES;e; in CICES
which can be associated with plant production systems, is higher than the number of biotic ESprov
relevant in the agricultural context. In addition, the number and the selection of ES depend on the
choices made by the LCA practitioner. A second option could be to give a weight to the bundle of
ESprov and ESreg, instead of using the averages. However, further research is needed to investigate this.

Calculation resource footprint

Relying on the allocation approach according to the ES theory, the new (allocated) RF (RF3) of one
agricultural product unit corresponds to the environmental impact assigned to ESprov and is calculated
by multiplying the RF of the a specific product cultivated under conventional or organic practices
with the corresponding f,rov. This allocation approach has been applied to a range of food products.
The ratio of the RF of a crop cultivated in an organic system (RFaorg) to the RF of a crop cultivated
under conventional practices (RFacon) can be calculated. In Table 1, both the ratios of the non-
allocated and allocated RF regarding the ES;ov are presented. Important to highlight is that in this
table, only the RF of crops corresponding to the ES;rov are presented, while also the RF corresponding
to the ES;eg can be calculated. However, the focus on ESprov corresponds to a provisional functional
unit, and is often the only delivered agricultural product considered in LCA calculations.

For all crops discussed in this study except carrots, the standard RF of the provisional functional unit
is higher for one kg of product produced by organic farming practices compared to production by
conventional practices, due to the lower yield. The allocation approach allows a more complete
comparison of the environmental sustainability of organically and conventionally produced food. So
when applying the allocation factors, we demonstrate that for about half of the studied food products
(including maize, potato), organic farming has clear environmental benefits in terms of resource
consumption in comparison to conventional cultivation methods.
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Table 1: Ratio of the RF of organic to the RF of conventional food products, without and with allocation. Green colored cells are those
for which organic systems have the lowest RF.

Product Ratio RForg/ RFcon Ratio RFa,org/ RFa,con

(%) (%)
Barley grain 154 109
Carrot 81 57
Faba bean 216 153
Maize grain 124 88
Maize silage 121 86
Potato 106 75
Protein pea 127 90
Rape seed 142 101
Rye grain 169 120
Triticale grain 185 131
Wheat grain 147 104

Because fprov,org 1S lower than fprov.con, @ higher reduction of the RF of organic products will be true.
Consequently, the ratio of the RF, org 0ver RFacon, which gives an indication of the difference between
RF of conventional and organic products, is smaller than the ratio of RFoy over RFcon. The smallest
differences in RF between organic and conventional cultivation are noticed for carrot (RFore 19%
lower than RFcon) and potato (RForg 6% higher than RFcon). In general, the difference between RFa org
and RFcon is for most products rather small, even for 7 out of 11 products less than 20% (Table 1).
Through ES based allocation, we can deduce that the difference in environmental impact of
conventional and organic products is actually smaller than generally accepted. However, the
allocation procedure does not result in the conclusion that organic farming is always favored in terms
of environmental sustainability. The standard (unallocated) RF is lower for almost all crops cultivated
under conventional farming than when organically produced. However, the RF. is for almost half of
the crops lower when produced by organic instead of conventional practices (Table 1). So although
for many crops less inputs of agro-chemicals and fuel are associated with organic farming practices,
the RF, 1s not for all cases lower for organic practices, which emphasizes the important effect of the
yield on the impact results and the importance of efficient use of land resource when assessing the
environmental sustainability.

A closer look at the allocation approach

It should be kept in mind that the main goal of this study is to offer and test a methodology to account
for ES in LCA in order to comprehensively compare the environmental sustainability of crops
produced by conventional or organic farming. At first sight, the applied approach including a
thorough literature review and expert judgement, seems to be adequate to define the scores needed in
this research. For any particular case study, even when the same ES are selected, these values should
always be checked critically and, if needed, adapted in order to calculate the allocation factors. Indeed,
some measures or choices of farmers might change the capacity of the ecosystem to supply ES.

A valuable alternative option to the scoring approach of Burkhard et al. (2012), could be the use of
response ratios used in meta-analyses. A response ratio is the ratio of the mean outcome to the one of
the reference and indicates the effect size. These are not dependent on the opinion of experts but based
on scientific measurements. However, up to now, the number of response ratios found for ES
delivered by organic and conventional farming is limited. Furthermore, while it is emphasized
throughout this chapter that local data should be applied when available, and that the scores assigned
to the ES should then be adapted accordingly, this would not be possible when applying response
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ratios. Another option could be to rely on measured data of a specific case to develop scores. Further
research on this is needed.

Conclusions

By making use of the proposed allocation approach, we stress the multifunctional role of agriculture
and acknowledge the efforts made by farmers that not only aim to increase the productivity but also
environmental sustainability (e.g., practices to maintain a good soil quality). Until now, allocation
factors are only developed for arable land crops, but they can easily be determined for permanent
grassland and permanent crops. Furthermore, research about how to integrate cultural services should
be carried out as well.
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Abstract

Addressing impacts on biodiversity in LCA is imperative. A peculiar challenge with regard to
biodiversity is that any comprehensive description of biodiversity can only be a normative one.
Biodiversity is typically described through indicators like species richness or genetic variability. Such
indicators are objective, but do not describe the entirety of biodiversity. It includes intra-species, inter-
species, and ecosystem diversity. At each level, attributes like variability, quality & quantity, and
distribution are distinguished. The scientific understanding of biodiversity and its links to human
well-being is growing, but limited. The majority of species are yet unknown. Many cause-effect
chains between biodiversity and ecosystem services are not completely understood.

The LCA community has agreed upon a land use impact assessment framework. It enables the
inclusion of impacts of land use on biodiversity. Addressees and practitioners prefer a single indicator
over many, so the one indicator should be as comprehensive as possible.

Given the contradiction between the inherent complexity of biodiversity and the demands of LCA
practice, we see two challenges for including biodiversity in LCA:

First, a high level of aggregation is inevitably normative. The methodology used to develop a
biodiversity indicator for LCA needs to explicitly address and embrace the normativity of aggregating
biodiversity into a single point.

Second, knowledge gaps will have to be bridged with assumptions and non-codified knowledge in
some cases. The methodology used to develop a biodiversity indicator for LCA should allow this.

With these challenges in mind, our methodology combines fuzzy modelling with a hemeroby
approach in a three-tiered framework. The methodology has been presented in earlier iterations at
other occasions, and we show the latest version at LCA Food 2020.

Our approach distinguishes four broad land use types, assigns a general biodiversity value interval to
each of them, and assigns a specific value within the interval according to the specific land use
practice. On the global level, impacts of land-using processes are weighted depending on the
ecoregions in which the processes are located.

The approach is exemplified with a food product. However, the methodology is applicable to most
types of land use. Other case studies are in preparation.

Keywords:Biodiversity, Land Use, Hemeroby, Fuzzy Modelling
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Introduction

Biodiversity as a safeguard subject is both highly relevant and very complex. It contributes to human
well-being and the functioning of ecosystems (Cardinale et al. 2012, Hautier et al. 2015). The
complexity arises from the many organization layers (cells, organisms, populations, communities)
and spatial scales (from square centimeters to continents) at which biodiversity exhibits a multitude
of attributes (variability, quality & quantity, distribution) (see also United Nations 1992, Millennium
Ecosystem Assessment 2005).

Life Cycle Assessment practitioners and developers strive to address all relevant environmental
aspects along any product’s value chain. While it has long been understood that this difficult
safeguard subject needs to be addressed in LCA, it is not yet common to find a biodiversity indicator
alongside others in the typical everyday study. One problem is that LCA addressees (and, by extension,
practitioners) demand simple indicators that are easily understood by laypersons (e.g. board members
of companies, average consumers). Addressees are also limited in the number of individual indicators
they can process.

On the other hand, a number of companies actively address biodiversity in their management schemes
and they want their efforts reflected in LCA results referring to their products. At the local level, this
is doable, but if the local results are supposed to be aggregated with other less detailed results, they
need to be comparable. The challenge for developers of impact assessment methods for LCA is to
provide practitioners with a method that is both simple and complex.

Material and methods

We present an attempt to solve the contradiction between the complexity of biodiversity and the
demanded simplicity of its representation. Our method relates to the land use framework
recommended by the Life Cycle Initiative (Mila 1 Canals et al. 2007, Koellner et al. 2013) by
quantifying the quality of a given plot of terrestrial surface, defining “quality” as “biodiversity value”.
The biodiversity value is assumed to be “the value that human societies ascribe to biodiversity rather
than biodiversity as the subject of empirical study central to natural sciences” (citation from Lindner
et al. 2019). How societies formulate their valuation of biodiversity relates to the scientific study of
biodiversity, but it is not the same.

We use the hemeroby scale proposed by Fehrenbach et al. (2015) as a proxy for the biodiversity value.
This scale effectively quantifies the naturalness of a given plot, with the highest value posited as the
most natural state. This is not universally agreed, as there are examples of highly valued ecosystems
that can exist only under constant management (see e.g. Batary et al. 2015). It is, however, a good
default assumption where explicit definitions of aggregated values are lacking. In many world regions,
conservation prioritizes naturalness, especially in those regions where biodiversity loss is mostly
caused by encroachment of human environments into pristine ecosystems. Within the hemeroby scale,
land use types are distinguished (e.g. forest, pasture, arable, mining). A value interval for each of the
types is defined, limiting each land use type to a minimum and maximum achievable value. For
example, even an intensively managed forestry plot is valued higher than a typical mining site (see
Figure 1, taken from Lindner et al. 2019).
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Figure 1: Land use types and biodiversity value intervals, taken from Lindner et al. (2019) under CC BY license

For a finer differentiation within the hemeroby scale, we use the valuation framework proposed by
Lindner et al. (2012), defined by Lindner (2016), tested by Lindqvist et al. (2016) and operationalized
at the regional level by Perennes (2017). Based on fuzzy modelling, this approach allows the
formulation of a biodiversity value depending on land management and the landscape context of a
specific plot. Each input parameter is transformed into an individual biodiversity contribution.
Biodiversity contributions of related parameters are combined via logical AND/OR operators. All
contributions are linearly aggregated into the biodiversity value of the plot. The calculation is much
finer-grained than the hemeroby scale defined by Fehrenbach et al. (2015), but it does not prescribe
a value system. Combining the two approaches yields a method that allows detailed calculations
where there is a demand for them, but uses plausible default assumptions where a coarser analysis is
wanted.

Our method also includes weighting factors for comparing impacts in different ecoregions. Such
factors have been proposed e.g. by Brethauer (2012), Lindner (2016) and Lindner et al. (2019). What
they have in common is the underlying assumption that a loss of biodiversity value of identical
magnitude at the regional level would not be identical at the global level. In other words, 50% of the
biodiversity value of an agricultural plot in the Brazilian Cerrado is not perceived as equal to 50% of
the biodiversity value of an agricultural plot in the U.S. Midwest or Eastern Europe.

The elements mentioned above — individual parameters for land management, value intervals per land
use type, ecoregion weighting factors — are unified in a framework very similar to the one proposed
by Maier et al. (2019). For a given plot, fuzzy modelling is used at the local level to determine the
biodiversity value relative to what is achievable within the respective land use type. The value
intervals per land use type refer to the hemeroby scale and yield the biodiversity value at the regional
level. Ecoregion weighting factors make impacts comparable and at the global level and allow
aggregation of impacts across value chains.

Results

The focus of this article is method development, so the main results are LCIA models for various land
use types. A common pizza consisting of wheat-based dough, tomato paste, pork salami and cheese,
baked in a wood-fired oven, serves as an illustrative example of the rather abstract calculation
framework (the same example as previously published by Lindner et al. 2019). The product system
consists of four land-using processes:

Wheat and soy production are agricultural processes for which the biodiversity value is calculated

from their respective management parameters. In this example, the wheat is produced in southwestern
Germany and the soy in Brazil’s Cerrado. While the management can be classified as “intensive” in
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both cases, the understanding of “intensive” differs between the two regions.

Tomatoes production is assumed to happen in fully enclosed greenhouses in southern Spain. For this
case, we assumed a biodiversity value of zero, because the area is sealed and entirely artificial.

Wood is provided from a forest in southwestern Germany, assuming typical management for the
region. This means no clear-cutting, but a rather homogenous composition of tree species and age
classes.

The total biodiversity impact of the product can be dissected into impacts from the individual
components. For the pizza example, Figure 2 (taken from Lindner et al. 2019) shows that the animal
products make up the vast majority of the total impact.

tomatoes
salami o
42.3% 0-1%
firewood
5.6%
wheat
(o)
cheese 4.5%
47 5%

Figure 2: Fractions of biodiversity impact of a pizza related to its components, taken from Lindner et al. (2019) under CC BY license

Those processes whose impacts have been calculated in detail (all but the tomato production), it is
even possible to break down the biodiversity contribution by parameter groups. Such a breakdown is
illustrated in Figure 3 (taken from Lindner et al. 2019) for the wheat production in the pizza product
system. It shows both the potential biodiversity value and the achieved value of the managed area
(actual), indicating the distance from the reference state (potential).

1
0.9 H A5 pest control
0.8
0.7 B A4 fertilization
0.6
0.5 M A3 soil conservation
04
0.3 B A2 diversity of structures
0.2 0.014
0.1 m A1 diversity of weeds
0

potential actual

Figure 3: Biodiversity value contribution at local level by parameter groups, taken from Lindner et al. (2019) under CC BY license
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The parameter groups A.1 to A.5 in Figure 3 are value-contributing aspects of arable land use. Each
parameter group could contribute 1/5 to the biodiversity value in the reference state, but doesn’t in
the actual state, indicating the trade-off that LCA is meant to quantify: Having a product (actual state,
diminished value) or not having it (reference state, no impact).

All impacts, regardless of the calculation granularity, can be aggregated at the level of product system.
The biodiversity impact of the exemplary pizza, calculated as the sum of the impacts of its
components, is 0.54 BVI, or biodiversity value increments. BVI is a synthetic unit, indicating the
abstract nature of the quantified object.

Discussion

The method generally seems to achieve the above-mentioned goal, to unify both fine and coarse
assessments under a common yet flexible value system that allows meaningful aggregation of
biodiversity impacts. It is arguably more holistic than methods referring to singular quantities (e.g.
species richness), yet it is possible to analyze impacts on biodiversity at the local, regional and global
level, with high or low level of detail, and impacts can be aggregated across value chains.

However, normative contents cannot be provided with scientific objectivity. There is a relatively good
consensus for “naturalness”, but with caveats. Firstly, the naturalness reference is not given in every
world region. Secondly, naturalness may be interpreted differently across world regions; it might
mean “untouched/unspoiled” in some regions and “supporting natural ecosystem dynamics” in others.
While there is a solid body of literature relating to hemeroby, it is not as expansive as it would have
to be to be immediately globally applicable.

It is the understanding of the authors that using the hemeroby scale is a good default and a practical
starting point so the method can be applied in case studies of various products under various
conditions. Stakeholders (government agencies, NGOs, academic institutions, companies) can now
engage in the discussion about the normative contents of aggregated biodiversity assessment. This
discussion should include questions about e.g. which anthropogenic habitats to value as high as
natural habitats, which land use practices to value higher/lower than others (and how much
higher/lower), and how much inherent biodiversity value should be ascribed to ecoregions (relative
to each other).

Conclusions

The method presented here allows the analysis of land use impacts on biodiversity at the local,
regional and global level, with high or low level of detail, as well as aggregation across value chains.
The authors plan to continue the work, focusing on clarifying the normative assumptions and
providing characterization factors for relevant land use processes, with the broader goal of improving
the integration with the land use framework of the Life Cycle Initiative.
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Abstract

Intensive agriculture can cause a sharp decline in biodiversity in a given landscape. Sustainable
agriculture therefore requires assessment methods in order to predict potential impacts of agricultural
management practices on farmland biodiversity. Based on the principles of Life Cycle Assessment
(LCA), BASF has developed AgBalance® to enable farmers analyzing and improving the
sustainability of their farming operation. AgBalance® is based on the Product Environmental
Footprint Category Rules Guidance (PEFCR) by the European Commission (2017), which includes
most of the relevant impact categories for agriculture, like climate change, acidification,
eutrophication, etc. but misses a biodiversity impact category. To close this gap, a new methodological
approach called “Biodiversity Calculator” was developed, by using the characterization model of
Chaudhary and Brooks (2018) and combining it with a set of interventions previously identified as
effective in terms of positive impacts on biodiversity by the “Conservation Evidence” meta-analysis
(Sutherland et al., 2019). The results from the “Biodiversity Calculator” are incorporated into
AgBalance® using an adapted normalization and weighting scheme of the Product Environmental
Footprint method of the EU commission (PEF). The resulting “Biodiversity Calculator” comprises a
versatile tool that complements the AgBalance® methodology and informs farmers on how to adapt
their agri-environmental strategies to mitigate their impact on biodiversity.

Keywords: biodiversity, sustainable agriculture; LCIA; AgBalance®

1. Introduction

It has been described by various authors that agriculture is the main threat for 87 % of globally
threatened bird species (IUCN, 2016) and other taxa (Macdonald et al., 2015). Thus, preventing
further biodiversity loss in agricultural production systems comprises a pre-requisite for their
sustainability (Benton et al. 2003), underlining the importance of assessing biodiversity on farm.

BASF has been using AgBalance® since 2012 for LCA-based sustainability assessment of various

farming practices. AgBalance® contributes to an adequate assessment of sustainable agriculture, by
incorporating state-of-the-art scientific methods for LCA analysis in agriculture, including the impact
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categories recommended by Product Environmental Footprint (PEF) method (European Commission,
2017), like climate change, eutrophication, etc. However, the PEF method does not include a
biodiversity impact category. Even though the necessary integration of biodiversity as an impact
category is recognized by the European Commission (2017), the inclusion of biodiversity in LCA-
based environmental methods imposes difficulties to the methodological framework of LCA itself
(Curran et al., 2011). Moreover, site-specific data are necessary to accurately assess biodiversity loss
at regional and local scale (Teixeira et al. 2016). Lastly, species richness has been considered a useful
basis for these models, but it must be complemented with land use intensity-based indicators (Teixeira
et al., 2016).

The objective of this research was to develop an action-based, LCA-compatible biodiversity
assessment, which can be integrated into the AgBalance® methodology. The so-called “Biodiversity
Calculator” is a software tool developed for agricultural systems to estimate the impact of specific
farming practices and to develop scenarios on how to improve biodiversity on-farm, through a
management-driven approach.

Of the already existing methodological approaches, the UNEP-SETAC working group endorses the
model proposed by Chaudhary et al. (2015) and Chaudhary and Brooks (2018) as most suitable to
assess the land use driven impacts on biodiversity (Frischknecht et al., 2016). In order to derive
information on the biodiversity on farm, action-based approaches take into account interventions and
farm management (Sutherland et al., 2019) to assess the impact of farming on biodiversity. The most
comprehensive evidence base for the effectiveness of such measures comprises the meta-analysis
“Conservation Evidence” (Sutherland et al., 2019). By focusing on interventions that positively
impact the biodiversity potential, this meta-analysis can support the operationalization of
interventions for farming as a building block of sustainable agriculture (Shackelford et al., 2017).

2. Material and methods

Technically, the “Biodiversity Calculator” includes the characterization factors from Chaudhary and
Brooks (2018) and allows users to adjust them with so called “interventions”, i.e. factors that describe
farmers’ management practices. These factors were calculated based on the information extracted
from “Conservation Evidence” (Sutherland et al., 2019). The “Biodiversity Calculator” was
developed with the scientific advice of the Fraunhofer Institute for Building Physics. In detail the
methodological background of the “Biodiversity Calculator” and its integration in the AgBalance®
methodology can be summarized as follows:

2.1. Modelling with regional and country specific characterization factors
To capture the predicted species loss due to land use, the characterization model of Chaudhary and
Brooks (2018) was used. The model provides mean global characterization factors (CF) for land
occupation and transformation of 804 ecoregions and 245 countries and islands, for five land use
types and three levels of intensity each. For the “Biodiversity Calculator,” these CFs were extracted
for all ecoregions, countries and islands, covering the relevant land use types for AgBalance®:
cropland, pasture and plantation forests'.

2.2. Selection of agricultural interventions with impact on biodiversity
Data for the impact of management practices on biodiversity was extracted from the meta-analysis
“Conservation Evidence” (Sutherland et al., 2019). In “Conservation Evidence,” the interventions
had been assessed by an expert panel in terms of effectiveness (effectiveness score in percentage) and

!'In the “Biodiversity Calculator,” permanent crops were assigned to the land use type of plantation forests. However,
Chaudhary (2018) included permanent crops in the cropland land use type.
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strength of the evidence (certainty score in percentage). Furthermore, the interventions were classified
in several overall effectiveness categories, ranking from “beneficial” to “harmful” (Sutherland et al.,
2019). A total of 39 interventions from the conservation categories “Farmland Conservation” and
“Mediterranean Farmland™? with evidence classified as “beneficial” or “likely to be beneficial,” were
chosen as a basis for the Biodiversity Calculator, to provide farmers with measures that mitigate their
biodiversity impact due to land use intensity as demonstrated by Chaudhary and Brooks (2018). The
choice was narrowed down to 29 interventions, after 10 redundant interventions were excluded in
order to avoid double-counting of interventions in the calculation of action scores (see section 2.3).

2.3. Calculation of action scores
To rank these interventions, the effectiveness (EC:) and certainty components (CCi) of each
intervention i were multiplied to yield a single action score 4S; (see Eq. 1).

100
The single action score of each intervention i was divided by the total sum of action scores of all
applicable interventions of land use type j, to obtain a scaled action score (SA4S;,) that ranges between
0 % and 100 % (see Eq. 2). The applicability of each intervention i for land use type j is provided in
the respective synopsis in “Conservation Evidence”. In the calculator, the number of applicable
interventions n varies for each land use type: out of 29 interventions, 21 apply to cropland
management, 24 to pasture and 8 to plantation forests.

SAS

= nEC"'f'CC"'f l-100 [%] Eq. 2
i=1 ECij - CCyj

Action scores of selected interventions were summed into a total action score of the farm (A4Sfm) as
shown in Eq. 3, where higher values are considered better for biodiversity. The binary variable s;
equals 1 if the intervention i is selected, otherwise it equals 0.

ASfaTm = Z SASl’] " S [%] Eq 3

2.4. Effect of action scores on the characterization factors
The characterization factors (CF) for minimal and intense use of each land use type and ecoregion or
country were fitted in linear regressions as a function of the action score of the farm. A linear function
was assumed, as the exact cause-and-effect relationships between the interventions and biodiversity
remain largely unknown. Accordingly, it was assumed that the action score of 0 % corresponds to the
CF of intense use as a starting point, and the action score of 100 % corresponds to the CF of minimal
use, the CF values for action scores between 0% and 100% are derived by interpolation as follows.

Eq. 4 and Eq. 5 represent the linear regressions that estimate the characterization factor of potential
species loss on the farm due to land occupation (CFocc, k) and transformation (CFirans,jk) respectively,
as a function of the action score of the farm, given a land use type j and country or region k. The
characterization factors of minimum and intense use are different for each land use type, country and

2 The conservation categories “Farmland Conservation” and “Mediterranean Farmland” refer to the effect on biodiversity
of farmland wildlife and human dominated landscapes that add economic and ecological value. Effects of these
interventions were assessed for northern and western Europe and Mediterranean climates (Dicks et al., 2013) (Shackelford
etal., 2017).
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ecoregion, so the slopes mocc,x and intercepts bocc, k of the linear regression will also vary accordingly.
Subsequently, the CFoccjk and CFuansjk are multiplied with the area of land occupation and
transformation respectively to obtain the species loss per functional unit, which is the result of the
LCA-based biodiversity assessment.

CFoccjk = Moce,jk (ASrarm) + boce,jk [species loss/m?] Eq. 4
CFtrans,j,k, = mtrans,j,k (ASfarm) + btrans,j,k [SpeCieS loss-year/mz] Eq- 5

2.5. Integration of biodiversity assessment into AgBalance® methodology

The results of the biodiversity assessment are incorporated into the AgBalance® methodology using
an adapted normalization and weighting scheme of the PEF method of the European Commission
(2017). As normalization factor for the biodiversity impact, an annual average of number of species
gone extinct is used, based on the data from IUCN database of species gone extinct in the last 100
years (IUCN, 2019) of the same taxa covered by Chaudhary and Brooks (2018). The AgBalance®
weighting scheme is based on the PEF methodology for the development of a weighting approach for
the Environmental Footprint by Sala et al. (2018). Therefore, to include the biodiversity impact
category, a weighting factor and a robustness factor were derived by determining the importance of
the topic and the robustness of the assessment tool. According to the concept of the Planetary
Boundaries, climate change and biodiversity rank on the same level of importance for life on earth
(Steffen, et al., 2015). Therefore, the weighting factor of biodiversity was allocated equivalent to that
of climate change in the AgBalance® methodology. Twelve experts of two fields of expertise (experts
in method development and experts in biodiversity) provided their assessment of the robustness of
the methodology implemented in the “Biodiversity Calculator,” as defined by Sala et al. (2018).
Subsequently, a mean value of the assessment of the experts was calculated to obtain a robustness
factor for the biodiversity impact category. With the robustness factors and corresponding weighting
factors of each impact categories of the AgBalance® methodology, a weighting scheme including a
biodiversity assessment for sustainability analysis of farming practices was implemented.

3. Results and discussion

The “Biodiversity Calculator” was initially developed as an Excel tool and a web-based interface was
created to facilitate the usability. For assessments using the “Biodiversity Calculator,” the first step is
the selection of the country or ecoregion where the farm is located in the section “Region definition”
(see Figure 1), followed by the land use type to be assessed in the pre-selection of interventions. An
optional feature enables the customization of the tool through the application of filters, allowing users
to select subsets of interventions that correspond to their farm management conditions. As a next step,
the interventions to be applied at the farm or in the farmland can be selected to predict the impact on
species loss. The numerical outcome of the Biodiversity Calculator comprises three values: 1) the
action score of the farm (4Sfm), an index from 0 % to 100 %, ii) a CF for land occupation of the farm
expressed in potential global species loss per square meter and iii) a CF for land transformation
expressed in potential global species loss per square meter times regeneration years. While the CFs
are relevant for LCA applications, the results are graphically displayed, showing the Action score as
well as the change in species loss due to the implemented interventions. Figure 1 shows a partial view
of the interface of the “Biodiversity Calculator” and the graphic with the results, where higher action
scores reduce the potential species loss. A calibration and validation of the tool is anticipated for next
year, using field monitoring data on changes in the abundance and diversity of different species in
response to the implementation of the interventions included in the calculator.
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Supported by

« Biodiversity Calculator mie dcon

Do you wish to select a country or an ecoregion?  © Country O Ecoregion Potential species loss vs. Action score

Country Germany Low

Pre-selection of interventions

Land use type show interventions for cropland

Scope of application show all interventions

Potential species loss

Interventions that involve reduction of cultivated area  show all interventions

Implication on Life Cycle Assessment inventory

Interventions that modify the LCA inventory show all interventions

Action score [%]

Interventions 212

Leave undrilled patches within cultivated area (e.g. 4-16m2 for bird nesting) i (V] —

Leave uncropped margins or plots in cultivated area | —-—

Establish or retain set-aside areas i (] —

Figure 1: Partial view of the interface of the “Biodiversity Calculator”

4. Conclusions

The “Biodiversity Calculator” comprises a versatile tool to support decisions about how to maintain
and restore biodiversity on the farm and an LCA-compatible assessment method, with a focus on
cropland, pasture and (to a lesser extent) permanent crops. This method is seamlessly integrated into
the existing AgBalance® framework and allows for a site-specific biodiversity impact assessment
based on the location of the farm, land use type and the management strategies chosen by farmers. It
can also be easily integrated into other LCA frameworks as well.

Limitations due to simplifications for the sake of practicality are known. Furthermore, customization
and expansion of the tool is required for case studies focused on permanent crops. Additionally, the
evidence base of “Conservation Evidence” is restricted to regions with Mediterranean climates and
to northern and western Europe. Improvements like adaptation of interventions to different
geographies and the extension to permanent crops are currently discussed. Further development is
necessary to account for the decline in biodiversity, as well as its interrelations with other impact
categories leading to an endpoint-oriented damage category.
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Abstract

We evaluated the environmental sustainability of local agricultural production within two urban food
systems comprising two medium-sized cities in Southern Germany by considering the susceptibility
of the local ecosystem and compared supply from local agriculture under different production
intensities with demand in the two cities.

We took the nitrogen (N) surplus target per hectare of agricultural land from the German Sustainable
Development Strategy, which builds on the UN Sustainable Development Goals, as a measure for
ecosystem carrying capacity to derive a scenario for a site-adapted local agricultural production
intensity. Using life cycle assessment, we calculated environmental impacts for the prevalent
commodities produced within agriculture surrounding the cities of the studied urban food systems.
Impacts were related to kg of protein from the overall agricultural output. Further we related protein
supply from local agriculture within the urban food systems under the different production intensities
to protein demand in the cities based on available consumption data.

Adopting local agricultural production intensity towards the N surplus target within the defined
regions around the cities substantially reduced environmental impacts per kg of protein from local
agriculture for all impact categories compared to the present production intensity. Under a site-
adapted production intensity local agriculture would still be able to supply protein demand in the
cities of the urban food systems. However, a shift from an animal protein-based to a more plant
protein-based diet would be required to make the urban food systems overall more sustainable.

Keywords: urban food system, site-adapted production intensity, ecosystem carrying capacity, nitrogen surplus target.

Introduction

The increase of local food supply and demand is seen as an important strategy to make food systems
more sustainable (Wiskerke 2009) especially in the context of urban food systems. City food flow
analysis as outlined by Moschitz and Frick (2020) provide the necessary information about the
situation of urban food provisioning as the basis to discuss changes in the food system and to develop
alternatives. As sustainability of the urban food system is not determined solely by the origin of the
food, food flow analyses need to be combined with sustainability assessments.

For the evaluation of environmental sustainability life cycle assessment (LCA) is the method of
choice to analyze the environmental impact of a given food system. However, current product based
agricultural LCAs allow for limited conclusions only on their environmental sustainability. As
environmental impacts per product unit indicate how eco-efficient a food system is, no information
is provided if the agricultural production intensity within a given spatial context overexploits local
natural resources.
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Therefore, in order to make informed decisions on the environmental sustainability of food systems
targets are needed that define a safe operating space that allow to assess which diets and food
production systems help to achieve the UN Sustainable Development Goals (SDGs) of the 2030
Agenda as proposed by the EAT Lancet Commission (Willett et al. 2019). Whereas the EAT Lancet
Commission has defined these targets on global level they need to be broken down to local or regional
level and indicators need to be identified that express local ecosystem susceptibility and can be
combined with LCAs.

The capacities of regional ecosystem resources are exceeded in many places throughout Europe as a
result of over-intensive agriculture (Sutton et al. 2014; Westhoek et al. 2014), although there may be
considerable regional differences. An important indicator of agricultural production intensity is the
nitrogen (N) input on agricultural land (UAA) (Herzog et al. 2006) and thus also the N surplus on
UAA, which correlates with the N input. High nitrogen inputs lead to eutrophication of aquatic and
terrestrial ecosystems, change the composition of plant communities, increase the risk of nitrate
leaching into groundwater and contribute to global warming.

The German Sustainable Development Strategy, which builds on the SDGs, defines a nitrogen (N)
surplus target of 70 kg per hectare of UAA in the annual average from 2028 to 2032 (The Federal
Government 2016). This target value allows the definition of a limit for the production intensity in
agriculture as it can be taken as average Germany-wide upper boundary still allowing regeneration
of natural resources affected by reactive N emissions. On this basis, model calculations can be made
for agriculture at the regional level on how agriculture should be equipped under regional conditions
in order to be better adapted to local environmental resources and thus meet environmental objectives.
This study was carried out within the KERNIG project!, which analyzed the governance of urban
food systems (UFS) in two cities in Southern Germany, Leutkirch and Waldkirch with about 20°000
inhabitants each. As defined in Moschitz and Frick (2020) the UFS of the city of Leutkirch comprised
seven administrative districts (region A) and the UFS of the city of Waldkirch 11 administrative
districts (region B) potentially relevant for the local food supply. The aim was to evaluate the
environmental sustainability of the local agricultural production within the region of the two UFS
considering the susceptibility of the local ecosystem and to compare supply from local agriculture
under different production intensities with demand in the two cities.

Material and methods

Using LCA environmental impacts of local agricultural production within the regions of the two UFS
were calculated up to farm gate on midpoint-level under the present production intensity and
compared with the impacts under a production intensity approaching the annual N surplus target of
70 kg per hectare of UAA. The agricultural production potential for the two UFS under the present
farming intensity was taken from Moschitz and Frick (2020). However, environmental impact
assessment was restricted to agricultural commodities with an annual production volume of 10’000
tons and more per region, which covered 98 and 99%, respectively of the total production potential.
The functional unit was kg of protein from total local agricultural production output in the region of
each UFS and for each production intensity.

The N surplus in the region of each UFS was calculated as the difference between N added to the
agricultural system and N removed from the system. The input side considered fertilizer N input, feed
produced externally, bought-in seeds, N fixation through the cultivation of legumes and the average
annual N deposition (7 kg N/ha*a™!). The output side represents the N leaving the farming system via
products. To determine the N surplus under the present farming intensity N surplus was calculated
for crop commodities per hectare first considering local agricultural practices and yields. The surplus
per ha was multiplied by the production area of the respective crop within the region of each UFS.
For animal commodities N surplus was calculated per head based on data on regional animal

1 http://www.envgov.uni-freiburg.de/de/prof-envgov/forschung/kernig-projekt/kernig-verbundprojekt
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productions systems (Gamer and Bahrs 2010) and multiplied with the number of heads in the region
of each UFS. The sum of the N surpluses of each crop and animal commodity was then divided by
the total UAA in the region of each UFS resulting in the average annual N surplus per hectare of
UAA.

As the analysis of the N surplus of the present farming intensity revealed that animal production is
the driving factor in the regions of both UFS contributing to more than 95% to the N surplus, milk
and beef cattle stocking density was adapted to the available amount of permanent grassland. Pig
stocking density, which in the present state was assumed to rely on external feed inputs of at least 30%
was adjusted to the available amount of whey resulting from the dairy production of the milk produced.
This allowed to maintain a closer N cycle between milk and pig production. Overall, these
adjustments led to a reduction of cattle beef numbers between 10 and 50% and a reduction of pig
stocking density of 70%. Through the shift to mainly grassland-based cattle production arable land
used for feed production became available for crop production entering the channel for direct human
consumption. For these areas of arable land within the region of the two UFS under the reduced
production intensity it was assumed that bread wheat is cultivated.

Food supply from local agricultural production under the different production intensities was
compared with the present food consumption in the two cities as quantified for relevant food products
in Moschitz and Frick (2018). For this, total agricultural output as tons of proteins produced in the
regions surrounding the cities was attributed proportionally to the number of inhabitants in the cities.
From this share of the total agricultural output for the cities amounts of the same food products as
assessed in the consumption survey were determined.

Results

Under the present agricultural production intensity in the regions of the two UFS annual N surplus
resulted in 140 kg N/ha UAA for region A and in 87 kg N/ha for region B. After adapting cattle
production to the available grassland resources and linking pig with milk production through the
exploitation of whey, annual N surplus dropped down to 81 kg N/ha for region A and to 79 kg N/ha
for region B approaching the target of annual 70 kg per ha of UAA according to the German
Sustainable Development Strategy.

For both UFS, adopting local agricultural production intensity towards the N surplus target within the
defined regions around the cities substantially reduced environmental impacts per kg of protein from
local agriculture for all impact categories compared to the present production intensity (Fig. 1). For
most impact categories environmental impacts related to the overall agricultural output in the regions
of the two UFS was reduced by 40 to 60% per kg of protein.

According to our model results, present protein demand in the two cities could be supplied by local
agricultural production even under a reduced production intensity (Fig. 2). In fact, for both UFS a
higher amount of protein would be available under a site-adapted production intensity. However, the
shift in production intensity towards the N surplus target would lead to a shift in protein supply from
animal to plant food products (Fig 2).

Discussion

Combining LCAs of agricultural products with indicators for ecosystem carrying capacity allow to
assess scenarios for agriculture with a site-adapted production intensity. In this combination they
provide additional insight into the sustainability of food systems, particularly urban food systems
aiming at enhancing supply and demand of food from local agricultural production.

The chosen indicator, i.e. the N surplus target of 70 kg per ha of UAA according to the German
Sustainable Development Strategy, is only a rough measure for local ecosystem carrying capacity as
it represents the average across the whole of Germany. This means that depending on the susceptibly
of the local ecosystem context the annual N surplus from agriculture may need to be even lower than
the 70 kg per hectare of UAA in some areas, but it might also be higher in other areas with less
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susceptible ecosystems.

To adapt intensity of local agricultural production surrounding the cities in the two studied UFS we
took the available permanent grassland as the limiting natural resource for cattle production and we
linked milk and pig production by exploiting whey as a protein rich by-product from dairy in pig
fattening to further reduce the N surplus. The adaptations still lead to an N surplus being 17% (UFS
A) and 13% respectively (UFS B) above the German N surplus target. However, environmental
impacts per output unit from agricultural production were reduced substantially and as we linked the
impact assessment to an indicator for ecosystem carrying capacity, we can conclude for sure that
agriculture surrounding the cities in the two studied UFS would become more sustainable under a
site-adapted production intensity.

Reducing production intensity has of course implications on the agricultural output. However, in the
agricultural production surrounding the two cities, reducing production intensity would not lead to an
overall lower food production. In fact, overall agricultural output in terms of proteins or calories
produced turned out to be higher in the model under a site-adapted production intensity. However,
the composition of the agricultural output changed shifting from a dominant animal protein-based
production to a more plant-based production in the case of UFS A still being able to supply animal
protein demand in the city. Also, in UFS B adapting local agricultural production intensity lead to a
shift from animal to plant protein production. However, this shift was less pronounced. Further
already under the present production intensity local agriculture is not able to supply the present animal
protein demand in city B. Nevertheless, there would be enough overall protein output to supply the
cities demand. However, it would afford a stronger shift from an animal to a plant-based diet in order
to nourish the city from local agricultural production. Synergies with a healthy diet

Conclusions

Adapting local agricultural production intensity within the surrounding region of the studied UFS
towards a level that allows for regeneration of natural resources reduces the overall environmental
impact of local food production while still providing enough proteins and calories for human nutrition.
However, without a change in consumption from animal based to more plant-based diets the overall
environmental impact of urban food consumption will not be reduced. Rather, food related
environmental impacts will be shifted from local level to other regions.
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Figure 1. Relative difference of impacts per kg of protein across the total agricultural output between

present local production intensity and intensity approaching the N surplus target in the regions (A &
B) of the two studied UFS.
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Abstract

Pond fish farming is a declining activity in France. The diversity of its roles raises the question of whether the
framework of ecosystem services (ES) could give a better visibility of the assets of this activity. The aim of
this study is to propose a method called “Potential Ecosystem Services and Impacts Evaluation” (PoESIE)” to
evaluate ES to clarify the ES provided by ponds in France. PoESIE is based on the combination of LCA and
Emergy Accounting (EA) to assess jointly ES and environmental impacts, highlighting trade off associated to
management practices in fish ponds. The PoESIE framework is based on the four steps of LCA: (i) Goal and
scope consists of defining boundaries of the ecosystem of interest, the technosphere and the ecosphere that
support it. Functional unit is defined as “to occupy and value a surface by supplying ES” (ha ); (ii) Ecosystem
inventory consists of quantifying the capture and emission of matter by the ecosystem and the technosphere,
as well as the emergy value of each of these flows; (iii) Assessment step covers two stages. First, each material
or energy flow is linked to an ES. Then, characterization factors are defined based on LCA impact categories
to assess each ES. The emergy value of each flow is aggregated according to ES. Finally, each ES is assessed
through two metrics: potential biophysical value and potential environmental work done to produce an ES.
Environmental impacts assessment is performed by an attributional LCA; (iv) Interpretation follows the classic
LCA step. The two metrics of each ES are compared and synergies and trade-offs among ES are analyzed.
PoESIE was applied on 135 ponds grouped into five management classes. The main results show that each
management class has his own impact and service pattern. The method shows trade-offs. For instance, intensive
and semi-intensive managed ponds provide the best level of ES, and have moderate environmental impacts,
but EA show poor sustainability performances. The proposed PoESIE method has shown its applicability to a
slight anthropised system at the interface between the natural and the productive environment. Pond
aquaculture can provide a good level of ES, mainly when ponds are managed in order to produce fish.

Keywords: ecosystem services, life cycle assessment, emergy accounting; fishpond; sustainability.

Introduction

Ecosystem services (ES) became an active field of research after publication of the Millennium
Ecosystem Assessment (MEA, 2005). Following a proliferation of conceptual frameworks and
typologies for ES (Braat, 2018; Haines-Young & Potschin, 2012), several methods were developed
to quantify ES (Bennett & Isaacs, 2014; Othoniel et al., 2016). Two sets of scientific fields were used
to develop assessment methods: (i) economics and sociology, to assess economic values and the
perception of ES (Farber et al., 2002); and (i1) ecology, agronomy and environmental sciences, whose
biophysical approaches were used to assess ES characteristics directly or indirectly (Zhang et al.,
2010). The ES provided by natural ecosystems are now extrapolated to agro-ecosystems to broaden
assessment of agricultural activities. Among livestock systems, fishponds have some specific
characteristics. Since they are ecosystems managed by fish farmers, they produce finfish as food, but
also provide a range of ES (Willot et al., 2019). Nonetheless, they also have negative impacts on the
environment, which can be assessed by LCA. Therefore, developing a consistent framework that can
assess and balance ES and impacts is a relevant goal for agricultural systems, especially fishponds.
Our study consisted of developing a method to assess ES and environmental impacts, based on
existing environmental assessment frameworks, and applying it fishponds in France to highlight
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trade-offs associated with their management practices.
Material and methods
1/ Framework
We developed the “Potential Ecosystem Services and Impacts Evaluation” (PoESIE) method based
on the combination of Life Cycle Assessment (LCA) and Emergy Accounting (EA) (Odum, 2002) to
assess both ES and environmental impacts. LCA estimates potential environmental impacts due to
resource consumption and pollutant emissions, while EA estimates cumulative energy via the flow of
natural resources and social and manufactured inputs, which go through the system.
In the first step, the ES considered were those directly connected to the material flows: provisioning
and regulating ES (Haines-Young & Potschin, 2012). LCA was adapted to assess them according to
the approach developed by Kuittinen et al. (2016). The EA part of the method consists of calculating
emergy using LCIA characterization methods modified from their original use. Since EA and LCA
have similar steps (Rugani & Benetto 2012), the PoESIE framework is based on LCA steps (Fig. 1).

(1) The goal and scope consists of defining the boundaries of the ecosystem of interest and the
technosphere and ecosphere that support it. Within the system boundaries, the material flows of the
ecosystem are modeled and “linked” to the ecosphere and technosphere. The assessment of ES is only
applied to the local ecosystem boundaries.
In attributional LCA, functions refer to the performance characteristics of the system assessed (ISO,
2006). In LCA studies of managed ecosystems, the main functions are to provide food if the system
is agriculture or aquaculture. An alternative function of ecosystems in LCA is to occupy an area
(Henriksson et al., 2012a). In an ES context, emphasis is placed on the land used by ecosystems and
comparison of types of management for a given ecosystem (Bennett and Isaacs, 2014). The functional
unit must reflect the multifunctionality of ecosystems and the area occupied. Thus, the function of all
types of ecosystems in the POESIE method is to occupy and add value to an area of ecosystem by
supplying ES. The related functional unit is a unit of area (e.g. ha, km2). The ES supplied by the
ecosystem are then identified, as are potential environmental impacts associated with their supply.

(i1) The ecosystem inventory consists of quantifying the capture and emission of matter by the
ecosystem (for ES assessment and LCA) and the technosphere (for LCA only), as well as the emergy
value of each of these flows (for EA). The quantification must remain consistent with the modeling
assumptions made during the first step. Biophysical processes, biophysical elements and managed
elements are identified, listed and quantified. During the ecosystem element and flow inventory, like
for attributional LCA, all relevant flows of raw materials, energy and matter are listed for each unit
process of the technosphere (Chomkhamsri et al., 2011). The environmental work inventory leads to
the construction of an emergy table (Rugani and Benetto, 2012), which includes all inputs of the
ecosystem (ecosphere and technosphere) and their Unit Emergy Values (UEV).

(ii1) The assessment step covers two stages. First, each material or energy flow is linked to an
ES. Then, characterization factors are defined based on LCA impact categories to assess each ES
(using ReCiPe midpoint method for water consumption, global warming potential, CML method for
eutrophication and land competition, and TCED method for total cumulative energy demand as
implemented in Simapro v8.3). The emergy values of each flow are aggregated by ES. Finally, each
ES is assessed using two metrics: potential biophysical value and potential environmental work done
to produce an ES. Environmental impacts are assessed by attributional LCA.

(iv) Interpretation follows the classic LCA step. The two metrics of each ES are interpreted
and then compared. Synergies and trade-offs among ES, for both metrics, are analyzed.

2/ Application
This method was applied to 135 freshwater fishponds in the Dombes of France. To build a typology

of the practices, we performed Hierarchical Multiple Factor Analysis followed by Hierarchical
Clustering on Principal Components (HCPC) using R software. The parameters selected for the
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HCPC were the mean concentrations of total 1) carbon, ii) calcium, iii) chlorophyll a, iv) nitrogen and
v) phosphorus; vi) water pH; vii) macrophyte cover; viii) species richness of macrophytes, ix)
phytoplankton, x) and invertebrates (specifically dragonflies); xi) fishing yield and xii) pond area and
depth. To these data were added quantitative values associated with management practices, such as
liming, fertilizing and feeding. The ponds were grouped into five management classes: 1) “Intensive”
ponds (30 ind.) with high levels of inputs, mean fish yield of 445 kg/ha, and a mean area of 10 ha;
high concentrations of carbon, nitrogen, and phosphorus in water and the lowest level of biodiversity;
i1) “Semi-intensive” ponds (21 ind.) with high levels of inputs , mean fish yield of 397 kg/ha and a
mean area of 11ha, high concentrations of carbon, nitrogen, and phosphorus in water and the lowest
level of biodiversity; iii) “Semi-extensive” ponds (64 ind.) with low levels of inputs, mean fish yield
of 321 kg/ha, mean area of 10 ha, high biodiversity and mixed management that depended on fish
farmers’ choices; iv) “Extensive” ponds (15 ind.) with no human activities (e.g. fertilizing) during the
empty period and few during the filled period, mean fish yield of 240 kg/ha, high biodiversity and a
mean area of 22 ha; and v) “Recreational” ponds (5 ind.) with mean fish yield of 222 kg/ha, low
nutrient concentrations in water, high biodiversity and a mean area of 45 ha.

We selected two provisioning ES (i) animals from in situ aquaculture (AFISA), which corresponds to
fish production, and (ii) materials for agricultural uses (MFAU), which corresponds to the use of pond
sediment (applied to crops in the Dombes region to decrease fertilizer applications) and three
regulating ES (i) hydrological cycle and water flow maintenance (HCFM), which corresponds to
water flows exchanges and stocking; (ii) global climate regulation (GCR), covering carbon
sequestration and methane emissions; and (ii1) water quality regulation (WQR), because freshwater
fishponds are considered to influence river eutrophication strongly, which influences human well-
being. Finally, five impact categories global warming (GWP), eutrophication (EUT), water
consumption (WC), energy use (TCED) and land competition(LC) - and two emergy indicators -
UEYV and the percentage of renewable energy stemming from nature and artificial sources (%R) were
estimated. To simplify interpretation, indicator values were transformed into four qualitative classes:
good, moderately good, moderately poor, and poor.

Results

Each management class had a unique pattern of impacts and ES (Figure 2). All ES except water
quality regulation were correlated with intensification of practices, and animals from in situ
aquaculture and global climate regulation positively so. Intensive and semi-intensive ponds supplied
four ES at the highest level, while semi-extensive ponds supplied three ES at the highest level.
Intensive and semi-intensive ponds differed in their supply of materials for agricultural uses and water
quality regulation; the former supplied the highest water quality regulation but lower materials for
agricultural uses U, while the latter supplied the highest materials for agricultural uses but the lowest
water quality regulation.

Environmental work showed a similar pattern for animals from in situ aquaculture and hydrological
cycle and water flow maintenance and for materials for agricultural uses and global climate regulation.
Recreational ponds had the best environmental work profiles. %R differed significantly among ES,
it ranked the same for all pond classes. Thus, intensification of practices influences the indicators but
does not change the sustainability greatly. Intensive practices seem to be the best way to manage
ponds to supply ES, although special effort should be made to manage the ecosystem functions
underlying materials for agricultural uses supply.

Environmental impacts also seemed to be sensitive to intensification of practices, except for WC and
LC, which were related to physical components of fishponds. EUT was low in intensive classes. GWP
was much lower than global climate regulation, and the more intensive the pond class was, the less
GHGs were emitted to the atmosphere, due to higher concentration of phytoplankton fixing COa,.
TCED differed only for recreational ponds, for which it was higher.

The method shows trade-offs between ES and environmental impacts. For instance, intensive and
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semi-intensive managed ponds provide the highest level of ES and have moderate environmental
impacts, but the EA shows that they have poor sustainability performances.

Discussion

The three metrics show different aspects of anthropised ecosystems and their sustainability. Given
their relatively low productivity and few management practices, freshwater ponds in France are
considered as semi-natural ecosystems that provide several ES. From an aquacultural viewpoint, it is
important to note that the classification of management practices in the Dombes region is not adapted
to other contexts. The “intensive” practices that produce fish yields of 445 kg/ha/year are far less
intense than those that yield tens of thousands kg/ha/year in southern Asia.

Most of these ES (animals from in situ aquaculture, materials for agricultural uses and water quality
regulation) depended on intensifying management. In contrast, global climate regulation did not, and
was considered as a disservice due to the emission of GHGs. hydrological cycle and water flow
maintenance varied little among levels of intensification because the water cycle is connected more
to physical flows (rain, evaporation). Environmental impacts and environmental work of the
freshwater ponds were strongly correlated with the intensification of practices. EA provides
information that relates environmental impacts to the ES.

Conclusions

The PoESIE method is a step toward valuation of ES, their associated impacts and their sustainability
level. However, the POESIE method does not consider cultural ES, mainly because it is based on an
environmental assessment method and related biophysical measurements. Incorporating cultural ES
and social aspects into environmental assessment remains a great challenge.
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Abstract

Purpose Land use for agriculture is one of the main drivers of biodiversity loss. While there are valuable LCIA

methods for biodiversity, they do not take account for impacts at different spatial scales and face challenges in

software and database integration. This study reports on a new Biodiversity Multi-scale Assessment (BioMAss)
method. Goal is to describe the calculation procedure and to show the methodological approach exemplarily

for the land use type cropland.

Methods The BioMAss method accounts for the global, regional and local scales. For the analysis of global
and local biodiversity risks, this method builds upon the approach of Maier et al. (2019). For the analysis of
regional impacts, local biodiversity risks are scaled up to a broader landscape context. Herein, all land use
types and their intensities that are part of the landscape are considered. Therefore, a landscape development
index (LDI) is calculated in a GIS environment to derive the biodiversity risks at the landscape level. The LDI
contains the shares of the individual land use types in the landscape as well as their land use intensities and the
associated effects on biological diversity.

Results and discussion The calculation procedure of the method is described. Exemplary results are presented
for the global and regional scale for cropland. The importance of a multi-scale method is highlighted since
different recommendations for LCA end users are derived. At the global scale it is important to use resources
from areas that are outside of global biodiversity risk areas. At the regional scale the landscape composition is
decisive. Herein, it is advisable to keep landscapes with a higher share of primary and secondary habitats
and/or with a higher share of extensive land use types. At the local scale the individual management parameters
are decisive since they directly impact the local biodiversity. The multi-scale approach also allows the creation
of characterization factors in line with current land use modelling in LCA databases and the impact assessment
framework LANCA.

Conclusions Activities for food production have a disruptive impact on biodiversity on different spatial scales,
e.g. through the design of global supply chains, field management and landscape planning. Therefore, the
development of a multi-scale method that provides decision support for each of the scales is of high socio-
economic and ecological relevance. While the method is compliant with existing LCI models, it also allows
addressing the specific land use requirements in a comprehensive way.

Keywords: Biodiversity; LCIA; scale; GIS, landscape; LANCA

Introduction

Land use for food production is among the main causes of the continuing loss of biodiversity. Here,
LCA is the most widely used tool to measure such impacts. Although there are valuable methods for
life cycle impact assessments (LCIA) on biodiversity, they do not account for the impacts at global,
regional (e.g. landscape) and local (patch or field) scale within one framework including the
consideration of land management parameters (Maier et al. 2019; Lindner et al. 2019). This study
reports on a newly developed multi-scale method for analyzing biodiversity impacts in life cycle
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assessment (LCA), applicable to primary information or background data for the supply chain.

Material and methods

This method builds on the framework of Maier et al. (2019) by facilitating the assessment for the
landscape scale. The aim of this paper is to describe the calculation procedure and to exemplify the
methodological approach for the land use type cropland. Results are shown for the global and regional
scale. On a global scale biodiversity risks maps are made comparable. Therefore, existing nature
conservation schemes are harmonized within a uniform biodiversity risk (UBR) map, depicting all
critical biodiversity areas identified to date (Maier et al. 2019). The global land use model of Hurtt et
al. (2011) is used to calculate a global risk factor per each type of land use. This factor quantifies the
probability that a type of land use is located within a biodiversity conservation area (Eq 1).

BR_globe= AreaLU[i]/AreaUBR]i] (1)

where

BR_globe : Global biodiversity risks at location [i]

Areal.U: Area under land use cropland [i]

AreaUBR: Area on UBR map as proposed by (Maier et al. 2019)

On a local scale the impacts on biodiversity in the field are assessed. Data of Newbold et al. (2015);
Newbold et al. (2016) from the PREDICTS database (Hudson et al. 2014) are used. These datasets
provide an impact interval for each land use type indicating the scope for land users to influence their
impact on biodiversity in the field. Quality intervals are calculated according to the UNEP SETAC
framework (Koellner et al. 2013b) by comparing the biodiversity quality of the specific land use type,
with the reference situation of primary vegetation under minimal use as an average of the biodiversity
metrics species richness, rarefied species richness and abundance for a diverse range of taxa (from
invertebrates to vertebrates and plants) (Maier et al. 2019; Newbold et al. 2015). This step yields
characterization factors for the local scale and is calculated as

CFOccLu1=(Qrer-Qrut) (2a)
CFTransLui—~1u2=(Qrer-Quu1)-(Qrer-Quua) (2b)
where

CFOccry: Characterization factor for occupation for the specific land use type

CFTranspy.-Lu: Characterization factor for permanent transformation

Qrer: Quality value of biodiversity (species richness and abundance) of reference situation (primary vegetation)
Qru: Quality value of biodiversity (species richness and abundance) under land use type

Herein, the actual impact of the characterization factor depends directly on the intensity of land use.
Therefore, the method calculates global land use intensity indices (LUIs) based on the approach of
(Herzog et al. 2006; Erb et al. 2013; Kuemmerle et al. 2013). These indices result from individual
management parameters that are specific for each type of land use and have proven effects on
biodiversity.

PI[i] PII[i] PIII[i] PIV(i] Pn[i] 3)
LUIcro land [i]™ + + + +
P PI[MTI] PII[MTI] PII[MTI] PIV[MTI] Pn[MTI]

where

LUILand use type [i] : Land Use Intensity Index of a specific land use type at location [i]

P: specific management parameter (I to n parameters)

MTI: maximum tolerable intensity of specific management parameter P calculated after (Sattler et al. 2007) per global
agro-ecological zone

The values of the LUI are translated into the biodiversity quality and into characterization factor
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values assuming that the biodiversity quality decreases proportionately to the rate of increase in
human influenced land use similar to the approaches of Arunyawat & Shrestha (2016) and McKinney
(2002) for habitat quality. In line with their approaches, linear and unimodal decay functions are
tested:

BR_LUL=(a*LUI;+b*LUI;+c) ~ if unimodal (4)
BR_LUIL=(a*LUI +b) if linear (5)
where

BR_LUI;: specific biodiversity risk based on the LUI
LUI: LUI of the land use cropland i
a, b, c: set of land use type specific coefficients derived from PREDICTS from (Newbold et al. 2015)

The LUI for cropland production is calculated using the following datasets, based on the
suggestions of (Maier et al. 2019), who also suggests datasets for the calculation of the LUI of the
other land use types:
e Fertilizer (kg nitrogen ha—1-year—1) (Hurtt et al. 2011)
Pesticide (kg per ha) (FAO 2019)
Mechanization (No of tractor ha—1-year—1) (FAO Statistics Division 2010)
Set-aside areas (Ratio Field size/buffer zone size [%])
Crop rotation (Share crop rotation per field [%]) (Hurtt et al. 2011)
Global cropland production sites (Area of cropland production [km?]) (Hurtt et al. 2011)

For the assessment at the regional scale, the results of the local biodiversity risks are scaled to a
broader landscape context, considering all land use types occurring within the landscape. Thus,
biodiversity risks derived from a landscape development index (LDI) are calculated. The LDI,
adopted from Brown and Vivas (2005), contains the shares of the individual land use types in the
landscape (landscape composition), derived from the dataset of Hurtt et al. (2011) as well as the herein
calculated LUIs and associated biodiversity impacts. The regional biodiversity risks based on the LDI
are calculated as follows, excluding bare areas and desserts where no land use activity is taking place:

BR_regLDItotalz Y. % LU;*BRI_LUI; (6)
where
BR_regL.Dlai: Biodiversity risk at landscape level
% LU;: percent of the total area of influence in land use i
BR_LUI;: Biodiversity risk for land use i depending on the land use intensity index

Results and discussion

With regard to global risks, there are some countries that have an especially high share of cropland
production in biodiversity risk areas (see table 1). For consumers and producers it would be advisable
to produce or buy their products from countries where the biodiversity risks would be lower. For
landowners and farmers in these high-risk countries it is especially advisable to decrease their land
use intensity in order to mitigate the local impacts.

With regard to the land use intensities and local biodiversity impacts especially the areas that are
under high land use intensity that show e.g. high application rates of pesticides or fertilizer, have a
greater impact on the local biodiversity. A reduction of fertilizer and pesticide application will result
in a lower land use intensity and therefore in a higher biodiversity quality.

With regard to the regional biodiversity impacts, the landscapes with a larger share of land use types
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under high land use intensity show the greatest impacts on biodiversity. Regions that still have a large
share of native primary or secondary vegetation or landscapes with a large share of low land use
intensity have a lower impact on regional biodiversity. As can be seen in Figure 1, these regions are
found in the areas of the Amazon forest, the Congo Basin, the Western part of the USA, Canada or
New Guinea. For these countries, it is advisable to keep their low landscape development index and
keep protecting the remaining habitats. For the regions with a higher LDI and associated higher
biodiversity risks, such as in Europe or Central Asia it is advisable to set aside more area for
biodiversity or to increase their proportion of land use types under extensive management in order to
reduce the biodiversity risks in the landscape. Thus, the biodiversity risks of the LDI contribute
directly to the debate on land sharing versus land sparing by including both conservation strategies.

To make the calculated biodiversity risk values available as characterization factors in LCA databases
and tools, they have to comply with the existing Life Cycle Inventories (LCI). Thus, the factors have
to follow the currently applied land use framework by Koellner et al. and the elementary flows on
country average level (Koellner et al. 2013b; Koellner et al. 2013a). As the presented method allows
to address different spatial levels, it also allows for the calculation of country average values and their
integration in the LCIA frameworks such as LANCA® (Bos et al. 2016). Furthermore, the native
integration of management parameters allows to fully addressing the available flow list. Compliance
with existing LCI databases and LCA software is a requirement for any new biodiversity method to
be integrated in LCA. The presented method allows for a full coverage of existing LCI models. As
those models are expected to advance, the method provides the consideration of location and type of
activity in a seamless, flexible approach, and thus to adequately address the specific aspects of land
use activities (Winter et al. 2017; Canals et al. 2016; Verones et al. 2019) .

Conclusions

Since socio-economic activities on different spatial scales have a disruptive impact on biodiversity,
e.g. through the design of global supply chains, field management and landscape planning, the
development of a multi-scale method for assessing the impact on biodiversity in LCA is of high
relevance. However, the methods used so far in LCA could not provide sufficient decision support.
The BioMAss method addresses this research gap by enabling the identification and comparison of
more biodiversity-friendly alternatives on different scales. Thus, the method provides a coherent
framework for companies, producers, consumers and landowners to assess the impact on biodiversity
and thus contribute to mitigate negative impacts. While it can be integrated into current land use
assessment methods and frameworks, the structure presented could also indicate an overall approach
for the further development of land use assessment practice in LCA.

Table and Figures

Table 1: Global biodiversity risks of cropland production exemplarily for some high risk countries

Share of cropland production
Country in biodiversity risk areas
Namibia 0.762
Samoa 0.712
Bolivia 0.661
Gabon 0.591
Peru 0.577
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Somalia 0.573
Congo 0.563
Brazil 0.557

Indonesia 0.545

Figure 1: Biodiversity risks derived from a landscape development index for cropland production
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Abstract

A Paraguayan cattle farm was evaluated to explore the environmental performance of beef production
in a semi-intensive system. The LCA method was applied with a “cradle-to-farm gate” perspective
and 1 kg of Live Weight as the functional unit selected. Primary data referring to cropping and
livestock systems’ inputs and outputs for the three-years from 2016 to 2018 were collected on site.
Twelve different impact categories were evaluated. Cattle farming confirmed to be responsible for
intensive GHG emissions (24.8 kg CO2 eq/kg LW), especially when it occurs predominantly on
pasture. A trade-off has been identified between impact categories strongly affected by animal-related
emissions (including climate change, acidification potential and eutrophication), occurring mostly on
pasture, and others (toxicity-related categories, ozone and resources depletion) by feed production,
despite its limited inclusion in the overall rearing cycle, almost exclusively during the finishing
feedlot phase.

Keywords: beef cattle, Paraguay, life cycle assessment, grazing systems

Introduction

Beef production has notable environmental implications on a global scale, mostly connected to the
agricultural production phase (LEAP, 2015). Paraguay contributes greatly to the international market
for this commodity. In 2018 bovine population was estimated to be 13.6 million heads (SENACSA,
2020) and beef production around 560 thousand metric tons of carcass weight equivalent, of which
ca. 365 thousand metric tons were exported (USDA, 2019). Paraguayan beef farming is characterized
by being developed mostly on pastures or grasslands. However, as is increasingly happening in South
America, the rearing system may also include a finishing phase with animals confined to feedlots
(USDA, 2019). In this context, this contribution reports the preliminary results deriving from a study
on the environmental performance of a semi-intensive beef cattle production system, which involves
both a grazing phase and one confined in feedlots.

Material and methods

This study focuses on a farm located in Alto Parand Department (SE Paraguay). The farm’s
agricultural land is destined for pasture for raising beef cattle (about 950 ha) and crop production. A
part of crop production is intended for internal cattle consumption, namely oats to produce hay and
maize to produce silage, consumed during the finishing phase. The rearing system of the farm,
intended exclusively for beef production, is a cow-calf closed-cycle. After the weaning at 7 months,
the fattening cycle is divided into two phases: an initial 15-month period of rotational grazing and a
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finishing 3-month period confined to feedlots. The latter involves the use of feeds, which are either
produced internally (e.g. maize silage) or purchased (e.g. protein concentrates). In the three-year
period 2016-2018, the farm sold 243 animals per year at an average live weight (LW) of 465 kg,
represented by both young animals (steers and heifers) from fattening and culled cows from the
mother herd of cows (and replacing heifers) deputed to reproduction and nursing new calves.

To carry out the environmental analysis, the Life Cycle Assessment (LCA) approach was adopted in
a cradle-to-farm gate perspective and 1 kg of live weight (LW) was selected as functional unit (FU),
in accordance with LEAP guidelines (LEAP, 2015). System boundaries include the extraction of raw
materials; the manufacture and supply of the productive factors consumed, and the emissions related
to their use and consumption, as well as emissions related to enteric fermentations and animal manure.
The latter is entirely left on the ground as it is, both in pastures and feedlots, and do not undergo any
type of handling (removal, storage, distribution, etc.).

Since farm land use has remained constant for a period above 20 years, soil organic carbon was
assumed to be in a steady-state (IPCC, 2019). Therefore, no direct land use changes (dLUC) were
considered on-farm. In contrast, dLUCs related to off-farm feed production, soybean-derived
products in particular, has been included. Indirect LUC has been excluded from the assessment.

Primary inventory data, collected through questionnaires and interviews with farmers and staff, refer
to the 2016-2018 three-year period and concern the consumption of production factors and generated
outputs. Table 1 shows, by way of example, the inventory data relating to maize silage production.

Table 1. Inventory data for maize silage production (yield: 34.27 ton-ha™!, fresh mass, with 33% dry
matter)

Tractor (power Operative Diesel Inputs Working
Field and mass) Machine Consumption P Time
Operation Amount
kW ton Type ton kg-ha'! Product (ha) h-ha’!
65 3.8 Chisel 0.8 15.50 - - 1.43
Soil tillage 1 every Lime Lime
(sporadic) 5 years 3 30 spreader 1.0 3.29 fertilizer 2000ke 0.18
65 3.8 Dise =g 4.90 - - 0.45
harrow
Seed 30kg
No-till 1 105 54 recsion 9.60 N-P20s-K>0 0.57
seeding seed drill fertilizer 220 kg
(10-15-15)
Self- Herbicides 223L
Spray of propelled
agrochemicals ) ) Sprayer 6.6 125 Insecticides ~ 0.70 L 0.043
(94 kW) Fungicides 0.37L
harvesr + 59
Chopping 1 - - + 52.80 - - 0.35
tractor and
. 4.5
trailer
Internal . 0.044
transport - 55 3.0 Trailer 1500 (kg-km'™) - - -

The same data were collected for the cultivation of oat and pastures, entirely sown in Brachiaria spp.
and renewed on a ten-year rotation. Both as regards the production of oat hay and maize silage, no
N20 emissions from crop residues were considered, being two crop productions that involve the
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removal of the entire aboveground biomass. For the livestock subsystem, primary data included
animal flows and rearing cycle phases, their duration and entry/exit body weights of animals, as well
as consumption of feed and supplements and main herd productive parameters.

Secondary data were used in order to account for data gaps or background information of the
production systems. In particular, models were used for computing emissions from lime and fertilizers
application (Brentrup et al., 2000; Prahsun, 2006), as well as those related to animals (enteric
fermentations and manure management) (IPCC, 2019).

Background data for inputs manufacture and supply (e.g. seeds, lime, fertilizers, fuels, tractors and
agricultural machinery, purchased supplements and feeds, including possible related LUC) were taken
from the Ecoinvent® v.3.5 database (Weidema et al., 2013). Due to the scarcity of data referring
specifically to Paraguay in the database, data referring to the global market and, where available, to
Brazil have been used.

The impact assessment was performed using the ILCD 2011 Midpoint + V1.10 method, taking into
consideration 12 midpoint impact categories.

Results and Discussion

As shown in Table 2, animal-related emissions (both from enteric fermentations and from manure)
are the main causes (>70%, up to 98% for ME) of the impact for 7 of the 12 evaluated impact
categories. Feed production (both on- and off-farm) greatly contributes (from 37% to 78%) to the
impact in toxicity-related categories, and ozone and resources depletion, due to energy and machinery
use and the field application of lime, fertilizers and pesticides. The same impact categories are also
significantly affected by pasture management, which refers to the ten-year renewal of pastures (soil
tillage and sowing), as well as to production and supply of the mineral salt intended as supplement
for grazing animal.

Table 2. Environmental impact for the selected FU (1 kg of LW leaving the farm) in absolute terms
and divided by the relative contributors.

Relative contribution (%)

Impact category Unit Score CHa, CHi & Other N On-farm  Off-farm Pasture
; N20, compounds &
enteric 3 feed feed management
manure  PO4’", manure

Climate Change kg CO2 eq 24.84 85.5 11.6 - 0.8 0.7 1.4
Ozone Depletion kg CFC-11eq  1.24 107 - - - 20.4 17.0 62.6
Human Toxicity, oy, 4.53 107 - - - 44.9 19.7 355
non-cancer effects

Human Toxicity, - gy, 4.74 10 - - - 215 26.4 52.1
cancer effects
}f)amc“.late Matter o p\pseq 468 - - 89.3 2.8 33 47
ormation
Photochemical

Oxidant gNMVOCeq 14.09 61.4 0.7 7.5 8.7 6.4 15.4
Formation

Terrestrial

Acidification molc H+ eq 0.19 - - 96.5 0.8 1.4 1.2
Terrestrial

Eutrophication molc N eq 0.87 - - 96.9 0.7 1.4 1.0
Freshwater

Eutrophication kg Peq 2.88 - - 89.2 5.1 2.1 3.6
Marine

Eutrophication kg N eq 0.15 - - 97.7 0.4 1.3 0.7
Freshwater CTUe 8.32 - ; ; 484 237 279
Ecotoxicity

Mineral, Fossil &

Renewable kg Sb eq 6.52 -10° ; . . 58.5 19.3 222
Resources

Depletion
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As for climate change, results are in line in terms of absolute values and hotspots with those reported
by other studies relating to South American beef systems (e.g. Becoria et al. (2014) in Uruguay and
Florindo et al. (2017), Ruviaro et al. (2015) and Kamali et al. (2016) in Brazil), suggesting similar
practices in beef cattle farming across the continent, which translate into common productive and
environmental issues. As regards the other impact categories considered apart from climate change,
comparisons with existing literature are limited by the fact that (i) not all studies have the same impact
coverage, (ii) not all studies use the same factors characterization by categories such as acidification
and eutrophication (iii) some categories have a localized impact, greatly influenced by soil and
climate conditions, and comparisons between different geographical contexts can be misleading (De
Vries & De Boer, 2010). At the same time, it is necessary to carry out studies that include a broad
spectrum of impact categories to highlight any environmental trade-offs and to avoid that mitigation
strategies aimed, for example, at tackling climate change may result in a burden shifting towards other
impact categories at the inside of the studied system.

A better efficiency in resources use (both in the livestock rearing system and in internal crop
production) and herd management would have positive effects from an environmental (lower impact
per kg of product, for all impact categories) and economic (higher productivity) point of view, and
ample room for improvement is possible in this regard.

It should also be stressed that in other production chains where the grazing phase is shorter, or even
not foreseen, the observed climate change values appear regularly lower (LEAP, 2015). This suggests
that a system intensification could be an option for mitigating GHG emissions. On the other hand, it
has been highlighted how feed production, the demand for which would be greater in the case of a
system with limited grazing, may influence other impact categories instead. A careful evaluation of
the trade-offs is therefore required to obtain the best mitigation option.

Conclusions

Beef cattle rearing in the system under study is responsible for intense greenhouse gas emissions,
methane in particular, especially due to the long duration of the fattening cycle and the prolonged
period of grazing. This determines a high carbon footprint of the beef cattle ready for slaughter, equal
to 24.8 kg COzeq/kg LW leaving the farm, and confirms beef as a high-range impactful food product
mainly because of the agricultural phase. Also, particulate matter formation, acidification and
eutrophication potentials are also strongly influenced by emissions related to animals, in particular to
manure deposited in the pasture. Feed production, despite a limited inclusion in the overall rearing
cycle, greatly influences the impact categories related to toxicity, and ozone and resources depletion.
Future studies should first deepen the impact subdivision between pasture and feedlot stages, as well
as between the different animal categories and breeding phases, in order to search for targeted
mitigation strategies. Further improvements should concern the evaluation of the robustness of the
results through sensitivity analysis of some key factors of the modeling of the inventory, among which
certainly those that have resulted as hotspots, as animal-related emissions estimate. Linking the results
with the country's environmental policies could also be addressed in future studies.
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Abstract

Purpose: In this study, usually discarded trimmings of one of the most environmentally impacting
meat products, dry aged beef (DAB), and their incorporation into raw fermented sausages as a
substitute for fresh beef were investigated by means of life cycle assessment (LCA). As demand is
increasing steadily worldwide, trimmings arise evermore. Thus, a further use while considering
technological, microbiological, economic and environmental feasibility is necessary. To maintain
microbiological safety, DAB trimmings were treated with high pressure processing (HPP).
Methods: Dry aged trimmings were pasteurized by HPP (600 MPa, 3 min hold) to reduce the bacterial
load, achieving a 3-log reduction. Pasteurized dry aged beef trimmings were then incorporated into
raw fermented sausages, consisting of pork and beef.

With attributional LCA, environmental hotspots of DAB production and mass and economic
allocation of impacts between coproduction schemes were estimated. Functional unit was 1 kg DAB-
trimmings. In a cradle-to-gate analysis, infrastructure, machinery and equipment installation were not
considered, but waste treatments for all materials were included. Ecoinvent 3.1 database was used for
background processes and energy calculation for HPP according to Aganovic et al. (2017). Effects of
material transformation and processes from life cycle impact were analyzed with SimaPro 8.0.1 and
IMPACT 2002+ for a combined midpoint-end point damage-oriented approach (Humbert et al. 2012),
summarizing impacts in midpoint categories which relate to damage categories.

Results and discussion: Consequently, the higher the amount of substituted beef, the earlier the
necessary weight reduction due to water loss is achieved. Using HPP, microbiota on DAB trimmings
is reduced allowing 50 % substitution in raw fermented sausages. Caused by substitution, less weight
was lost during ripening, since control initially had 12 % more water than DAB sausage.

LCA defined benefits of DAB trimmings utilization, since an overall reduction of environmental
impact was observed for major impacting categories (~5 %) (Fig. 1). This impact reduction is
associated mostly with the reallocation of environmental impact from the main product to the by-
product (DAB trimmings). Application of DAB trimmings in raw fermented sausages resulted in
ripening time reduction, resulting in a reduction of environmental impact (20 %) (Fig. 2), mostly in
respiratory inorganics (~15 %), land occupation (21 %), global warming potential (23 %) and
nonrenewable energy (23 %).

Conclusions: Utilization of DAB trimmings for raw fermented sausages improved the environmental
impact of DAB in the range of 5 % and of raw fermented sausages overall of 20 %.

Keywords: life cycle assessment (LCA); by-product; Dry aged beef trimmings (DAB); high pressure processing (HPP),
raw fermented sausages, sustainability
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Introduction
With world population increasing, the demand for high-quality protein is rising. Protein from meat,

especially beef, is associated with many environmental problems (Henchion et al. 2017). Dry aged
beef (DAB) with significant moisture loss, processing time and trimmings waste has become one of
the most environmentally impacting meats. A potential solution could be in the improvement of
processing and use of by-product (DAB trimmings) for a new product (Park et al. 2018). However,
the feasibility of such use should be confirmed from technical, processing, microbial, economic and
environmental perspectives. Dry aged beef has reemerged over several years as a well-established
upper-priced product with a large consumer acceptance (Ponnampalam et al. 2019). During the
traditional dry aging process, beef cuts are aged without oxygen-protective wrapping for 21 — 90 days
at a controlled relative humidity (70 — 80 %) and temperature (0 — 3 °C) (Savell 2008; Ponnampalam
et al. 2019). Compared to wet aging in a vacuum bag, dry aging is more expensive due to a greater
loss caused by evaporation, trimming of the dry surface and, therefore, higher operating costs (Kim
et al. 2018). Dry aged beef has a more intense flavor, described as ‘beefier and more brown/roasted,’
caused by enzymatic and biochemical processes (Warren and Kastner 1992). Consumers are willing
to pay for this unique flavor profile (Sitz et al. 2006; Baird 2008) and, since demand for this high-
quality beef product has been increasing steadily worldwide (Sinha and Prasannan 2017), evermore
dry, usually discarded trimmings arise (Ahnstrém et al. 2006).

No studies on the environmental impact of dry aged beef and neither any studies of the potential of
the application of the usually discarded trimmings for the design of a potentially more sustainable
production and product is available. Since raw fermented sausages are dried anyway, the low water
content of trimmings is a great benefit to reduce ripening time and thereby minimize overall economic
and environmental costs. The objective of the LCA was to define the feasibility of dry aged beef
trimmings utilization as a component for existing or new product. The aim was first to define if
utilization of trimmings would be beneficial for the main dry aged beef product and second what
would be the environmental impact of such trimmings’ decontamination and application as an
ingredient for a new product development (raw fermented sausage).

Material and methods
2.1 High-pressure processing of DAB trimmings

The dry aging process took 21 — 28 days at 0.5 °C and 75 % relative humidity and was conducted at
the industrial plant of EDEKA Siidwest (Rheinstetten, Germany) from about 50 sirloins from heifers
with a high intramuscular fat content and high fat cover (fat grade 3 — 4). The DAB trimmings were
divided into three batches and cut into 3 cm cubes. The HPP was carried out with a Wave 6000/55
from Hiperbaric S.A. (Burgos, Spain) at 600 MPa and a holding time of 3 min.

2.2 Sausage manufacture

The raw fermented sausage (type: Mettwurst; medium grained, uncut storable without cooling;
(BMEL 2019)) consisted of 60 % pork and 40 % beef (purchased from a local meat producer), 2.8 %
curing salt with 0.5 % NaNO-, 0.85 % raw fermented sausage ripening combination (Pacovis, Stetten,
Switzerland) and 0.02 % bacteriocin-producing starter culture (Lyocarni VBY 81, SACCO,
Cadorago, Italy). The sausage batter was filled into fibrous casings. The production process was
repeated three times. Raw fermented sausages were analyzed on day 0, 2, 5, 7 and 9 regarding water
(n=3) (ASU L06.00-3) and weight loss (n = 15). Based on the absolute beef content, 50 % DAB was
substituted and analyzed by means of LCA.
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2.3 Life Cycle Assessment (LCA)

2.3.1 Goal and scope of the LCA

The objective of the LCA was to define the feasibility of utilizing DAB trimmings as a component in
existing or new products. The aim was, firstly, to define whether the utilization of trimmings would
be beneficial for the main DAB product and, secondly, what would be the environmental impact of
the decontamination and application of such trimmings as an ingredient for a new product
development (raw fermented sausage).

2.3.2 Typeof LCA

The current study relied on attributional LCA, which allowed for the estimation of environmental
hotspots of DAB production and the allocation of impacts between coproduction schemes. The study
relied on mass and economic allocation (between the main DAB and trimmings) for the allocation of
impacts. The expansion and consequential modelling were not applied, as it was not possible to define
a reference product on the market. Trimmings are currently treated as waste.

2.3.3 Functional unit

The functional unit in the study relied on the mass and was defined as 1 kg of DAB (21 days of aging)
with trimmings utilized as waste and as a coproduct to define the scope of environmental
improvement for such a product. Application of trimmings for raw fermented sausage production was
also defined on a 1 kg basis, as products were comparable in quality. Only relevant products were
compared (DAB was not compared to raw fermented sausage).

2.3.4 System boundaries

A cradle-to-gate analysis was conducted regarding the processing, including the packaging required
for intermediate products, and the processing and utilization of waste materials. The infrastructure,
machinery and equipment installation were not considered, but waste treatments for all the materials
consumed were included. Furthermore, a comparison with other products took place, for which these
factors were not considered either. The study was performed for the conditions of Germany as the
data were retrieved from German companies and pilot production areas. The study relied on the
ecoinvent 3.1 database for background processes (e.g. electricity, water, washing agents).

2.3.5 Data sources

The study relied on industrial and experimental data. Industrial and pilot industrial data on DAB and
raw fermented sausage production was acquired from a relevant industrial partner, EDEKA Stidwest
(Rheinstetten, Germany), and is presented in this study in paragraph ‘2.2 Sausage manufacture.’
Processing parameters of HPP and raw fermented sausage ripening were derived from pilot industrial
scale equipment during the trials at the German Institute of Food Technologies (DIL e.V.,
Quakenbrick, Germany). Energy calculation for the HPP was performed according to the procedure
defined in a previous study (Aganovic et al. 2017).

2.3.6 Life cycle impact assessment methodology

The effects of the material transformation and processes from the life cycle impact were analyzed via
SimaPro 8.0.1 software (PRé Consultants, Amersfoort, The Netherlands, 2010) using different
characterization factors. The impact assessment method IMPACT 2002+ (V 2.11) was used for
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comparisons (Jolliet et al. 2003), selected for a combined midpoint-end point damage-oriented
approach (Humbert et al. 2012). It summarizes impacts in midpoint categories which, in turn, relate
to one or several of the damage categories: Human health, ecosystem quality, climate change and
resource consumption.

The results were presented in ‘points’ — units normalized according to the impact within a damage
category and weighted according to the annual impact of an average European citizen — for aggregated
endpoint scores. A single score is then ‘calculated as the total yearly damage score due to emissions
and extractions in Europe divided by the total European population” (Humbert et al. 2012).

Results and Discussion
3.1 DAB trimmings in raw fermented sausages

Using HPP, microbiota on DAB trimmings is reduced to an extent that allows incorporation into a
product. Thus, raw fermented sausages with 50 % substitution of fresh beef with HPP-treated DAB
trimmings have been produced. By substitution, less weight is lost during ripening. The control
sausage needs to lose 12 % weight, respectively, water, to have the same water content as sausages
with 50 % substitution on day O.

3.2 Life Cycle Assessment

The LCA conducted defined the potential benefits of the application of DAB trimmings for both the
DAB processing and the application of trimmings as a component of raw fermented sausage. The
results indicated the minor beneficial role of the application of DAB trimmings for DAB production.
An overall reduction of the environmental impact in the range of ~5 % was observed for major
impacting categories (Fig. 1). Such an impact reduction is associated mostly with the reallocation of
environmental impact from the main product to the by-product (DAB trimmings).

Application of DAB trimmings as a component of raw fermented sausages resulted not only in the
substitution of premium beef but also in the reduction of ripening time. Such a cumulative impact
resulted in a reduction of environmental impact in the range of 20 % (Fig. 2). Reduction was observed
mostly in the categories of respiratory inorganics (~15 %), land occupation (21 %), global warming
potential (23 %) and nonrenewable energy (23 %).
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Fig. 1: Environmental impact of products in midpoint impact categories (weighted according to the significance of impact;
mPt - miliecopoints, 1 kPt equal to the annual impact of one European person on the environment; Functional unit — 1 kg
of product; categories with low impacts are excluded from the graph for a better representation).
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Fig. 2: Integrated environmental impact of raw fermented sausages (left column — midpoint impact categories; right
column — endpoint impact categories; mPt - miliecopoints, 1 kPt equal to the annual impact of one European person on
the environment; Functional unit — 1 kg of product).
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Conclusions
The initial hypothesis that trimmings of DAB are microbiologically stabilized after HPP treatment is

correct. Both, the water content of the raw fermented sausages and the total production time, are
reduced due to the substitution. The utilization of DAB trimmings for raw fermented sausages
improved the environmental impact of DAB in the range of 5% and of raw fermented sausages
overall of 20 % for a 50 % substitution.
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Purpose

To achieve a sustainable supply of animal origin food, farmers need to identify strategies, that
promote the best use of available resources and minimize the potential environmental impact. With
this regard, a tool for the evaluation of Climate Change related to the production of cow’s milk was
developed. The tool enables farmers to have findings quickly, by providing a method that is easily
applicable on a field scale, without the need for tabulated data or empirical formula.

Methods

Statistical analysis was performed using SAS 9.4 software (SAS Institute, 2012). The first step was
performed through a principal component analysis (PCA; PROC PRINCOMP) to study the
relationships among total environmental impacts per kilogram of fat and protein corrected milk
(estimated trough LCA approach) and several quantitative variables related to farm management on
200 dairy farms. Starting from the most significant variables, a general linear model (GLM) procedure
was performed to build an equation suitable to estimate Climate Change (CC) for the production of
1 kg of fat and protein corrected milk (FPCM).

Results and Discussion

The 200 dairy farms involved in the study resulted different for Utilized Agricultural Area (UAA),
68.4+96.7 ha; arable land was 54.8+30.1% of UAA. Average herd size was 150+145 cows with a
milk production of 27.3+4.88 kg FPCM/head/day. CC resulted to be 1.44+0.30 kg CO. eq/kg FPCM.
From the statistical analyses the best equation, suitable to estimate CC for the production of 1 kg of
FPCM, included the following variables: Herd size (number of lactating and dry cow); Dry matter
intake (DMI; kg/head/d); Milk production (kg FPCM/head/d); Feed self-sufficiency (%). DMI was
positively related to CC, while herd size, milk production and feed self-sufficiency were negatively
related to the dependent variable.

Conclusions

The development of this tool can influence the management choice at farm and can improve the
chance of mitigation of CC of milk production.

Keywords: tool, climate change, milk production, dairy farm
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Introduction

Livestock contribute for 14.5% to human-induced greenhouse gas emissions that contribute to climate
change (CC) but it concurs to global food security and poverty reduction, providing regular income
to producers (FAO 2011). To produce milk in an environmentally sustainable way, farmers need to
identify appropriate strategies, in terms of management and feeding of livestock, forage systems and
production practices for livestock feed, which allow the best use of the available resources and
minimize the potential environmental impact, as underlined by Famiglietti et al. (2019). To this aim,
a tool has been developed for the simplified assessment of Greenhouse Gas (GHG) emissions
associated with the production of cow’s milk. The tool allows farmers to quickly obtain results by
providing an easily applicable method on a field scale, starting from a limited number of inputs,
without the need of tabulated data or complex calculations. This tool can be used easily by farmers,
to help identify and evaluate strategies at farm, for reducing CC of milk production.

Material and methods

The estimation of Climate Change (kg CO- eq.) for the production of 1 kg of fat and protein corrected
milk (FPCM) was performed using the Life Cycle Assessment method. An attributional approach,
from cradle to farm gate, was adopted. Allocation between milk and meat was calculated through a
physical method (IDF 2015), based on the use of feed energy by the dairy animals and the
physiological feed requirements of the animals to produce milk and meat. All the inputs (e.g. off farm
feeds and bedding, machinery, fuel, lubricants, electricity, organic and mineral fertilizers, pesticides,
plastics and water) and outputs (i.e. emissions to the air, soil and water, milk and meat) involved in
the productive process were considered within the system boundaries. In order to collect information
about the management practices, the farmers were interviewed directly about several aspects of their
farming system as cropping system, herd composition, manure management, feed rations, purchased
feed, milk production and composition.The background data for the production of seeds, raw
materials, diesel fuel, fertilizers, pesticides, tractors and agricultural machines (equipment and self-
propelled machines), as well as for transport, were obtained from the Ecoinvent Database V.3
(Ecoinvent 2015) and Agri-footprint Database (Blonk Consultants, 2014). Gas emissions from
animals, manure and fertilizer spreading were estimated as reported in Guerci et al. (2013) and Bava
et al. (2014). Information about crop management systems were collected and used to create specific
process in the software used for GWP estimation (SimaPro V 8.3 software).

Statistical analysis was performed using SAS 9.4 software (SAS Institute 2012). The first step was
performed through a principal component analysis (PCA; PROC PRINCOMP) to study the
relationships among GWP and several quantitative variables related to farm management on 200 dairy
farms.

Starting from the most significant variables, a GLM procedure was performed to build an equation
suitable to estimate GHG emissions, expressed as GWP (kg CO2 eq./kg FPCM).

Results and Discussion

The most of 200 dairy farms involved in the study were intensive with all cows kept in permanent
confinement without pasture. The Utilized Agricultural Area (UAA; 68.4+96.7 ha) and the
percentage of arable land (54.8+£30.1% of UAA) resulted different among farms. Average herd size
was 150+145 adult cows with an average milk production of 27.3+4.88 kg FPCM/head/day. Average
GWP was 1.4440.30 kg CO; eq/kg FPCM, which was higher than the results found by Bava et al.
(2014) in the same area. This result can be influenced also by the increasing load given to Land Use
Change for soybean meal used in cow feeding calculated in the last year and implemented in Simapro
database.
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From the statistical analyses the best equation, suitable to estimate GWP for the production of 1 kg
of FPCM, included the following variables (Table 1):

Table 1. Results from GLM analyses, estimate coefficients for equation parameters

Parameter Estimate Standard  Probability
Error
Intercept 1.7559 0.2065 <.0001
DMLI, kg/head per day 0.0345 0.0095 0.0004
Maize silage, % DMI 0.0031 0.0013 0.0172
Grasshay, % DMI -0.0040 0.0017 0.0226
Grassland, % UAA 0.0017 0.0007 0.0193
Herd size, no. lactating and dry cows -0.0004 0.0001 0.0032
FPCM, kg/head per day -0.0391 0.0042 <.0001

Where: DMI=Dry Matter Intake; UAA= Utilized Agricutural Area; FPCM= Fat and Protein
Corrected Milk

The developed equation is:
GWP milk (kg CO; eq./kg FPCM) = 1.7559 + 0.0345 DMI + 0.0031 Maizesilage % - 0.0040
Grasshay % +0.0017 Grassland % - 0.0004 Herdsize — 0.0391 FPCM

The relationship between the estimates of GWP obtained from primary data and the predicted values
from the equation showed R?>=0.337.

Milk production per cow and herd size were inversely related to the impact per kg of product. The
mitigation effect of enhancing individual milk production is due to the fact that emissions are spread
over more units of milk, thus the emissions related to the maintenance requirements of the animals
are diluted (Capper et al. 2009). Secondly, productivity gains are usually achieved through improved
practices and technologies which also contribute to increase efficiency in feed conversion ratio and
consequently to emissions reduction, such as high quality feed and high performance animal genetics.
Enhanced productivity is generally achieved through herd management, animal health and
reproduction practices that increase the proportion of resources utilized for productive purposes rather
than simply being used to maintain the animals. The relationship between predicted GWP per kg
FPCM and milk production expressed as kg FPCM/head per day resulted quite good (R?=0.3915).
On the contrary, DMI was positively related to GHG emissions. It is well known that higher DMI
means higher daily CH4 enteric emission (Boadi et al. 2004; Gislon et al. 2020), that is by far the
main contributor to GWP of milk production, since higher DMI is usually related to a more fibrous
diet involving higher methane production.

Among the factors influencing GWP of milk production, dairy efficiency (kg FPCM per kg DMI) is
one of the most important (Bava et al. 2014). The parameter expresses the efficiency of feed
conversion to milk. Figure 1 shows the relationship between predicted GWP (kg CO; eq/kg FPCM)
and dairy efticiency (kg FPCM/kg DMI).
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Figure 1 - Relationship between predicted GWP (kg CO: eq/kg FPCM) and dairy efficiency (kg
FPCM/kg DMI).

The developed equation was implemented in an Excel sheet to allow the simplified estimation of the
GWP per kg FPCM of a given dairy cattle farm on the basis of the following input variables:

Herd size (no. lactating and dry cows)

Total land (UAA, ha)

Average daily dry matter intake (DMI, kg/day)

Maize silage percentage on dry matter intake (Maizesilage % DMI)

Grass hay percentage on dry matter intake (Grasshay, % DMI)

Grassland percentage on total Utilized Agricultural Area (Grassland, % land)
Average daily milk production (kg per head)

Milk fat (%)

Milk protein (%)

The equation has the strenght to be based on a low number of variables and parameters easy to be
collected by the farmers as milk quality analyses, feed ration characteristics and land use choices.

Conclusions

In the equation, resulted from a large database, variables related to cow ration characteristics and land
management choices were included, this means that, in order to mitigate environmental impact, is
necessary to have a holistic approach, improving at the same time feeding management, milk
production level, crop production practices. The tool is suitable for intensive systems, with animals
kept in permanent confinement without pasture.

The tool allows to obtain the Predicted Global Warming Potential of milk production of a given farm,
the comparison of the environmental performance of the farm with a benchmark and a number of
indicators as Fat and Protein Corrected Milk, Dairy efficiency, Stocking Density.
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Abstract

Purpose: The present study aimed to develop a data collection procedure to assess greenhouse gas
emissions (GHG) on smallholder dairy farms in Indonesia. To do this, we first evaluated seasonal
differences in GHG per kg of fat and protein corrected milk (FPCM), and second, we evaluated the
number of observations within the season to assess seasonal estimate of GHG. Methods: We
conducted LCA at 32 smallholder dairy farms in Lembang, Indonesia. Data were collected bimonthly
from October 2017 to October 2018 through 6 farm visits (FVs) to gather information about inputs,
outputs, and farm activities, such as milking, feeding, and manure management. FV1, FV2, FV3 were
conducted in the rainy season, and FV4, FV5, FV6 in the dry season. The quantification of GHG was
based on IPCC Tier 2 (2019). We presented GHG per unit of FPCM at each season. The Wilcoxon
signed-rank test was used to evaluate the difference in GHG between seasons. Within each season,
correlations were analysed between the estimate of GHG, milk yield, GHG from different processes
based on 3 observations and based on 1 or 2 observations. Results and discussion: The GHG in dry
season was lower than in the rainy season (1.07 vs. 1.37 kg CO2-eq/kg FPCM). The major contributor,
enteric CH4 emissions, was reduced in the dry season, and it was most likely associated with the
change of feed composition that led to better digestibility. The estimated GHG based on 3
observations had lower correlation with the estimated GHG based on 1 observation than with 2
observations in both seasons. These results indicated that 1 observation did not capture the variation
of on-farm activities related to the estimates of GHG from manure management, forage cultivation,
and purchased feeds within each season. Conclusions: Our finding suggested to assess GHG from
smallholder dairy farms in Indonesia at least once in each season. When multiple observations within
each season are infeasible, we recommend conducting at least 2 observations to estimate GHG from
manure management, forage cultivation, and purchased feeds.

Keywords: greenhouse gas emissions, longitudinal study, smallholder dairy farm, Indonesia.

Introduction

The tropical climate in Indonesia is characterised with rainy and dry seasons. Due to the seasonality,
smallholder dairy farms in Indonesia adapt their practices to cope with resource availability. The
farmers change practices such as adjusting feed composition, frequency of feeding, the proportion of
collected manure and applied manure to land at each season (De Vries and Wouters 2017). These
changes affect GHG from the farms associated with ruminal digestion and manure management
(Gerber et al. 2013). To assess GHG, life cycle assessment (LCA) is suitable approach, but conducting
LCA on smallholder farms is challenging due to the lack of data availability (Rosenstock et al. 2013).
Often, LCA studies are done through cross-sectional survey which does not consider changes of

65



12th International Conference on Life Cycle Assessment of Food 2020 (LCA Food 2020)
“Towards Sustainable Agri-Food Systems”
13-16 October 2020, Berlin, Germany — Virtual Format

practices between seasons. To gain insight into changing practices, we opted for longitudinal
observations on smallholder dairy farms in Indonesia. The present study aimed to develop a data
collection procedure to assess greenhouse gas emissions (GHG) on smallholder dairy farms in
Indonesia. To do this, we first evaluated seasonal differences in GHG per kg of fat and protein
corrected milk (FPCM), and second, we evaluated the number of observations within the seasons to
assess seasonal estimate of GHG.

Material and methods

System description and life cycle inventories

The scope of LCA on smallholder dairy farms in Indonesia is from production of inputs at upstream
level to on-farm gate. The farms' inputs are purchased feeds (concentrates, tofu by-product, cassava
pomace, and rice straw), synthetic fertiliser, and fuel. The outputs of the farms are milk and sold
animals. The on-farm activities include dairy herd, forage cultivation, and manure management. We
classified the manure management into four different practices: discharged manure, sold manure,
applied manure for forage cultivation, and used manure in bio-digester.

The calculation of GHG was the multiplication of activity data that release emissions at a certain
stage from the upstream level to on-farm gate and emission factors. The activity data at the upstream
level were identified through interviews and literature, whereas the activity data on farm was obtained
through direct measurement and interview. The emission factors were based on literature.

We selected 32 out of 300 smallholder dairy farms from the study of De Vries and Wouters (2017) in
Lembang, West Java, Indonesia. We visited the farms every two months throughout one year. The
FVs from December 2017 to April 2018 (FV1 to FV3) were during rainy season, whereas the FVs
from June 2018 to October 2018 were during dry season. At each FV, we conducted direct
measurement to record daily feed intake, daily milk yield, and body weight of dairy cattle. In addition,
we asked the farmers about the herd (age of animal, last calving date and lactation period of the cows,
purchased and sold animals) and proportion of collected manure. We used this information to estimate
on-farm GHG from enteric methane (CH4) fermentation and nitrous oxide (N2O) and CH4 from
manure management. The emission factors for these on-farm processes were based IPCC Tier 2
(IPCC 2019).

During one of FVs in every season, we asked the farmers about the purchased feeds, synthetic
fertiliser. and fuel. According to on-farm interview, we selected relevant literature to obtain emission
factors to produce ingredients of the concentrate (Vellinga et al. 2013; FAO 2015), tofu by-product
(Zannah 2017), cassava pomace (Suroso 2011), and rice straw (Agatha 2016). To estimate GHG from
transportation of the purchased feeds, we estimated the distance from producer to the farms and used
emission factors for specific mode of transportation (Wernet et al. 2016; Liu et al. 2017). The emission
factors of synthetic fertiliser and fuel were based on Ecoinvent 3 (Wernet et al. 2016).

Allocation

We applied economic allocation for GHG from crop cultivation and feed processing at the upstream
level because these systems have multiple outputs (main product and by-product). The allocation was
related to the economic value of the outputs. We did not apply economic allocation for GHG from
on-farm activities into milk and sold animals because the farmers did not sell animals every two
months. We allocated GHG from the adult cows to represent "milk", whereas GHG from other animal
classes were allocated to "sold animal" outputs. To obtain GHG intensity, GHG from adult cows were
divided by the amount of milk in FPCM.

Impact assessment and statistical analysis

The different GHG from upstream to on-farm level was aggregated in carbon dioxide equivalent
(COz-eq) by weighing factors (Myhre et al. 2013). We presented the results as GHG intensity per unit
of fat and protein corrected milk (FPCM) that was the summation of GHG (numerator) and divided
by FPCM (denominator) at each season. The FPCM was based on IDF (2015). The Wilcoxon signed-
rank test compared means of GHG from different seasons and means of GHG from different processes.
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We performed Pearson correlation analyses between the estimate of GHG, milk yield, GHG from
different processes based on 3 observations and 1 or 2 observations at each season to understand the
relationship between the number of observations.

Results and Discussion

Table 1 shows that GHG intensity in the dry season (1.07 kg CO»-eq/kg FPCM) was lower than in
the rainy season (1.37 COz-eq/kg FPCM). The most important contributor to GHG was enteric CH4
emissions that were also reduced in the dry season. Because feed digestibility is associated with
enteric CH4 emissions (Johnson and Johnson 1995), this result indicated that feed composition in the
farms during the dry season was more favorable to reduce emissions. The GHG in present study was
lower than previous study on smallholder dairy farms (Garg et al. 2016; Taufiq et al. 2016) because
our study calculated gross energy intake through direct measurement of feed instead of the estimate
based on animal requirement as [PCC Tier 2 (2019) advised. The estimate based on animal
requirement overestimates gross energy intake due to the assumption of ad libitum feeding, while the
farmers offered a restricted amount of feeds for dairy cattle.

Table 1. Greenhouse gas emissions (GHG) per unit of fat and protein corrected milk (FPCM) at
Indonesian smallholder dairy farms and contribution of different processes in the rainy and dry season.

Items Rainy season™ Dry season*
GHG per FPCM (kg COz-eq/kg FPCM) 1.37% (0.70) 1.07° (0.52)
GHG from different processed (kg CO»-eq/kg FPCM):
Enteric fermentation 0.75% (0.42) 0.64° (0.29)
Manure management 0.24% (0.20) 0.16° (0.15)
Forage cultivation 0.15%(0.18) 0.03° (0.10)
Purchased feeds 0.23 (0.18) 0.25 (0.17)

*value between the brackets presents standard deviation (n = 32); superscripts show significant difference (P-
value < 0.05)

Seasonal GHG based on 3 observations had stronger correlation with seasonal GHG based on 2
observations than with seasonal GHG based on 1 observation in both seasons (Table 1). These results
were in accordance with the correlation between different observations to estimate GHG from
manure management, purchased feeds, and forage cultivation. The estimated GHG from those three
processes based on 3 observation had higher correlation with the estimates on 2 observations than
with 1 observation (Table 2). The low relationship between the estimates based on 3 observations
and the estimates based on 1 observation indicated that variation of on-farm activities to estimate
GHGE from those three processes existed within each season. The variation of on-farm activities
can be explained by changing the proportion of collected manure and the amount of purchased feeds
and the unreliable information about input and yield of forage throughout the years. Because
conducting multiple observations are most likely infeasible, our results suggested at least 2
observations to capture the variation of on-farm activities to estimate GHG from those three
processes at each season. In addition, single observation to estimate seasonal milk yield and GHG
from enteric CH4 emissions at each season was sufficient.

Table 2. Correlation between the seasonal estimates based on 3 observations and 1 or 2 observations
for greenhouse gas emissions (GHG) per unit of fat and protein corrected milk (FPCM), milk yield,
and greenhouse gas emissions from different processes at each season

Seasonal estimates based on 1 or 2 observations

Rainy season FV1l FV2 FV3 FVI&FV2 FVI1& FV3 FV2&FV3
Seasonal estimates based on 3-
observations:

GHG per FPCM 0.26 0.71 0.65 0.68 0.85 0.92
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milk yield 093 095 0.96 0.96 0.95 0.85
Enteric CH4 fermentation 0.93 097 0098 0.99 0.99 0.99
GHG from manure management 0.59 099 0.98 0.98 0.99 0.99
GHG from purchased feeds 0.81 098 0.98 0.99 0.98 0.99
GHG from forage cultivation 0.74 0.99 0.95 0.97 0.99 0.98
Seasonal estimates based on 1 or 2 observations

Dry season FV4 FV5 FV6 FV4&FV5 FV4&FV6 FV5&FV6

Seasonal estimates based on 3-

observations:
GHG per FPCM 047 0.79 037 0.88 0.65 0.82
milk yield 094 097 093 0.99 0.99 0.98
Enteric CH4 fermentation 0.99 090 0097 0.99 0.99 0.97
GHG from manure management 0.90 0.61 0.89 0.99 0.98 0.86
GHG from purchased feeds 0.95 0.85 0.96 0.98 0.99 0.97
GHG from forage cultivation 0.89 0.83 0.92 0.96 0.99 0.95

Conclusions

The GHG per FPCM produced by Indonesian smallholder dairy farms in the dry season was lower

than in the rainy season. Our finding suggested to assess GHG from smallholder dairy farms in

Indonesia at least once in each season. The correlation between different number of observations to

estimate GHG per FPCM showed that single observation was insufficient to capture variation of on-

farm activities within each season in relation with estimate of GHG from manure management, forage

cultivation, and purchased feed.
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Abstract

Purpose

The increase in the dairy cattle population in Indonesia results in large amounts of manure that has
major environmental impacts, including climate change induced by greenhouse gas emissions
(GHGE). Improving manure management is potentially a way to reduce GHGE from dairy production
in developing countries. The objective of this study was to analyze GHGE associated with different
manure management systems (MMSs) taking a cradle-to-farm-gate approach.

Methods

This LCA study was performed to assess dairy activities at 32 smallholder dairy farms in the Lembang
district, West Java, Indonesia. Farms were surveyed six times on a bimonthly basis from December
2017 till October 2018 to collect information about farm and manure management characteristics,
and milk production. The 32 farming systems were classified based on four different MMSs: applied
manure without manure treatment to forage cultivation area (DLA), sold manure to manure traders
(SEL), used manure as a substrate for anaerobic digestion (ADS) and discharged manure to the
environment (DIS). The life cycle inventory for GHGE included upstream and on-farm processes.
The means of GHGE per unit of milk produced of the four different MMSs were compared by the
Kruskal-Wallis and Dunn’s posthoc test.

Results and discussion

GHGE from milk produced in smallholder dairy farms ranged from 1.00 to 1.31 kg CO»-eq/kg FPCM
(fat and protein corrected milk). On average, the contribution to total GHGE was 57% for enteric
fermentation, 26% for feed production, 16% for manure management, and 1% for fertilizer
production. Total GHGE differed between manure management systems. DIS had the lowest GHGE
(0.07 kg COz-eq/kg FPCM) and differed significantly from DLA (0.15 kg COz-eq/kg FPCM), SEL
(0.40 kg CO2-eq/kg FPCM), and ADS (0.20 kg CO2-eq/kg FPCM). The GHGE of DIS was relatively
low because we used the methane correction factor (MCF) and N>O emission factor of the IPCC-
category of daily spread, which has a low emission factor for N>O and CHa.

Conclusions

We assessed four different MMSs in this study and found that MMS has important impacts on GHGE.
Although the practice of discharging manure results in the lowest GHGE of the four MMSs assessed
in this study, the nutrient losses of this system are high. The yield of biogas was not used optimally,
leading to additional methane losses. To draw conclusions, environmental impact assessment related
to manure management systems in smallholder dairy farms should also consider other environmental
impacts.

Keywords: smallholder dairy farms, GHGE, manure management
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Introduction

The dairy cattle population in Indonesia increased rapidly as a response to the increase in
national milk demand. Milk consumption in Indonesia increased from 11 kg per capita in 2010 to 14
kg per capita in 2018 and is expected to continue to increase over the years (Livestock statistic 2019).
The higher demand for milk occurs as an effect of two major driving factors: (1) higher middle-class
income and (2) the rise of awareness of the Indonesian population to consume milk. The increase of
the dairy cattle population, mainly in West Java province, generated huge amounts of manure
production and, consequently, impacted the environment, among others by the emissions of
greenhouse gases (GHGE).

Life cycle assessment (LCA) is a widely acknowledged method to assess GHGE at dairy farms.
This method measures all the GHGE along the production chain of milk, mostly up to the farm-gate.
In the calculation of GHGE using LCA in the dairy sector, three main sources of emissions are
distinguished: enteric fermentation (methane), manure management (nitrous oxide and methane), and
feed production including cultivation, processing and transporting (carbon dioxide and nitrous oxide)
(FAO 2018).

Manure management is one important contributor to GHGE related to dairy production. In
smallholder dairy farms, a large variation of manure management systems exists (De Vries et al. 2019).
The four most common manure management systems (MMSs) are: the practices of applied manure
with or without treatment to the forage cultivation area, sold manure to the manure traders, used
manure as a substrate for anaerobic digestion and discharged manure to the environment. In the case
of smallholder dairy farms, in which vast amounts of manure is being produced, it is important to
consider different MMSs in the calculation of GHGE. In addition, improving manure management
can be a potential solution to reduce GHGE. Therefore, this study aimed to analyze GHGE associated
with different manure management systems (MMSs) in smallholder dairy farms in Indonesia based
on a cradle-to-farm gate approach.

Material and methods

The LCA study was performed at 32 smallholder dairy farms in the Lembang district, West
Java, Indonesia. This district is the second-largest milk producing district in Indonesia, by producing
23% of national milk supply. We conducted farm surveys six times on a bimonthly basis from
December 2017 till October 2018, to collect information about farm and manure management
characteristics, and milk production. The 32 smallholder dairy farms were selected from the 300 dairy
farmers that participated in the study of De Vries et al. (2017). To understand the association between
manure management systems (MMSs) and GHGE, we first classified the 300 dairy farmers into one
of the following MMSs: applied manure without manure treatment to forage cultivation area (DLA),
sold manure to manure traders (SEL), used manure as a substrate for anaerobic digestion (ADS) and
discharged manure to the environment (DIS).

The MMSs classification was based on the management of solid manure (i.e., when at least
40% of solid manure being collected), we classified the farm into one of the MMSs. The classification
was based on solid manure only because the urine fraction is being discharged by all dairy farmers.
We selected eight dairy farmers randomly per MMS from the long list of the 300 dairy farmers. After
the start of the assessment, some farms changed the practices of MMS. Therefore, we ended up with
an unequal number of dairy farmers per MMSs (DLA = 6, SEL=7, ADS = 10, DIS =9).

Following this, we collected the information related to the upstream and on-farm processes.
The upstream processes included the production (cultivation and processing) and transportation of
purchased feed, and production and transport of inorganic fertilizer including the energy used.
Inventory data from upstream processes formation was collected from the interview with the dairy
farmers and the dairy cooperative, and from literature. The on-farm processes included the enteric
fermentation, manure management, and inorganic fertilizer application. Such information collected
from direct measurement at each farm visit (i.e., feed intake of the animals and bodyweight of the
animals), interview with the dairy farmers and literature. Specific questions related to manure
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management on farms were asked (i.e., the size of manure storage, proportion manure being collected,
being used for land application, used for bio-digester, sold, and discharged). We also measured milk
yield on-farm from each lactating animal at each farm visit. In addition, we collected feed and milk
samples to determine the nutrient composition (DM, ash, protein, fat, and carbohydrate). The
emission factors related to enteric fermentation and manure management were based on IPCC (2006).
In the case of applied manure for forage cultivation, discharged manure, including discharged bio-
digestate (the by-product of bio-digester), methane conversion factor (MCF) of the IPCC-
category daily spread was used. For the used manure of bio-digester, MCF of the IPCC-
category anaerobic digester was used. For sold manure, MCF of the IPCC-category dry lot was used.
The estimate of CH4 emissions from bio-digester also included biogas loss that is not used for cooking
in households. The biogas loss was calculated by subtracting the biogas used for cooking from the
biogas yield. The biogas yield was calculated based on the IRENA guideline (2016). Foregone
emissions related to the production and combustion of LPG replaced by the biogas were subtracted
from the total GHGE. In case of sold manure, we didn’t correct for foregone emissions related to
(inorganic) fertilizer application as in practice, (crop) farmers do currently not adapt their fertilization
plan when manure is added. The emission factors for feed and inorganic fertilizer production were
derived from the LEAP database (FAO, 2015). GHGE were summed based on the conversion factors,
1 for COz, 28 for CHa, and 265 for N2O. The functional unit used in this study is kg CO2-eq per kg
fat and protein corrected milk (FPCM), which expressed the greenhouse gas emission (GHGE) per
kg FPCM. We compared the total GHGE and contribution of different processes to GHGE of four
different MMSs by the Kruskal-Wallis and Dunn’s posthoc test.

Results

The GHGE at Indonesian smallholder dairy farms ranged from 1.00 to 1.31 kg CO2-eq/kg
FPCM and differed between manure management systems (Table 1). DIS had the lowest GHGE
compared to DLA, SEL and ADS. GHGE from enteric fermentation was on average 0.66 kg CO»-
eq/kg FPCM, from manure management 0.21 kg COz-eq/kg FPCM, from feed production 0.31 kg
CO»z-eq/kg FPCM and from artificial fertilizer 0.01 kg CO2-eq/kg FPCM. We compared contribution
of different processes to GHGE and found that the contribution of manure management differed
among manure management systems. DIS had the lowest GHGE (0.07 kg COz-eq/kg FPCM) and
differed significantly from DLA (0.15 kg COz-eq/kg FPCM), SEL (0.40 kg COz-eq/kg FPCM), and
ADS (0.20 kg COz-eq/kg FPCM). No significant different found between GHGE of MMS and other
processes and no interaction found.

Table 1. Greenhouse gas emissions from milk production (GHGE) and the contribution of different processes
(kg CO»-eq/kg FPCM) at Indonesian smallholder dairy farms with four different manure management systems
(MMSs) (means, SE).

GHGE from different process

MMSs Enteric Manure Feed Artificial ~ Total GHGE
fermentation management production fertilizer

DLA 0.70 (0.03) 0.15b (0.01) 0.37 (0.01)  0.01 (0.002) 1.22a(0.12)

SEL 0.64 (0.01) 0.40c (0.01) 0.26 (0.03)  0.01(0.003) 1.31b(0.11)

ADS 0.70 (0.06) 0.20b (0.03) 0.33(0.04)  0.01 (0.002) 1.24ab (0.12)

DIS 0.62 (0.04) 0.07a (0.01) 0.26(0.03)  0.01(0.001) 1.00a (0.09)

DLA (applied manure without manure treatment to forage cultivation area), SEL (sold manure to manure traders), ADS
(used manure as a substrate for anaerobic digestion, DIS (discharged manure to the environment)
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Figure 1 shows the proportion of different processes to the total GHGE. On average, the
contribution of the process to total GHGE was 57 % for enteric fermentation, 26% for feed production,
16 % for manure management processes, and 1% for fertilizer production.
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Figure 1. The proportion of different contributor to the GHGE.

Discussion

The GHGE in our study was lower than found in the study of de Vries et al. (2019), which
was 1.5 COz-eq/FPCM, and lower than the GHGE of milk produced by smallholders in Southeast
Asia, which was 2.4 kg CO2-eq/FPCM (Opio et al. 2016). The difference was explained by differences
in method of data collection (longitudinal vs cross sectional observations) and emission factors for
manure management. The total GHGE differed among farming systems and the difference was
associated with a difference in the contribution of manure management, showing the importance of
MMSs to reduce GHGE. Improving manure management can be a potential strategy to reduce
GHGE.

The relatively high emission of manure management processes in case of SEL results from
the high emissions during manure storage systems at these farms. As manure is not used optimally,
the replacement of (inorganic) fertilizer is negligible which offers room for improvement in terms of
both nutrient use and GHGE. GHGE of ADS was relatively low because in this system manure is
used as a source for anaerobic digestion in the bio-digester. However, 28% of the methane produced
was lost from the digesters because production exceeded the energy requirements of farm households.
The GHGE of the DIS system was relatively low because we used the MCF and N>O emission factor
of the IPCC-category of daily spread, which has a low emission factor for N2O and CHa. The selection
of IPCC-category of daily spread is because the specific emission factor for discharged manure is not
available. Although discharging manure results in the lowest GHGE, the nutrient losses of this system
are high, causing N and P pollution at the regional level.

Conclusions

In this study we analyzed the association of GHGE with different manure management
systems (MMSs) at 32 smallholder dairy farms. We found that the total GHGE differed among MMSs
and DIS has the lowest GHGE compared to other systems. We concluded the importance of MMSs
to reduce GHGE and improving manure management can be a potential strategy to reduce GHGE.
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Abstract

The aim of this work was to calculate farm specific LCAs for milk-production on 200 dairy farms
in Central Norway, where 185 farmed conventional and 15 according to organic standards. We
assume that there are variations in environmental emission drivers between farms and therefore also
variation in indicators. We think that information can be utilized to find management improvements
on individual farms.

Farm specific data on inputs and production for the calendar years 2014 to 2016 were used. The
LCAs were calculated for purchased products and on farm-emissions, including atmospheric
deposition, biological nitrogen fixation, use of fertilizer and manure. The enteric methane emission
from digestion was calculated for different animal groups. The functional unit was one kg energy-
corrected milk (ECM) delivered at farm-gate.

For the 200 dairy farms there were huge variations of farm characteristics, environmental per-
formance and economic outcome. On average, the organic farms produced milk with a lower carbon
footprint (1.2 kg CO2 eq./kg ECM) than the conventional ones (1.4 kg CO. eq./kg ECM). The
organic farms had also a lower energy intensity (3.1 MJ/kg ECM) and nitrogen intensity (5.0 kg
N/kg N) than their conventional colleagues (4.1 MJ/kg ECM and 6.9 kg N/kg N respectively). The
contribution margin was better on the organic farms with 6.6 NOK/kg ECM compared to the
conventional with 5.9 NOK/kg ECM. The average levels of the environmental indicators were
comparable but slightly higher than findings in other international studies.

The current study proved that the FARMnor model allows to calculate LCAs for large number of
individual farms. The results show that the environmental performance and economic outcome vary
between farms. We recommend that farm specific LCA-results are used to unveil what needs to be
changed for improving a farm’s environmental performance.

Keywords: LCA; greenhouse gas; sustainable farming; economic performance; organic farming; conventional farming

Introduction

Values for different environmental impact categories of dairy milk and meat production can be
found in databases or as results from LCA studies. Based on the study of 20 Norwegian dairy farms
by Schueler er al. (2018), it can be expected that there is a huge variation in environmental
indicators, such as GHG emission, among dairy farms. Based on ecoinvent 3.5 (Weidema et al.
2013), to produce 1 kg of fat and protein corrected milk (FPCM), 1.1 kg CO»-eq. are emitted, 4.3
MJ energy needed (of this, 3.4 MJ non-renewable energy sources) and 1.7 m? agricultural area
occupied. For modelled, representative dairy farms in Norway, Roer et al. (2013), calculated values
of 1.5 kg COz-eq., 4.2 MJ non-renewable energy sources and 1.9 m? per kg energy corrected milk
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(ECM). Despite average GWP-values for Norwegian milk production, variation between dairy
farms within a country can be expected. Out of 29 LCA-studies for milk production, reviewed by
Baldini et al. (2017), only five considered a large number of farms. To “support the objective of
reducing the carbon intensity of the dairy and beef sectors of Irish agriculture” (Murphy et al. 2013,
p. 427), a decision support tool, named “Carbon Navigator”, was developed. To be able to calculate
LCAs for many different farms, it is necessary to have access to farm data and to ease the process of
data inventory, farm modelling and impact calculation. This is enabled in the Carbon Navigator tool
by being available as online tool including the connected databases. Thus, farmers and their
advisors, can calculate the actual environmental impact and look for improvements for reduced
emissions and improved financial performance. Comparable to this approach, we updated the
FARMnor model (Schueler 2019), to be able to conduct LCAs for some hundred dairy farms in
Norway.

The objective of the current study was to calculate farm specific LCAs for milk-production on 200
dairy farms in Central Norway. We assumed that the variation in environmental performance on
Norwegian Dairy farms is high and can differ considerably from the ecoinvent or the average value
found by Roer et al. (2013). Farm-specific data are more useful to identify parts than needs
improvement on a farm than analysis based on standardised data.

Material and methods

The environmental performance of 200 farms in Central Norway were calculated for milk and meat
delivered at farm gate, using the FARMnor model (Schueler 2019) to conduct a Life Cycle
Assessment (LCA), using 1SO 14040 (ISO 2006a) and ISO 14044 (ISO 2006b) as framework. In
FARMnor, the environmental performance is calculated in a cradle to farm-gate life cycle
assessment approach. The basic flows in hierarchically structured model are shown in Figure 1.
Inventory flows and emissions from external inputs to the farm as import diesel, electricity,
fertilizer, lime, silage foil, chemicals, machinery, buildings and feed ingredients from other
countries are approximated, using the ecoinvent life cycle inventory (LCI) database (Frischknecht et
al. 2005). Methane emissions were assessed with a Tier 2 approach, based on the specific
algorithms for Norwegian conditions from Storlien et al. (2014), while manure storage emissions
were calculated on IPCC (2019). For N-inputs from mineral fertilizer (emission factor 1, EF1),
organic fertilizers (EF2), and crop residues (EF3) the same emission factor, named EF1 in Paustian
et al. (2006), was used. Harvested yields were calculated based on the energy demand for milk and
meat production as well as estimated losses based on Steinshamn et al. (2004).

Farm specific data on inputs and production for the years 2014 to 2016, collected from the advisory
service of the dairy cooperative TINE, were used. The FARMnor model was improved to be able to
automatically read data for each farm and to calculate the environmental performance.
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Figure 1. Basic flows, inputs, areas and products in the FARMnor model

The environmental indicators and nitrogen cost from farmed area were calculated based on
atmospheric deposition, biological nitrogen fixation, use of fertilizer and manure (Koesling et al.
2017a). The methane emission from digestion was calculated for different animal groups based on
the feed used, weight gain and the milk yield for dairy cows. Emissions linked to the production of
purchased inputs were calculated using ecoinvent and the amount of the inputs based on the
accounting data and transportation distance to the farms. There were little differences between the
conventional and organic farms with respect to farm characteristics (Table 1). But because there
were significant differences for most of the environmental indicators, we decided to present
conventional and organic farms separately.

The functional unit (FU) was 2.78 MJ metabolizable energy, which is equivalent to 1.0 kg of ECM
or 0.42 kg of meat or any combination of milk and meat amounting to 2.78 MJ (Koesling et al.
2017b). To ease the reading, we use the term FU in this work for the functional unit one kg energy-
corrected milk (ECM). Both milk and meat are measured as delivered at farm-gate.

Results

Due to differences in farm characteristics and environmental and economic indicators, the data for
the organic and conventional farming systems are presented separately, see Table 1.

For farm area and number of dairy cows per farm, there was on average little difference between the
two farming systems. Despite small differences for the average values, the variation within farming
system were higher than the difference of the average between the groups. For the dairy farm area,
the milk quota, the number of dairy cows and all cattle, the coefficient of variation was between
50% and 60%, for both conventional and organic farms. However, the conventional had higher
stocking density, higher milk production per cow, supplemented the cows with more concentrates,
had higher forage yield than the organic farmers and needed less area per litre of milk delivered.

On average 1.2 kg CO> equivalents (kg CO- eq./kg ECM; GWP 100 years) were calculated to
produce 1 kg milk delivered on organic farms, 1.4 on conventional. The organic farms also
produced milk with lower energy intensity (3.1 MJ/kg ECM) and nitrogen intensity (5.0 kg N/kg N)
than their conventional colleagues (4.1 MJ/kg ECM and 6.9 kg N/kg N respectively). The
contribution margin was on average higher on organic farms than on the conventional (6.6 vs. 5.9
NOK/kg ECM). Without organic farming payments, the profit did not differ among the faming
systems.

Shadow area includes area for purchased concentrates, roughages and live animals which is needed
for the production level of milk and meat on the farm. The shadow area needed on other farms to
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produce the purchased concentrates in relation to the area of the dairy farm was about 0.4 ha for
each ha total area needed for dairy production in both farming systems. This indicates the level of
dependency dairy farmers in Central Norway have on feed import.

Organic farms produced milk with a lower global warming potential and energy- and nitrogen-
intensity and had a higher contribution margin. The coefficient of variation varied for the
environmental and economic indicators between 11% and 26%.

Table 1. Farm characteristics, environmental and economic indicators

Conventional farms Organic farms
(n =185) (n=15)
Unit Mean CcvH Mean CV
Farm characteristics
Dairy farm area ha 46.2 58.0 46.5 55.6
Milk quota 1000 | 282 54.9 253 55.6
Dairy cows Lu? 36.5 51.3 35.4 53.9
Cattle LU 57.4 57.8 49.7 55.6
Stocking rate LU/ha 1.3 26.4 1.1 34.9
Milk production kg ECMP/cow 8400 10.0 7939 10.2
Milk production m?/kg ECMP (total area) 2.96 22.2 3.58 135
Net energy intake of concentrates MJ/cow 19150 14.2 15350 155
Net energy intake pasture, cows MJ/MJ total 0.07 75.1 0.11 44.7
Replacement-rate cows proportion 0.45 22.6 0.43 18.9
Treatment for mastitis proportion 0.21 65.3 0.16 60.4
Net energy yield grassland MJ/ha 34530 23.1 28850 17.9
Environmental and economic indicators
Global warming potential® kg CO2-eq./kg ECM 1.36 16.8 **1.22 15.1
Energy intensity® MJ/kg ECM 4.10 22.4 ***3.14 10.9
Nitrogen intensity kg N/kg N 6.91 18.5 ***5.04 17.2
Concentrate area of total area ha/ha 0.41 17.1 0.38 14.8
Total shadow area of total area ha/ha 0.45 18.4 0.46 26.2
Contribution margin NOK®kg ECM 5.89 13.9 ***6.60 147

2 U = Livestock unit; 1 LU equals the corresponding number of animals with an annual feed intake of 42000 MJ NEL
(net energy for lactation)

b ECM = Energy Corrected Milk

¢ Exchange rate August 2020: 11 NOK =~ 1 €

d Coefficient of variation, percent

¢ Both global warming potential and energy intensity are presented without infrastructure.

Mean numbers for indicators marked with asterisks show that the mean scores of conventional and organic farmers are
significantly different at **P < 0.01 and ***P < 0.001, based on analysis of variance using GLM procedure in SAS
(SAS Institute 2011) with farming system as fixed effect.

Discussion

We found high variation of environmental performance and nitrogen utilisation. Conventional farms
had a higher production of milk per farm area and total area, which is in line with the results of a
study by Ponti et al. (2012) in Northern Europe. On the other side, organic farms produced milk on
average with less environmental impact. The results are comparable to results found in literature
(Baldini et al. 2017), but somehow higher. This may be due to lower yields and the long winter
periods when dairy farmers need to base their feeding on preserved forages as grazing is not
possible. There was high variation in the environmental indicators and in economic performance
within both farming systems, as indicated by the coefficient of variation. This variation may be due
to difference in intensity of use of farm management factors. We will further analyse the data and
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test the relationship between environmental and economic performance to management factors.
This is to assess if there are factors associated with both improved profit and environmental
performance.

Conclusions

The results show that there is a variation in the environmental performance of dairy farms in
Norway. This information is lost, when only average values are presented or the data from
ecoinvent are used. Despite that conventional and organic farms had on average about the same
farm area and number of dairy cows, the environmental performance indicators differ between
conventional and organic dairy farms, with exception of the proportion of concentrate and shadow
area of total area. The FARMnor model allows to calculate the environmental performance for large
number of farms based on recorded data. Based on a farm specific LCA and economic results, it is
possible to describe the performance of individual farms and, based on the findings, to elaborate
strategies for more environmentally friendly and profitable production. An advantage for farmers is
that the model makes it possible to compare the current situation with alternative management on
individual farms. The high variation of indicators found underline that the use of farm specific data
and LCA-results are crucial to find farm specific improvements.

Calculating LCAs for a high number of farms can be used to describe the environmental
performance of dairy production on a regional level or for farms. In the next step, the results can be
used to identify means to produce milk with less GHG and to evaluate policy measures. The work
has demonstrated that the updated version of FARMnor allows to calculate farm-specific LCAs for
a large number of commercial dairy-farms based on their economic and advisory data, which is
comparable to the approach used in Ireland (Murphy et al. 2013). Most of the indicators for
environmental performance differed between organic and conventional farms, with organic farming
having lower global warming potential, lower energy and nitrogen intensity and a higher
contribution margin. Thus, using average values for dairy farming, as done in ecoinvent, is not
taking into account differences between conventional and organic dairy farming.
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Abstract

Although beef production systems are thought to contribute heavily to anthropogenic climate change,
most studies to derive such a conclusion are calculated under the GWP199 impact assessment method,
of which snapshot carbon footprint does not capture the long-term climate impact of short-lived
greenhouse gases in an informative manner. In order to evaluate analytical consequences of
accounting, and not accounting, for methane’s relatively brief atmospheric residency compared to
other greenhouse gases, a 100-year virtual experiment was conducted using high-resolution data from
the North Wyke Farm Platform grazing trail in the UK. A 9 x 10 full factorial design encompassed
various combinations of methane (Y,: 4.5-8.5) and nitrous oxide (EF3prp): 0.4-4.0) emission factors,
and global warming potentials were computed under three impact assessment methods. In addition to
time-integrated metrics reported in the forms of GWP100 and GTP1¢0, time-specific climate impacts
reported by GWP* were used to obtain an insight into how the relative importance of each gas
dynamically changes over time. Under GWP190, methane was found to be a driving factor in total
emissions across all 90 scenarios, whilst under GTP100, nitrous oxide was more dominant due to the
relatively low impact-weight bestowed upon methane. Under GWP*, methane played a critical role
in the overall carbon footprint for the first 20 years, but only a lesser role thereafter when it had largely
decomposed. As nations around the world strive to reduce atmospheric greenhouse gas levels as far
and as quickly as possible, R&D efforts should be targeted and prioritised. The results presented
herein suggest that, for ruminant systems, focussing solely on methane may not be a prudent strategy,
as nitrous oxide can play a far greater role in anthropogenic climate change depending on the scientific
assumption behind the derivation of global warming potential.

Keywords: beef; GWP*; IPCC; methane; nitrous oxide

Introduction

Livestock systems have high degrees of uncertainties associated with biological processes that
underpin production. In the presence of these uncertainties, point-estimates provided by life cycle
assessment (LCA) models may not be sufficiently robust to comparatively assess differing farming
strategies (McAuliffe et al., 2018). Furthermore, most LCA-based indicators currently used to
evaluate climate impacts are single emission metrics to aggregate multiple greenhouse gases (GHGs),
which can obscure temporal details of the climate response to emissions of different gases (Lynch,
2019). To address these issues, this paper explores the effect of emission factor uncertainty on carbon
dioxide-equivalent (CO;-eq) footprints reported under three impact assessment methods. The first is
100-year Global Warming Potential (GWP1¢0), the most common Intergovernmental Panel on Climate

81



12th International Conference on Life Cycle Assessment of Food 2020 (LCA Food 2020)
“Towards Sustainable Agri-Food Systems”
13-16 October 2020, Berlin, Germany — Virtual Format

Change (IPCC) calculation method which can be considered as the default approach, whilst the
second is 100-year Global Temperature Change Potential (GTP100). These two calculation methods
differ significantly in their treatment of methane relative to nitrous oxide, and recent United Nations
Environment Programme (UNEP) and Society of Environmental Toxicology and Chemistry (SETAC)
recommendations suggest using these two metrics together to report the shorter- (GWP100) and
longer- (GTPig0) term impacts of a given GHG footprint (Jolliet et al., 2018). Our third approach,
GWP#*, is a more recently developed dynamic metric, used here to illustrate the time-dependent
impacts of different ratios of methane and nitrous oxide emitted. While GWP* provides similar
insight to the dual metric approach using both GWP199 and GTP1o, it offers a mathematically simpler
way of handling the GHG dynamics and at the same time eliminates the need to predefine the
timeframe of interest (Lynch et al., 2020).

Material and methods

Inventory data were collated from the permanent pasture beef enterprise on the North Wyke Farm
Platform, a farm-scale grazing trial in Devon, UK, from 2016-2017. The system boundary included
both breeding and finishing herds. The functional unit was set as 1 kg liveweight departing the
farmgate. On-farm emissions were calculated using a modified IPCC Tier 2 approach (McAuliffe et
al., 2018). Emissions associated with background processes, such as field activities and the
production of small quantities of supplementary feeds, were sourced from the LCA databases
ecoinvent and Agri-footprint. A 9 x 10 factorial virtual experiment was designed to include various
combinations of methane (Yy: 4.5-8.5, in steps of 0.5) and nitrous oxide (EF3pprp): 0.4-4.0, in steps of
0.4) emission factors, of which values have previously been shown to be the most important drivers
of emissions uncertainty in beef production systems (Takahashi et al., 2019). Carbon footprints were
calculated for each scenario under GWP190 and GTPigo using the IPCC 5" Assessment Report
methodology. The two impact assessment methods adopt COz-eq conversion coefficients of 28
(GWP100) / 4 (GTP100) for methane and 265 (GWP100) / 234 (GTP100) for nitrous oxide, respectively.

To further explore temporal dynamics of different gases, GWP* was additionally calculated for a
single “pulse footprint”, or the lifecycle impacts of emissions from a single production cycle on global
warming potentials, following the method outlined in Cain et al. (2019). A pulse emission (rather than
continuous emissions) was assumed to make the results directly comparable to GWP199o and GTP10o,
which can only represent single production cycle. The GWP* analysis was carried out using a subset
of the factorial design described above, composed of the middle-value (baseline) combination (¥, =
6.5, EF3 = 0.02) and the four corner (extreme) combinations of Y, and EF3, over a 100-year period
following the emission. GWP* was reported in the unit of COz-warming-equivalent (COz-w.e.),
where cumulative COz-w.e. over time corresponds directly to a contribution to global temperature
change. The conventional GWP100 weighting was applied to longer-lived gases (CO> and nitrous
oxide in the present case) while the contribution of methane was adjusted for the time elapsed since
the emission according to a time-response function depicting its decomposition process.

Results

Emission factors and choice of impact method were both shown to affect reported climate impacts
considerably (Figure 1). Under GWP100, methane arising from enteric fermentation accounted for
39.9% of total emissions in the baseline scenario, whilst under GTP1¢o, it only accounted for 9.1%.
Under GWP 0, reductions in emission factors equally resulted in lower reported footprints; under
GTPi00, however, a smaller Y, value did not necessarily produce a notable reduction in the overall
footprint. EF3prp) had a comparable impact on the output metric under both methods.
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Figure 1. Heatmaps of both global warming potential (A) and global temperature change potential (B). Values reported as kg CO.-
eq/kg liveweight beef cattle at the farmgate.

The cumulative CO2-w.e. contribution from CO; and nitrous oxide and was constant (by definition)
once the initial emission was made, while methane emissions started with a large CO2-w.e. value and
then declined post-decomposition (Figure 2A). Combining the cumulative CO»-w.e. over time across
all three gases, initial carbon footprints (first 20 years) were large and more driven by the value of Yy
than EF3. In contrast, EF3 largely determined the reduction in cumulative CO»z-w.e. beyond this time
frame, with Y, only playing a minor role (Figure 2B).
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Figure 2. GWP* COx-warming-equivalent emissions of individual gases (A) and total footprints (B)

Discussion

The results above highlight the sensitivity of carbon footprints to the choice of metric to evaluate the
environmental performance of farming systems. Under GWP¢o, methane is by far the most dominant
gas within ruminant systems; however, the valuation of methane varies greatly between different
metrics, thus relying on a single system obscures vital information about other heat-trapping gases.
Although this issue has been highlighted before (Reisinger and Ledgard, 2013; Lynch, 2019), the
majority of climate impact studies on agri-food systems fail to acknowledge these caveats.

The different approach to carbon dioxide equivalence represented by GWP* can elucidate the

dynamic differences between short- and long-lived gases and simultaneously demonstrate why
different metrics can result in such different footprints. For example, Figure 2 offers an explanation
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as to why the GWP100 and GTP1¢o footprints shown in Figure 1 differ so greatly. As a time-integrated
metric, the GWP1o footprints reflect a strong weighting on methane following its large impact over
the first few decades following the pulse emission. For GTP1¢0, which is an end-point metric after
100 years, the effect of Y, (and hence methane) gains relatively little representation as there is little
warming remaining from the original emission at the timepoint of interest. From nitrous oxide, on the
other hand, there is still a significant amount of ongoing warming under GTP1¢o at the 100" year, and
thus the relative importance of EF3 is substantially amplified.

Further metrics could also be explored. For example, the IPCC 5™ Assessment Report provides values
for GWP2, and it has been suggested that this can be used for sensitivity analysis on “very short-term
climate change effects” (Jolliet et al., 2020). Dynamic impacts could also be revealed by other
quantitative methods, for example by exploring GTP at multiple time horizons or simply plotting the
warming from each emission across time. Nonetheless, GWP* provides a straightforward illustration
of the warming dynamics of each gas without requiring a predetermined temporal boundary or more
involved mathematical modelling. GWP* can also contribute to a deeper understanding of the roles
of different GHGs in overall global warming attributable to livestock production systems, which are
biologically complex and thus difficult to holistically represent in deterministic models commonly
implemented by LCA studies. An example of such applications includes the identification of the
optimal chronological order under which R&D investments for reduction in different gases should be
made (Pierrehumbert, 2014).

Conclusions

The reporting of methane’s climate impacts in the unit of CO2-eq was shown to be highly dependent
on the impact assessment framework, and its relative importance in carbon footprints of beef
production systems was shown to decrease substantially when using GTPigo rather than GWP .
Meanwhile, nitrous oxide was shown to play a key role under all metrics (GWP100, GTP100 and
GWP*), suggesting that an excessive policy focus on methane to the detriment of nitrous oxide may
result in a suboptimal intervention strategy to mitigate climate impacts associated with ruminant
production. Readily implementable climate indicators based on single weightings between different
GHGs cannot represent the dynamic impacts across multiple time scales and therefore cannot always
provide long-term policy implications. Alternative, temporal calculation methods such as GWP* can
be employed for these specific purposes.
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Abstract

Purpose Dairy products are of high importance for the food sector and LCA of cow milk is among
the most common product LCAs. Different approaches have been used to deal with multifunctionality
in dairy systems, like economic allocation, bio-physical allocation or system expansion, which makes
the results hard to compare. This contribution critically evaluates the default allocation method
between milk and meat proposed by the International Dairy Federation.

Methods The International Dairy Federation (IDF) proposed to use a physical allocation method to
allocate environmental impacts between milk and meat in the dairy production. A linear
approximation is used based on the ratio between the live weight of sold animals and the fat and
protein corrected milk (FPCM). Only animals destined to the beef market are included, while heifers
sold to another dairy are excluded. This linear relationship is a simplified approximation derived from
a more complex model.

Results and discussion Two aspects can lead to biased or incomplete results depending on the system
investigated: 1) the linear approximation and 2) the exclusion of heifers sold to another dairy. Since
allocation is non-linear by definition, a linear relationship can approximate an allocation factor only
in a very limited range. If the beef to milk ratio (BMR) is <3%, the linear approximation provides
reasonable estimates. However, in more extensive dairy systems and by using multi-purpose cattle
breeds, BMR values can be much higher. In addition all animals leaving the product system have to
be considered.

We propose to calculate allocation factors based on the marginal net energy investments for 1 kg
FCPM and 1 kg of average life weight gain, yielding values of 3.1 MJ/kg FPCM and 15-18 MJ/kg
live weight.

Conclusions The allocation method between milk and meat in the dairy production proposed by IDF
can be recommended, if BMR<3% and the whole dairy sector is investigated. For BMR>3%,
alternative methods should be used to avoid underestimation of the environmental impacts of milk.
If dairy production of a farm is analysed, also the heifers sold to other farms should be included in
the outputs.

Keywords: Allocation, dairy production, milk, meat

Introduction

Dairy products are of high importance for the food sector and LCA of cow milk is among the most
common product LCAs. Multifunctionality is an important issue in this context, since milk is
inherently linked to co-products such as beef, leather, horn, or manure. Different approaches have
been used to deal with multifunctionality in dairy systems, like economic allocation, bio-physical
allocation or system expansion, which makes the results hard to compare. In order to standardize
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allocation in dairy LCA, the International Dairy Federation (IDF) has proposed a standard allocation
method (IDF, 2015), which is now widely used in the LCA community. In this contribution, this
method is critically evaluated, since in some cases the results can be strongly biased or incomplete.

IDF's recommended allocation
IDF (2015) has proposed to use a physical allocation method to allocate environmental impacts
between milk and meat in the dairy production:
AFmilk =1- 604 BMR (1)
where
AF i = allocation factor for milk [%]
BMR = Myea/Muiik 1s the ratio between the live weight of sold animals (Meas, including bull
calves and culled mature animals) and the fat and protein corrected milk (FPCM) (Mi).
M year includes only animals destined to the beef market and excludes heifers sold for another
dairy.
This linear relationship was derived from the study of Thoma et al. (2013) on 531 US dairy farms as
a proxy for a more complex relationship. It is also used in the product category rules of the EU for
dairy products (EU, 2018), so it is a common methodology used in numerous LCA studies.

Discussion of the recommendation

According to ISO 14040/44 a physical allocation method is preferable to the economic allocation,
which is also widely used. The main advantage of using a physical allocation method are its constancy
in time and in different contexts because prices are volatile and differ between countries, regions and
contexts. Therefore, we support the choice of this physical allocation approach.

However, we see two problems with using Eq. (1) for allocation between milk and meat: 1) The linear
approximation, and 2) the exclusion of heifers sold to another dairy.

Linear approximation: By principle, a linear relationship can approximate an allocation factor only
in a very limited range of values. An allocation factor is calculated from a ratio, and therefore the
function is not linear but hyperbolic. Using Eq. (1) with a BMR of 0.165 gives an allocation to milk
of 0, higher values result even in negative allocation factors, which obviously makes no sense.
Excluding heifers: Heifers sold to another dairy should be excluded, according to IDF (2015). This
was a reasonable choice in the original study, covering the whole US dairy sector (Thoma et al., 2013).
However, if the system boundary is a single farm, these heifers should be considered, as they are an
output of the system investigated. We argue that these animals should be considered in the same way
as animal destined to the beef market, possibly with different factors for NEjeier. Ignoring these
animals is not consistent with the ISO standards, as these animals are outputs with a value. In general,
all animals leaving the system that are further used as dairy cows, for fattening or directly slaughtered,
should be included as outputs. If heifers are purchased from another dairy to replace dairy cows, they
are counted as inputs and their respective environmental impacts need to be considered.

The situation is different for animals that die or have to be killed but cannot be used neither for dairy
production nor for beef production. In this case, these animals must be considered as losses with no
positive economic value. Furthermore, replacement calves used on the same farm stay within the
system and therefore are not considered as outputs.

Alternative allocation method

Here we propose an alternative allocation method, based on physical principles, but remedying the
weaknesses of Eq. (1). It is based on the net energy needed to produce milk and to build up the body
mass. In Thoma et al. (2013) the dry matter intake of farm-specific rations needed to provide the net
energy for milk or growth was used as the basis for allocation; however, net energy requirement alone
can effectively, and more simply reflect the biophysical relationships and are also the basis for the
calculation of enteric methane emissions. Allocation based on net energy is calculated as:
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NEmiik* Mmiik
AFpi = - - (2)
NEmiik* Mmiik+ NEmeat* Mmeat

where
NE i = net energy needed to produce 1 kg of FPCM and
NEneat = net energy needed to produce 1 kg body weight (live weight) and
Mt and Moeq: = the production of milk and meat (inclusive of animals sold as replacement
to other dairies) at the enterprise (kg).
We use the equations 10.3 (for pregnancy), 10.6 (for growth) and 10.8 (for lactation) from IPCC
(2019) and the following rules:

e Only the net energy to produce milk and body mass (net energy for growth) is considered. Net
energy for maintenance and for activity is ignored, which implicitly means that it is allocated
according to the same ratio as the milk and meat production.

e Net energy for pregnancy is needed for the growth of the calf. This energy is accounted for as
building of the body mass before birth.

e Different coefficients are applied for the growth of dairy heifers and of female and male
fattening animals.

Net energy for milk production depends on the fat content, with a standard fat content of 4% we get
NEnin. = 3.1 MJ/kg FPCM. Net energy for growth depends a.o. on the age and gender of the animal,
the body weight, and daily weight gain. To calculate it, scenarios for the dairy herd are defined with
following assumptions: 3 lactations per cow, duration of pregnancy of 285 days, weight of calf at
birth 40kg, mature dairy cow 650 kg, sales weight for fattening cattle at slaughtering 600 kg. The four
calves born (assuming 50% females and 50% males) would have the following destination: one calf
is used to replace the dairy cow, 5% is considered as loss, the rest can be either sold after birth, or
fattened on the farm. For the animals sold we define three scenarios (Table 1). Taking the average of
all three scenarios results in 16.0 MJ/kg BW. This value could be used as default, if the exact
composition of the herd is not known. NE i and NEe.: are independent of the level of milk yield.

Tablel: Use of calves and NE for growth in 3 scenarios. BW = body weight (live weight)

Scenario Unit|A) Calves sold after birth |B) Calves fattened C) Female calves sold as
heifers, male calves
fattened

Replacement # 1 1 1

Loss (5%) # 0.15 0.15 0.15

Sold after birth # 1.85 0 0

Female heifers # 0 0 0.425

Females fattened # 0 0.425 0

Males fattened # 0 1.425 1.425

Total # 3 3 3

Total output kg BW 724 1760 1675

NEpear MlJ/kg BW 18.1 14.9 15.0

NEcar (average) MJ/kg BW 16.0

Comparing to the original source of Thoma et al. (2013) reveals that most values were in the range
BMR<3% and all values were <7%. Up to BMR of 3% the approximation gives reasonable estimates.
We used this formula in a Swiss case study, where the BMR were between 4 and 12% (Zumwald et
al., 2018). This study investigated dairy farms, but the whole bovine sector was included (cows, calves,
heifers and beef cattle). It became clear that the Eq. (1) is not applicable and would lead to a significant
underestimation of the environmental impacts of milk (Figure 1).

If we use the above scenarios and three levels of milk yield (3000, 7000, 10000 kg/cow/year, roughly
representing the global average, EU average, and US average), we find that BMR values >3% are
likely to occur (Table 2), depending on the production system and the exact boundaries defined (farm,
sector, dairy cattle or all bovines). This is particularly the case, if the calves are grown up at the farm.
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Figure 2: Comparison of the allocation factors for milk (AFmix) with the formula from IDF (2015)
and the alternative formula (Alt) for 12 Swiss dairy farms.

Table 2: BMR values for three scenarios (see Table 1) and three levels of milk yield.

Milk yield [kg FPCM/cow/year)

Scenario 3000 7000 10000
A) Calves are sold after birth 8.0% 3.4% 2.4%
B) Calves fattened 19.6% 8.4% 5.9%
C) Female calves sold as heifers, male calves fattened 18.6% 8.0% 5.6%

Using the described procedure, the allocation factors can be easily adjusted to the actual situation.
The method considers only net energy, so it is well suited for energy-limited conditions. Including
protein needs in addition to net energy could be a next development step to make the allocation more
robust also in protein-limited conditions.

Conclusions

The allocation method between milk and meat in the dairy production proposed by IDF (2015) should
be used with caution or in a adapted version: It is recommended to use Eq. (2) instead of Eq. (1), i.e.
to calculate a ratio of the net energy needed to produce the milk and to build up the body mass instead
of the linear approximation, as soon as BMR>3%. For the net energy needed, the following default
values can be used: NEnix = 3.1 MJ/kg FPCM and NEea: = 16.0 MJ/kg BW. It is recommended to
include also heifers leaving the system boundary in Meqs, rather than ignoring them.
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Abstract

Purpose

Beef production provides high quality protein for human consumption but is also associated with
various environmental impacts. This study assesses the environmental, social and economic
performances of a typical system for beef production in Germany, from cradle to farm gate.
Methods

Life Cycle Sustainability Assessment is applied by using the single farm optimization model
FarmDyn, combined with extensive sensitivity analysis based on Latin Hypercube sampling and a
statistical meta-model.

Results and discussion

Results expressed per kg of meat (as carcass weight) suggest that fodder production, the provision of
inputs and enteric fermentation are major sources of GHG emissions. As for the financial performance,
the provision of maize silage and bull calves represent the largest share of the variable costs. The
system assessed consumes more protein than it delivers at the farm gate. The highest contribution to
the on farm workload are the work spend on fields for fodder production and the daily routine with
the animals (feeding and observation). The sensitivity analysis reveals that the most influential
parameters in the environmental performance are the age at slaughter and the yield of the maize used
as fodder crop.

Conclusions

A potential trade-off between feed to food conversion and global warming potential is identified. The
same method will be applied to compare multiple beef production systems in the German context.

Keywords: beef; LCA,; sensitivity analysis; optimization model; farm model

Introduction

Beef production is associated with various environmental impacts, such as those associated with
greenhouse gas (GHG) emissions. The environmental performance of beef production systems is
often analyzed through Life Cycle Assessment (LCA) (De Vries et al. 2015). However, a holistic
assessment considering the environmental, economic and social dimensions of sustainability is still
missing. In this study, the single farm optimization model FarmDyn (Kuhn et al. 2020) is applied to
carry out a Life Cycle Sustainability Assessment (LCSA) of a typical beef production system in
Germany, considering uncertainty in model parameters through a large-scale sensitivity analysis. The
results can inform decision-makers about options towards more efficient and sustainable beef
production systems in Germany.

Material and methods

The LCSA is carried out for beef production over a one-year period in two German farms, namely a
dairy farm (F1) selling bull calves to be fattened on a second farm (F2) as young bulls. The Functional
Unit (FU) is defined as one kg beef meat from young bulls (as carcass weight) delivered at the farm
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gate. The system encompasses the following processes: crop cultivation, manure management,
feeding, and animal transport between farms. The system boundaries include cultivation of silage
maize, grasslands and cereals for animal feed, as well as the production and transport of the fertilizers
and pesticides used in each farm.

The two farms are defined based on data from the International Farm Comparison Network (Hemme
2000) and the Agri benchmark Network (Deblitz 2010). It is assumed that F1 has a herd of 110 dairy
cows and 99 ha of land. It sells bull calves to be fattened in F2, which manages 70 ha of land and
sells 283 finished bulls at the age of 18 months. F1 is located in Southern Germany, while F2 is
located in the Northwestern part of the country. The LCSA includes the transport by lorry (34 t
capacity) of the bull calves from the dairy farm F1 to the fattening farm F2 over an average distance
of 600 km. Economic allocation is applied to distribute emissions and associated impacts among the
co-products milk, calves and culled cow in F1. Cash-crops fulfill another function in the market and
are therefore excluded from the system boundaries.

Life Cycle Inventory data is obtained from the economically optimized production program of F1
and F2 of FarmDyn, including bio-physical processes and economic flows at the farm level.
Parameters for FarmDyn are defined based on data from the Kuratorium fir Technik und Bauwesen
in Kuratorium fir Technik und Bauwesen in der Landwirtschaft e.V. (KTBL), capturing a typical
farm management (Achilles et al. 2016). The farm optimization is restricted by farm endowments
(land, labor, stable places). Environmental impacts are thus calculated for the optimized farm
management plan, which refers to the following sub-stages: manure management, enteric
fermentation, and fodder production. Emissions are estimated according to IPCC (2006), EMEP
(2016) and Agroscope (Bystricky and Nemecek 2015). Up-stream emissions from the provision of
major farm inputs are taken from average production processes in Ecoinvent version 3.6 (Wernet et
al. 2016). These include seeds, fertilizers, plant protection products, imported feedstuff, bedding
material and the production and use of agricultural machinery.

The ReCiPe method is applied for the Life Cycle Impact Assessment (LCIA) at the midpoint level
over a 100-year period (Huijbregts et al. 2016). Specifically, the following impact categories are
quantified, which are considered relevant for the assessment of beef production (De Vries et al. 2015):
global warming potential (GWP), terrestrial acidification potential (TAP), freshwater eutrophication
potential (FEP) and marine water eutrophication potential (MEP). As for social indicators, the on-
farm workload by work type and the protein conversion ratio (PCR) from feed to food is considered
as the competition between feed production and food production is of recent societal concern. The
PCR is calculated based on Laisse et al. (2016), Ertl et al. (2016) and Wilkinson (2011) and the
workload based on Achilles et al. (2016). FarmDyn provides the contribution margin (CM) per FU
to be used as an economic indicator. The price of roughage production is obtained by using model
specific marginal values to include opportunity costs of land.

The sensitivity analysis is carried out by creating statistical meta-models from model outcomes
subject to changes in farm management parameters, by means of 1000 draws using Latin Hyper Cube
sampling. Each draw yields a different model run with its optimized production program and
associated emissions. The normalized result matrix is then used to create (linear) meta-models via
ordinary least squares. The following parameters are considered for the sensitivity analysis: forage
yields, concentrate prices, initial weight of the animals at the fattening farm, slaughter age of the
animals, final weight of the animals and beef price at the farm gate.

Results and Discussion

Results from the LCIA with mean values of the model parameters are summarized in Table 1. The
total GWP is estimated at 9.175 kg CO2eq per FU. Both the enteric fermentation and the provision of
farm inputs, especially imported feedstuff and fertilizer, make the greatest contribution to the results,
accounting for 46% and 35% of the impact, respectively. Manure management and fodder production
account for the largest share of TAP, due to on-site NH3z emissions. Fodder production and input
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provision make the greatest contribution to MEP due to emissions from fertilizer production and
application.

Table 1: Life Cycle Impact Assessment results per kg of beef meat in carcass-weight delivered by
the dairy-beef production system assessed.

Enteric Manure Fodder Input Animal  Total

fermentation management  production provision transport
GWP!askg COzq 4.219 0.804 0.926 3.226 5.88E-06 9.175
TAP? as kg SOzeq 0.055 0.068 0.012 2.29E-08 0.135
FEP® as kg Peq 0.001 3.65E-04 4.32E-10 0.001
MEP* as kg Neg 0.003 0.011 0.013 1.04E-08 0.027

1Global Warming Potential, 2Terrestrial Acidification Potential, ®Freshwater Eutrophication Potential, “Marinewater Eutrophication
Potential; Source: Own calculation

The GWP values obtained from this study are lower than those reported by Nguyen et al. (2010),
which range from 16.0 to 19.9 kg CO.¢q per kg of beef meat produced by a dairy-bull fattening system.
These differences mainly arise from the less productive bull breeds considered by Nguyen et al.
(2010), besides the fact that they included CO2 emissions from soil organic carbon losses. The results
for TAP are in the range of those obtained by Nguyen et al. (2010).

The CM per kg of beef is estimated at 0.019€ per FU and variable costs add up to 3.675€ per FU. The
provision of maize silage and the bull calves represent the largest share of the variable costs, i.e. 41%
and 34%, respectively. The PCR of the whole system is estimated at 27.8%, which is in the lower
range of the values obtained by Mottet et al. (2017). This highlights the low protein conversion
efficiency of the system assessed due to the high share of silage maize and concentrates used as
feedstuff. The total workload per FU is 2.4 minutes consisting of management (10%), stable
maintenance (5%), fodder production (field work, harvest, and fertilization, 18%) and animal work
(feeding and observation, 67%).
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Figurel: Coefficient plot of the standardized linear ordinary least squares meta-models for global
warming potential and protein conversion efficiency with the coefficient estimates in the boxes and

error bars indicating the 90%, 95% and 99% confidence intervals.
Source: Own calculation

The linear meta-models estimated for the sensitivity analysis fit the differences in indicators outcomes
quite well (R GWP 72%, PCR 70%). Fig 1 shows the coefficient estimates (standardized beta-
coefficients), p-values and confidence intervals of the two regression models with GWP and PCR as
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dependent variables, respectively. The coefficient estimates are shown in the boxes and the three error
bars indicate the 90%, 95% and 99% confidence intervals. The age at slaughter, maize yield and final
weight are highly significant and influential for the performance of the system. Increases in both ages
at slaughter and maize yields reduces both GWP and PCR indicators. With a higher slaughter age the
fattening intensity and therefore the demand for concentrates is reduced. The savings in concentrates
outweighs the otherwise observed trend of lower GWP with higher intensity. An increase in the final
weight increases both indicators indicating the same trend. The comparison of the models reveals
potential tradeoffs between the conversion from feed to food and GWP, i.e. a reduction the GWP per
FU can lead to a lower protein conversion efficiency, which should be considered by decision-makers
for the adequate management of the system.

Conclusion

The LCSA performed shows that enteric fermentation, the provision of farm inputs and fodder
production are the most emission intensive processes for the typical system for beef production in
Germany. The provision of maize silage and bull calves represents the largest share of the variable
costs. The system assessed consumes more protein than it delivers at the farm gate. The work spend
on fields for fodder production and the daily routine with the animals are the most work demanding
processes in beef production on the farm. The sensitivity analysis shows that the age at slaughter,
maize yield and final weight of the animals are important drivers for differences in sustainability
indicators. A potential trade-off is observed between the conversion from feed protein to food protein
and GWP, showing the need to include other indicators in LCAs for more holistic analyses. The
present study is a work-in-progress; the same approach will be applied in the near future to analyze
further production systems in the German context by using a broader range of indicators.
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Abstract

Purpose: One of the significant challenges pertaining to the collation of life cycle inventories for
pasture-based beef production systems is a large degree of uncertainty associated with emission
factors (EF), or parameters linking nutrient inputs into the farming system to greenhouse gas
emissions arising from the system. Despite the strong evidence signalling spatial heterogeneity in
these values due to variabilities in climate, soil and other geographical factors, the majority of LCA
studies adopt EF derived outside the actual system boundary, most commonly in the form of
parameters recommended by Intergovernmental Panel on Climate Change guidelines.

Methods: As these “generic” EF are designed to be applicable to a wide spectrum of production
environments, their use does not guarantee locally accurate estimates of system-wide mid-point
impacts. To investigate the quantitative importance of accounting for geographical uncertainties
associated with EF with regards to the resultant policy implications, cradle-to-farmgate carbon
footprints (CF) of pasture-based beef production systems in South West England were estimated using
both global and site-specific EF. The latter values were derived from a pair of purposely designed
field experiments to measure enteric methane emissions from cattle and nitrous oxide emissions from
soils, respectively.

Results: The results showed that use of global point estimates for EF can cause ~10% errors on the
final CF in the absence of animal heterogeneity. This margin, however, was smaller than the CF range
across individual animals in the herd as well as the estimated impacts of moderate changes to on-farm
management.

Conclusion: This finding suggests that the costly site-by-site measurements of EF are not always
necessary, especially under situations where the competing resources could be better spent on other
research and development activities. On the practical level, increasing the stocking rate and the parity
number of breeding cows were both shown to hold a large potential to reduce CF, especially when
complemented by strategic animal selection.

Keywords: Beef cattle; greenhouse gas inventory, methane; nitrous oxide; primary data; uncertainty.

Introduction

Carbon footprints (CF) are one of the standard metrics to evaluate system-wide contributions of a
food commodity to global warming. However, as most CF studies of agricultural systems rely on
existing “book value” emission factors (EF) to quantify greenhouse gas emissions that occur on the
farm, localised effects such as climatic or soil conditions of the production environment are rarely
accounted for in the analysis (McAuliffe et al., 2020). To investigate the quantitative importance of
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these “location uncertainties” with regards to the resultant policy implications, cradle-to-farmgate CF
of pasture-based beef production systems were calculated using both global and site-specific EF. The
latter set of EF was derived from a pair of purposely designed field experiments, to measure enteric
methane (CH4) emissions from cattle and nitrous oxide (N2O) emissions from soils, respectively.

Material and methods

The study was carried out at the permanent pasture beef enterprise of the North Wyke Farm Platform
in Devon, UK (Takahashi et al., 2018). Thirty (30) Charolais x Hereford-Friesian calves born in
spring 2015 were reared alongside their mothers until weaning in autumn 2015 and then transferred
to an adjacent finishing herd for slaughter in autumn 2016. Both breeding and finishing phases of the
enterprise were included within the system boundary. The functional unit was set as 1 kg liveweight
(LW) departing the farmgate.

For the baseline model, on-farm emissions were calculated using a modified Intergovernmental Panel
on Climate Change (IPCC) Tier 2 approach (McAuliffe et al., 2018) under site-specific EF for IPCC
Y (CH4 from feed consumed), EF1 (N2O from synthetic fertilisers) and EF3prp) (N20 from urine and
dung). These three parameters have previously been shown to be the most important drivers of
emissions uncertainty in pasture-based beef production systems (Takahashi et al., 2019). The local
value for Y, (0.078) was measured using the C-Lock GreenFeed Emission Monitoring system over a
137-day period. The values for EF (0.013) and EF3prp) (0.002) were quantified using gas samples
collected from static chambers over a 169-day period (McAuliffe et al., 2020).

Based on our earlier finding that ignoring inter-animal differences in growth efficiency leads to a
biased estimate of farm-scale environmental impacts (McAuliffe et al., 2018), CF was initially
calculated for each individual animal using the 100-year Global Warming Potential (GWP109) impact
assessment method and subsequently pooled together to create a whole-farm inventory. Following
baseline estimation, a sensitivity analysis was conducted to investigate the impact of replacing site-
specific EF with IPCC global point estimates for Y, (0.065), EF (0.01) and EF3prp) (0.02) as well
as the lower and upper limits of their 95% confidence intervals. Furthermore, to relativise this impact
in a wider context, scenario-based CF were estimated under four alternative farm management
strategies, namely with lower/higher stocking rates (1.0/2.5 LU ha™') than the actual operation (1.3
LU ha') as well as lower/higher parity numbers (+ 2 calves) for breeding cows. In order to detect
potential nonlinearity of parameter effects, all sensitivity and scenario analyses were carried out
individually for the best (least polluting), median and worst (most polluting) animals.

Results

Mean cradle-to-farmgate CF (across 30 animals) was estimated to be 25.1 kg CO2-eq/kg LW. Inter-
animal differences in environmental performance were largely explained by growth performance,
with average daily gains post-weaning showing strong and negative correlations with global warming
potential (»=-0.81, p <0.001). Use of global point estimates for EF, and in particular that pertaining
to enteric CH4, was shown to cause up to 10% errors to resultant CF in the absence of animal
heterogeneity (Figure 1, items 2-3). This margin, however, was smaller than the CF range across the
entire herd (19%: Figure 1, item 1) as well as the estimated impacts of on-farm management changes
(up to 108%: Figure 1, items 4-5). Increasing the stocking rate and the parity number were both
shown to hold a large potential to reduce CF, especially when complemented by strategic animal
selection. Finally, the CF range for individual EF, or the difference in CF values derived under EF at
the lower and upper limits of IPCC 95% confidence intervals, was considerably narrower for Y,
(Figure 1, items 2b and 2c) than EF/EF3 (Figure 1, items 3b and 3c) irrespective of animals. This
suggests that, although enteric CH4 contributes more to the overall CF of the production systems, the
information value of site-specific EF is higher for soil-originated N>O, as it will likely play a larger
role in reduction of CF uncertainty.
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Figure 1. Relative impacts of adopting alternative emission factors and farm management strategies on
animal-level carbon footprint. All values are percentage changes from the baseline result for the median
animal (24.9 kg CO:-eq/kg LW), which was computed under site-specific emission factors.

Discussion

The above results indicate that using generic EF at carbon footprinting of temperate grassland systems
does not necessarily affect the study’s accuracy adversely, thus site-by-site measurements of EF are
not always necessary. This finding has important implications on national and global research and
development strategies, as a considerable amount of investment is required to measure on-farm
greenhouse gas emissions on a large number of locations under scientifically robust designs (Lopez-
Aizpun et al., 2020). Notwithstanding, further research is required to evaluate the universality of the
finding, for example with regards to the study site’s climate, soil and pasture/animal breeds, as well
as their interactions with uncertainty concerning site-specific EF and resultant CF. On the practical
level, no trade-off between economic profitability and environmental burdens was observed under
the current analysis, with efficient resource use contributing to both causes at the same time.
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Abstract

Purpose The meat production sector is a major contributor to greenhouse gas emissions. Pasture-
based production is sometimes credited as environmentally friendlier but is less studied than more
intensive production systems. These systems also provide ecosystem services in regions such as the
Mediterranean through their influence on nutrient cycles. Here, we characterize and calculate the
carbon footprint (CF) using data from 40 beef production farms in Portugal.

Methods We used a life cycle assessment approach considering all supply-chain emissions (direct
and indirect) in a cradle-to-farm gate approach. The data collected from the farmers included
agricultural operations, fertilizers, energy, number of animals per age group in the farm, average
weight per age group, housing time per day, concentrate feed consumption and products sold (meat
and others). Foreground emissions were calculated using the beef-specific BalSim model.
Background emissions were calculated using ecoinvent (e.g. concentrated feed production).

Results and discussion On average, despite the extensive nature of the system, feed external to the
farm is responsible for a significant fraction of the emissions. Further, a significant number of
agricultural co-products is used in the farm for animal feeding. Results show significant heterogeneity
between farms. Emissions from enteric fermentation, concentrate feed production and (organic and
mineral) fertilizer application are the three main sources of impact. Emissions from manure
management, however, are significantly reduced (compared to more intensive systems) because
animals spend most of the time on the pasture (more than 80% of the year).

Conclusions Here, we present the first comprehensive study of beef production assessment at farm
level in Portugal relying on farmers data. The most important limitation in this study was data
unavailability (e.g. pasture intake) that prevented us from considering the role of type of feed on
direct GHG emissions from enteric fermentation and nitrogen emissions from excretion.

Keywords: Meat production; Industrial Ecology; Climate change; Life cycle impact assessment

Introduction

Adapting to and mitigating global climate change are unique challenges for the near future (IPCC,
2014a). A significant proportion of greenhouse gas (GHG) emissions is originated by agriculture.
Livestock production is one of the main contributors for this subtotal (Theurl et al., 2020). This
contribution is estimated to be around 14.5% of the total annual anthropogenic GHG emissions
globally (Opio et al., 2013), which means that the sector is determinant for curbing GHG levels
worldwide. Livestock production concerns not only meat but also other animal products such as milk
and eggs. It covers a vast variety of production methods with several scales of intensity. This high
diversity requires an adequate characterization of the case study under analysis, since very different
outcomes for the very same final product can frequently occur.
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In the last few decades, a significant number of animal production innovations have been proposed
to reduce environmental impacts and increase profitability. Some notable examples of production
systems with the potential for improving the environmental performance of cattle production are
organic and pasture-based systems (de Vries et al., 2015; Morais et al., 2018a). Pasture-based beef
production uses grass for animal feed and requires less concentrate, thereby increasing feed self-
sufficiency and reducing transportation (Hernandez-Esteban et al., 2018; Morais et al., 2016; Morais
etal., 2018c).

This work is focused in Portugal, specifically in the Alentejo region, were large areas are devoted to
beef cattle production through extensive grazing. Out of approximately 20 million ha of utilized
agricultural area in Alentejo, 67% are permanent pastures. The Mediterranean climate, soils and
topographic characteristics of the region favor extensive beef cattle production (Morais et al., 2018c;
Teixeira et al., 2018), which is one of the main agricultural productions in the region. There are
approximately 1 million bovines in mainland Portugal, 57% of which are in Alentejo (INE, 2020).
The typical production system consists in raising the calves on the farm or in specialized fattening
farms, based on grazing plus roughage or concentrate feed, until they reach the required weight for
slaughter. We present here the carbon footprint for a set of 40 farms, by quantity of final product.

Material and methods

Farm-level data was collected from 43 farms of Alentejo, Portugal, under the scope of the project
Animal Future. The main activities in the farms were cattle production (30), sheep (5) or mixed
production of sheep and cattle (8) and have an average area of 583 ha (23-3500 ha). 35% of the farms
have a fraction of the area within NATURA 2000 and 32% are organic farms. Farmers had an average
of 17 years of experience and 61% of them have other activities on farm unrelated with agriculture
(tourism, forestry, etc.). Collected data includes information regarding, areas, crops, fertilizers
application, resource utilization (fuels, water and electricity), feed consumption, number of animals
per age group and quantity of live weight (LW) obtained. We divide the products produced in the
farms between “cattle for fattening”, corresponding to calves sold for fattening outside the farm;
“cattle for meat”, meaning steers fully raised and fattened at the farm and sold for slaughter; and
“lamb for meat”, corresponding to lambs fully raised and fattened at the farm and sold for slaughter.
The ‘BalSim’ model (Teixeira et al., 2019) was used to obtain the profile of emissions at farm level.
BalSim is a carbon (C) and nitrogen (N) mass balance approach based on the Organisation for
Economic Co-operation and Development model, but tailor-made for semi-natural (SNP) and sown
biodiverse pastures (SBP) in Portugal. The integrated model includes two interconnected mass
balance models for C and N, each divided between three balanced sub-systems (pasture plants, animal
and soil), which also enable the determination of the GHG balances. Each sub-system includes several
pools with specific C and N inflows and outflows. The background emissions of all the materials used
in each farm were obtained from ecoinvent 3.3 (Weidema et al., 2013). The used materials and energy
included were: fertilizers, agricultural operations, concentrated feed, fossil fuels (gasoline and diesel),
natural gas and electricity. A “cradle-to-gate” system boundary was used to include the multiple
outputs and inputs of the farm.

The impact category selected in this study was global warming potential (GWP) for a time horizon
of 100 years. The CF is expressed in kg of carbon dioxide equivalent (COze). The characterization
model used was the IPCC Fifth Assessment Report (IPCC, 2014b).

Results and discussion

Preliminary results show that the average carbon footprint per product type in the farms were 53.4,
25.7 and 34 kg CO2eq/kg LW for cattle for fattening, cattle for meat, and lamb for meat respectively
(Table 1). The CF for cattle for fattening has the highest variability, with a minimum of 27.4 kg
CO2¢q/kg LW and a maximum of over 190 kg COzeq/kg LW. Cattle for meat has the smallest average
emissions and the lowest standard deviation. Lamb for meat presents an intermediate average value
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of 34 kg COzeq/kg LW with a median of 28.1 kg COz2eq/kg LW. Biogenic carbon was excluded from
the analysis. Results depict only non-CO2 emissions.

Table 1. Main results (kg CO2eq/kg LW) for the different analyzed systems.

Parameter Cattle for fattening Cattle for meat Lamb for meat
Average 53.4 25.7 34.0
Median 43.4 22.0 28.1
Minimum 27.4 9.2 21.3
Maximum 190.9 72.8 81.5
Standard deviation 30.4 13.6 16.4

Methane emissions from enteric fermentation correspond to 37.4% of the emissions, the highest
fraction, while manure management accounts for 26.2% of the total emissions. Other N2O emissions
are 15.6% of the total emissions, and most of them are emissions from soils. Emissions from energy
consumption are negligible (0.5% of the total).

The main assumption and limitation in this work was the use of national-level Tier 2 emission factors
for these key sources of GHG emissions. We used the IPCC Tier 2 method as applied in the Portuguese
GHG National Inventory Report (APA, 2018) to calculate both enteric CH4 emissions, nitrogen
excretion and emissions from excreta and manure management. Due to the importance of these
emissions, Tier 3 models specific for these farms and breed of cows should be used. Another relevant
limitation in this work is an absence of data for pasture intake. The composition of the feed is essential
to understand and calculate more accurately the amount of nitrogen excreted and also emissions.
Those data should be a priority focus for future research on this system.

Introduce new impact indicators should also be included in the future, namely impact indicators
related with land use are especially relevant in agri-food products (Morais et al., 2016; Morais et al.,
2018d; Teixeira et al., 2018b).

Conclusions

There is a high heterogeneity in the performance of the farms analyzed in the Alentejo region. The
most significant contribution for GHG emissions is enteric fermentation, manure management and
concentrated feed, despite the high feed self-sufficiency due to the pasture basis of the systems.
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Abstract

Purpose — This paper provides a sustainability assessment of procuring salmon by restaurants,
focussing on fish products with different convenience grades. The convenience grade of the fish
bought (whole salmon, fillets or portions) determines where along the chain filleting and/or
portioning takes place and thus where food waste from cut-offs is generated. As such, in order to
reduce food waste, the interventions of purchasing filleted or portioned salmon rather than whole
salmon are investigated.

Methods - For both food waste reduction measures, effectiveness is calculated by looking at
food waste reductions achieved along the chain by better use of filleting and portioning cut-offs.
Next, sustainability across the environmental, economic and social dimension is evaluated by
calculating (a) avoided embodied environmental impacts and economic costs, (b) avoided food
waste disposal environmental impacts and economic costs and (c) environmental, economic and
social impacts and costs associated with implementing the measures.

Results and discussion - Purchasing fillets or portions instead of whole salmon leads to annual
salmon food waste reductions of -89 % and -94 % respectively. The interventions further lead to net
climate change impact savings along the salmon chain of -16 % (fillets) and -18 % (portions).
Whereas the kitchen saves costs when switching to fillets (-13 %), a switch to portions generates
additional net costs (+5 %). On a social level, no effects could be determined based on the
information available. However, good filleting skills would no longer be needed in the kitchen and a
time consuming preparation can be sourced out.

Conclusions — Switching to buying salmon products of a higher convenience grade lowers food
waste volumes along the chain and reduces climate changes impacts as cut-offs are used or
processed by manufacturers whereas restaurants throw them away. Moving to procuring only fillets
results in net annual cost savings, whereas additional costs arise when moving towards portioned
salmon.

Keywords: food waste measure; sustainability assessment, convenience food, fish processing;
food service; out-of-home
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1. Introduction

This paper applies a recently proposed sustainability assessment framework to evaluate food
waste prevention measures (Caldeira et al. 2019a, Goossens et al. 2019) to a case study in the food
service sector. The case study focusses on the interface between the food service sector and its food
suppliers, investigating salmon products with different convenience grades. To reduce food waste,
we propose purchasing filleted or portioned salmon (convenience grades 1 or 2 respectively) rather
than procuring whole salmon (convenience grade 0). When filleting and/or portioning takes place in
a large-scale kitchen most filleting and portioning cut-offs are thrown in the bin and end up as food
waste. In case filleting and/or portioning takes place at the supplier manufacturing site, the cut-offs
are centralised and used for internal or external processing. As such, rather than shifting food waste
to another food supply chain stage, these fish by-products are prevented from becoming waste as
they are used for other human consumption purposes or valorised as for example fish meal. The
food waste savings are expected to lead to environmental benefits. The purchase of filleted or
portioned fish however comes at a higher per kilogram price than whole fish, leading to many
kitchen chefs hesitating to make this switch. But, if filleting and/or portioning is taken up by the
kitchen, so are labour costs associated with this highly specialised skill. For a food service business,
it is thus not always clear which option is most preferable.

This paper therefore assesses the extent to which purchasing salmon with a higher convenience
grade can reduce salmon food waste along the chain and, at the same time, can improve
sustainability across the environmental, economic and social dimension.

2. Material and methods

The case study was set up in collaboration with a major hotel group in Germany and its main
fish supplier. The salmon portions assessed in this case study take up 52 % of the initial weight of a
4 kg salmon; filleting and portioning cut-offs respectively account for 38 % and 10 %. In case
filleting takes place at the hotel kitchen, 100 % of the filleting cut-offs end up in the bin whereas
only 1 % is binned if the fish is filleted by the supplier (complemented with 62 % being used for
human consumption purposes and 37 % valorised as animal feed, Figure 1). After portioning of the
fillets, the hotel kitchen uses 95 % of the cut-offs (staff meals, fish pans) whereas the remainder 5 %
is thrown. The supplier on the other hand, will repurpose 100 % of the portioning cut-offs for
human consumption (Figure 1). The two food waste measures under study refer to (a) procuring
fillets instead of whole salmon, and (b) procuring portions instead of whole salmon.

Both measures are evaluated based on their effectiveness (food waste reduction potential) and
their sustainability across the environmental, the economic and the social dimension (Caldeira et al.
2019a, Goossens et al. 2019). Results are expressed per year; with the functional unit being the
number of portions served by the restaurant in 2018 (+/- 125,000 portions weighing 80 g each). The
scenario in which a kitchen procures whole salmon is used as a reference scenario against which the
two alternative scenarios (buying fillets or portions) are compared.

To evaluate the effectiveness, food waste reductions at the supplier and at the restaurant are
assessed. Considered as food waste, are the filleting and/or portioning cut-offs that are disposed of,
as well as storage losses. Based on the EU FUSIONS definition (Caldeira et al. 2019b, Ostergren et
al. 2014), filleting and portioning cut-offs removed from the supply chain and valorised as for
example fish meal are not considered as food waste, but categorised as by-products. Any other food
waste stream related to the fish farming stage, the cooking of salmon or plate leftovers are out of
scope of this study, because they have no influence on these waste reduction scenarios.
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The environmental and economic sustainability assessment take into account embodied
impacts or costs of food no longer wasted, the associated avoided disposal impacts or costs, as well
as the impacts and costs specifically related to the implementation of the measure. The
environmental assessment considers all impacts generated throughout the chain, from the fish
farming stage up until arrival, storage and eventual filleting or portioning in the kitchen. All steps
thereafter — such as preparation and serving of food, as well as plate leftovers — are out of scope.

The applied life cycle analysis (LCA) is based on the International Reference Life Cycle Data
System (ILCD) framework. Focus is given to the calculation of greenhouse gases, expressed as CO,
equivalents, resulting in a carbon footprint calculation of the system under study. Economic
allocation is applied to divide environmental burdens between the fish portions and the filleting and
portioning cut-offs. The economic cost calculations focus on costs borne by the hotel kitchen. All
costs occurring in any of the previous steps of the food chain (such as staff costs, use of electricity
and water, or equipment investments and maintenance at the supplier) are assumed to be reflected
by the commodity price. For the social pillar of the sustainability assessment, this paper looks
into how a switch towards fish with a higher convenience grade affects meal donation, jobs and
working environment.

3. Results

Effectiveness - The total annual food waste along the chain is at its highest in the scenario
where whole salmon is purchased, mounting to almost 9 tonnes per year (Table 1). Lower food
waste volumes are achieved when buying fillets or portions with food waste volumes being reduced
to less than 1 tonne per year. Moving from buying whole salmon to buying fillets or portions would
lead to an 89 % or 94 % food waste decrease respectively. Based on the amount of edible food
being binned in the reference scenario (purchase of whole salmon), about 4,800 to 5,000 fish
servings (weighing 80 g each) can be saved per year when procuring fillets or portions.

Table 1. (a) Annual food waste volumes, environmental impacts and costs associated with each
salmon procurement scenario (based on the hotel chain serving around 125,000 portions of 80 g
each in 2018); (b) Effectiveness, net environmental impacts and net cost balance associated with
the food waste measures under study.

(b) Implementation of

(a) Procurement scenario
food waste measure

Whole Switch from Switch from
Fillets Portions  whole salmonto  whole salmon to
salmon . .
fillets portions

Food waste kglyear 8,753 924 506 -7,829 -8,247
volumes / 0 0 0
effectiveness % -89% -94%
Environmental kg CO; eq./year 58,003 48,639 47,847 -9,364 -10,156
assessment % -16% -18%
Economic €/year 218,307 189,860 229,527 -28,448 +11,220
assessment % -13% +5%
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Sustainability: environmental dimension (carbon footprint) — In case a kitchen procures
whole salmon, almost 60 tonnes of CO; eq. per year are emitted along the salmon chain up until
arrival and eventual filleting and portioning in the kitchen (Table 1). Switching to procuring filleted
salmon, would lead to impact savings of almost 10 tonnes of CO, eq. per year, reflecting a 16 %
decrease. If the kitchen would switch to buying portioned salmon, impact savings of 18 % would be
achieved. The impact savings are mainly due to savings made in the distribution transport and
packaging steps, due to the way the whole salmon, fillets and portions are packaged and distributed.
Other contributing factors are the reduced storage losses and the economic allocation method being
applied, resulting in fewer fish farming and transport impacts per portion.

Sustainability: economic dimension — Purchasing whole salmon costs the kitchen about
€ 218,000 per year (Table 1). The switch to procuring filleted salmon leads to annual net cost
savings of 13 %. These are due to savings in the purchase of the fillets as compared to purchasing
whole salmon, despite the higher per kilogram prices paid for fillets. The reason behind this is that,
when purchasing a whole salmon, the kitchen also pays for the filleting cut-offs that are later on
thrown. Other cost savings relate to labour cost savings, as filleting is outsourced to the supplier. In
case of switching from purchasing whole salmon to portions, the labour cost savings are even
higher. Nevertheless, there is a 5 % net cost increase following the high per kilogram price paid for
portioned salmon as compared to whole salmon. Additionally, when purchasing portioned salmon,
new costs arise as the restaurant now no longer has its portioning cut-offs available for making fish
pans, and has to purchase these from the supplier. Moving towards buying portioned salmon instead
of whole salmon was found to be profitable to the kitchen as soon as the portion prices are lowered
by 5.12 %.

Sustainability: social dimension - Meal donation is not applicable in the present case study
since all edible food that is prevented from becoming waste, is used within the processing industry.
When it comes to how the food waste measures affect jobs and working environment, no concrete
information could be obtained. However, the authors had informal conversations with the hotel and
supplier, giving some insight in the issue. Good filleting skills would no longer be needed in the
kitchen and a time consuming preparation can be sourced out. Implementation of the food waste
measures under study leads to time savings of up to 6 minutes per day per kitchen. Whether or not
this will lead to job losses for staff with specific filleting skills, will partly depend on the extent to
which suppliers would continue to apply manual filleting (alongside machine filleting) which could
compensate (at least partly) eventual job losses in the food service sector.

4. Discussion and conclusions

Potential to scale up to other food products - The food waste measures under study add to the
potential of food services for reducing their overall food waste volumes by also focussing on their
unavoidable food waste, whereas most food waste measures tend to focus on avoidable waste. The
proposed measures affect only a very small percentage of the total amount of food waste arising in a
commercial kitchen. Nevertheless, the concept applies to other fish species as well, and it may
apply to other food products available in different convenience grades such as portioned meat and
trimmed and pre-cut vegetables as well. As such, the food waste savings (and associated
environmental impact savings) could be scaled up to a wider range of products since a higher
convenience grade allows for better use and valorisation of by-products and trimmings of meat,
fish, vegetables and fruits. Switching to products with a higher convenience grade may thus be a
promising measure to fight food waste and increase sustainability of a food service business.

107



12th International Conference on Life Cycle Assessment of Food 2020 (LCA Food 2020)
“Towards Sustainable Agri-Food Systems”
13-16 October 2020, Berlin, Germany — Virtual Format

Nevertheless, due attention is needed when generalising the findings: in the present study there
is no individual packaging, and packaging impacts thus do not increase (but instead decrease) when
moving to a higher convenience grade. The same goes for electricity use during storage. When it
comes to purchasing trimmed and pre-cut fruits and vegetables, however, the situation could be
different. Additionally, the use of more convenience products could lower staff motivation, reduce
opportunities for creativity in the kitchen and lead to a deskilling of staff.

Contribution to the greater societal goal of meeting the SDGs and moving towards a circular
economy - Through its food waste reductions achieved, the food waste measures under study
contribute to meeting SDG 12.3 while at the same time reduce the environmental impacts along the
chain. Through increased valorisation, the proposed measures lead to a more efficient use of
resources, hereby contributing to moving towards a circular economy. Whereas it may be hard to
achieve valorisation at the level of a private consumer or a food service business, centralisation of
food processing or preparation at the level of the manufacturer or food supplier facilitates using
discarded (in)edible parts of a food product as a valuable feedstock for other industrial processes.

Conclusions - Rather than procuring whole salmon, this paper proposes purchasing fillets or
portioned salmon to reduce food waste along the chain. Switching to buying filleted or portioned
salmon does not only lead to substantial food waste reductions (up to 94 %), but also reduces
climate change impacts along the chain (up to 18 % impact savings). Whereas a switch to procuring
filleted salmon was found to lead to net cost savings for the kitchen, a switch to buying portions
would only be profitable to the restaurant if portions prices would go down by about 5 %. On a
social level, the outsourcing of the filleting and portioning would free up time in the kitchen and
would lower the need for staff with good filleting skills.
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Abstract

Purpose

We present a regionalized life cycle inventory model to account for human excretion of food products,
constituting an update of a previous model developed by the author in 2008.

Methods

The updated model provides country-specific estimates on toilet activities (use of toilet paper, tap
water, soap) and wastewater/excreta management, the latter addressing not only wastewater
collection and treatment as done in developed countries, but also decentralized options such as septic
tanks, latrines and even open defecation. The model provides inventories for 86 countries, linked to
the ecoinvent database, which can be imported to the software SimaPro for further analysis.

Results and discussion

As an example, we show how ingestion of raw apples contributes to GHG emissions due to the
previously mentioned activities.

Conclusions

Our results show that management of human excreta associated to raw apple ingestion has in many
countries a higher carbon footprint than producing the apple itself.

Keywords: Human excretion, sanitation, inventory model, regionalization

Introduction

The end-of-life stage of food products inevitably leads to environmental impacts from activities which,
more often than not, are omitted in life cycle assessment (LCA). We refer here to emissions from
human digestion and its derived excretion products. Following digestion, the human body not only
releases CO:z and also (small amounts of) methane to the atmosphere, but it also releases liquid and
solid excreta that needs management. In a developed-country context, excreta are managed through
centralized sewers and wastewater treatment plants, while in developing countries human waste is
often discharged without treatment, either as part of wastewater, or through latrines, or even by
defecating in the open.

A model to include human excretion of food products in LCA studies was developed by Mufioz et al.
(2008). Based on the nutritional composition of a specific food item or diet, defined as its content in
water, carbohydrates, fat, protein, etc., the model provided a mass balance for nutrients in the human
body, direct emissions to the environment from the latter and an inventory for management of human
excreta through toilet use and wastewater treatment, using the wastewater treatment model from
ecoinvent v2 (Doka 2007). A major shortcoming of this model was the fact that as far as excreta
management is concerned, it reflected the typical conditions in a developed country in terms of
toiletries consumption, and most notably, wastewater management through treatment in a modern
wastewater treatment plant (WWTP).

109



12th International Conference on Life Cycle Assessment of Food 2020 (LCA Food 2020)
“Towards Sustainable Agri-Food Systems”
13-16 October 2020, Berlin, Germany — Virtual Format

We present an update to the model by Mufioz et al. (2008), in which the management of human excreta
evolves from a static Western scenario to country-specific conditions, allowing us to reflect more
accurately the range of environmental impacts from human excretion in different parts of the world
with completely different sanitation realities.

Material and methods
The human excretion model has been updated from its 2008 version as follows:

The mass balance developed for the human body in 2008 remains unchanged. This assumes
that the same partitioning of nutrients to air and excreta from ingested food is valid regardless
of the geography. Although it is well known that in developing countries solid excreta
production per capita is higher than in developed countries (Rose et al. 2015), this can be
attributed mainly to dietary differences, such as a higher fiber intake, rather than to differences
in inherent nutrient absorption by different populations.

The activity related to toilet use is updated, by providing country-specific estimates for
consumption of toilet paper, tap water (for flushing, hand washing) and soap (for hand
washing). Per capita toilet paper consumption by country is obtained from European Tissue
(2020). For countries where this is not reported, it is estimated based on a correlation between
toilet paper consumption vs. gross national income (GNI) per capita. Tap water consumption
for toilet flushing and hand washing is taken as 18 L and 2 L per kg food intake in populations
with full access to toilets and basic hygiene, as considered in the 2008 model, while these
values are zero in the updated model for the percentage of population lacking toilet access or
basic hygiene levels. Country-specific data on these levels are obtained from WHO-UNICEF
(2019). A similar approach is considered to determine consumption of soap, where 5.4 g per
kg food intake is considered for populations with basic hygiene (Mufioz et al. 2008) and zero
for populations without it.

The management of human excreta is linked to WW LCI v3 (Munoz 2019), a model to
calculate inventories for discharges of urban wastewater. The wastewater model WW LCI
covers the entire supply chain for wastewater management (collection, centralized and
decentralized treatment, emissions from untreated discharges, as well as sludge treatment and
disposal by means of composting, reuse in agriculture, landfilling, incineration). The model
is equipped with a database containing wastewater management statistics for 86 countries,
representing 90% of the world’s population. For the purpose of this update, WW LCI has been
adapted to address sanitation options not previously included, namely latrines and open
defecation, for which specific emission models have been built and populated with statistics
on the level of penetration of these sanitation options by country.

Human excreta in WW LCI is modelled as a mixture of 8 individual components: water, urea,
faeces, fiber, phosphate, sulfate, toilet paper and soap. From these, Urea, faeces, fibre, toilet
paper and soap are in WW LCI assumed to be readily degradable in WWTPs or when
discharged without treatment to the environment. Urea is modelled as dissolved in wastewater,
while the other degradable components are modelled as suspended matter, part of which is
settled in primary sludge, with the remainder undergoing degradation through biological
treatment. Concerning water, sulfate and phosphate no specific considerations are necessary,
as WW LCI handles these substances without the need of further data input.

Finally, the obtained inventories for human excretion are linked to ecoinvent and can be
imported to the software SimaPro for further analysis.

Results and discussion
As an example, we show in Figure 1 the results for consumption of raw apples, with a composition
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of 84.5% water, 0.4% protein, 0.1% fat, 11.8% carbohydrates, 1.8% fibre and 0.011% phosphorus.
Figure 1 shows the greenhouse-gas (GHG) emissions, expressed as kg COz-eq, per kg apple ingested
and excreted in 86 countries. It can be seen that emissions range from 0.04 to 0.26 kg COz-eq/kg
apple. The figure also shows a shaded area, representing the range of GHG emissions for production
of an apple (at farm gate) according to literature, namely 0.04-0.11 kg CO»-eq/kg (Figuereido et al.
2013; Mila 1 Canals 2003). For the particular case of apples, our results show that management of
human excreta has in many countries a higher carbon footprint than cultivating the apple itself.

0.3 -

0.25 4

0.1 -

0.05 +

©
= o
o (6] N
1 1
Malaysia S —
Taiwan |
Iceland |E——

Iraq |e—
Colombia |es———
Argentina [e——

Bosnia Herzegovina |eesss—

< = T ©8 © g 2 = © v © T © C v o o © &£ 3 8@ © @ T ¢ ® >> 0 >7g O © € ©
w © c 5 © S NG Y g € =] LV = O B L T 2 c=Z € 0T © g 5 ] W © =
Q£ s ez 2508 3<c 8 ® 8 5 €% S 5P s s 8z8¥x2LcgacE
T c = C 5 S0 € aNT® o = 2 O :!m“-gugmwc - g 52 0 30 5
L c<< 8 0 g C a9 v o S 2 o s o £ 2 m® O v 5 E O 5" o
o > € =18 < T = € N € o O — xnh 2z I~ - 5 >
c S = 3T 9 <= I 9] L= o <
I} > O =-£ > 3 o P .
-} & ] c o
=2 .
= a
0.3 -
0.25 A
0.2 A
0.15 A
0.1 A
0.05 -
0
T T ® @ X ®© O ©®© O ¥ © O ¥ ¢ ®©® C >7T @O © © © X O O > W T ®© @ © C &~ O @ v C C O
c €L S >T 9T ECC o288 &&ESETSSS5 g5 chg‘: c P 9 >0083535gC8ocwm g
T O gl O80T SPPosh wOosEGRoessEfEsLblEEcS5=2Z808583CE =
N PSS a2 g2l o3 - 288232 ER®IGFT T S8 ExTtcdc?
st <Y EZ2 535w Q0 RFoeogs 3 E o 2 3 ER<I N B © EFL O S c
[ o > o = = o A8 o < £ % T © < 5 =
S £ o x s - 2232 gg 0 & 5
o o = 4 ] w o s z < o
1] S c 2 ]
=
= ] g g

Figure 1. GHG emissions for the human excretion stage of raw apples consumed in 86 countries (kg
CO2-eq/kg apple).

A contribution analysis on GHG emission is shown in Table 1 for three countries. On the one hand,
in a country like Bangladesh, which appears to have the highest GHG emissions from the 86 countries
assessed, the impact is dominated by methane emissions from anaerobic degradation of human waste
in latrines, the latter accounting for 95% of domestic sanitation in this country, according to the
country profile in the WW LCI database. On the other hand, other developing countries show
remarkably low emissions. An example of this is Niger, which has the lowest GHG emissions from
the list of 86 countries. In this case, this is explained by the fact that open defecation is widely
practiced in Niger (about 70% of the population), which in the model leads to both low methane
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emissions as well as a lack of impacts from sanitation infrastructure (sewers, WWTPs, etc.). Finally,
in a developed country such as Germany, the impact is associated to toiletries and tap water
production, with wastewater management showing a low contribution. This relatively low
contribution from wastewater is largely due to credits (substituted activities) associated to e.g. energy
recovery from wastewater sludge (biogas production, incineration of sludge, etc.).

These results have shown only how human excretion contributes to GHG emissions, and for a single
product (apples). Similar assessments can be carried out for other impact categories, such as
eutrophication, acidification, etc., as well as for other food products or diets.

Table 1. Contribution analysis for GHG emissions for the human excretion stage of raw apples
consumed in Bangladesh, Niger and Germany (kg COz-eq/kg apple).

Country Contributions
Total  Toilet paper  Tap water Soap Emissions from latrine ~ Wastewater and
production  production  production or open defecation sludge treatment
Bangladesh 0.264 0.007 0.002 0.006 0.248 0.0002
Niger 0.041 0.003 0.003 0.007 0.028 0.0002
Germany 0.097 0.061 0.012 0.017 0 0.007
Conclusions

As in Muiioz et al. (2008), we again stress the importance of including human excretion in LCA
studies of food products. In fact, the model update presented in this work suggests that, besides a
wide geographical variability, the environmental impacts of sanitation linked to food consumption
have a higher magnitude than previously anticipated.
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Abstract

Purpose

We present the results of applying the Social Footprint method to evaluate the potential social benefit
of a pilot packaging waste prevention campaign implemented in the municipality of Zamudio in
Northern Spain.

Methods

The aim of this campaign was to reduce the number of single-use food wrappers and plastic bags used
by the citizens while shopping in groceries, butcheries and fishmongers. To achieve this, the city
council offered its citizens free reusable bags and containers. The study compared two scenarios,
namely a ‘business as usual’ (BAU) situation for shopping, in which typically single-use materials
are used, and a ‘Campaign’ scenario, which considers the consumption of reusable packaging
according to the results of the Zamudio campaign. Primary data on packaging use were obtained from
the surveys carried out during the campaign, while EXIOBASE v.3 was used as background database.
Results and discussion

The results of the social footprint show that the value of externalities, i.e. the social footprint in the
Campaign scenario is 11% lower. If the rebound effect associated to the higher life cycle cost of the
campaign is considered, the social footprint becomes 14% lower compared to the current situation.
Conclusions

This study is an example of how the concept of social footprint, together with a powerful tool like
Exiobase, can pave the way for an operational approach to social LCA, avoiding excessive data
requirements and the long lists of impact indicators currently proposed for bottom-up approaches.

Keywords: Social LCA, rebound effect, Exiobase, Waste4Think

Introduction

As part of the H2020 EU-funded project Waste4Think (https://waste4think.eu/), a pilot packaging
waste prevention campaign was implemented in the municipality of Zamudio in Northern Spain. The
main aim of this campaign was to reduce the number of single-use food wrappers and plastic bags
used by the citizens while shopping in groceries, butcheries and fishmongers. To achieve this, the city
council offered its citizens reusable bags and containers, that could be collected for free from the town
hall through small gamification process (Figure 1). The campaign lasted from September 2018 to
February 2019. During this period, researchers collected data on the level of penetration of these
reusable packaging materials in local shopping. As part of the evaluation of this campaign, a social
assessment by means of the social footprint method (Weidema 2016, Weidema and Schmidt 2018)
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was carried out. The aim of this study was to determine whether or not the implemented strategies
during the Zamudio campaign involved a lower social footprint, when compared to the current
situation.

Figure 1. Reusable packaging materials distributed in the Zamudio campaign: reusable containers for
meat and fish, bitsybags for fruit and vegetables.

Methods

The social footprint developed by Weidema (2016) constitutes a monetary summary measure of
income redistribution and the sum of all productivity-reducing externalities related to a specific
product or activity. It is calculated by a top-down approach using input-output data and can be
understood as a ‘streamlined’ social LCA. It is constituted by two general components:

e The income redistribution impact (IR): calculated as the increase in utility caused by the
transfer of money from one societal group to another. IR can be understood as a social benefit,
given that it leads to an increase in utility.

e The productivity impact from missing governance (PI): calculated as the difference between
the actual purchasing-power corrected value added and the potential value added when all
productivity impacts are internalized. As opposed to IR, PI is a social detrimental impact.

The resulting social footprint of a product or activity can be defined as SF = PI - IR, where typically
PI is of a higher magnitude than IR.
The social footprint was applied to two scenarios, similarly as in Mufoz et al. (2018) as follows:

e ‘Campaign’: in this scenario, we considered the consumption of reusable packaging according
to the results of the Zamudio campaign. However, the figures we used do not reflect the real
level of participation in the campaign, but rather an extrapolation to the entire municipality of
the behavior of those citizens that initially participated in the campaign (it means, everybody
who, at least, went to get the first reusable kit).

e ‘Business as usual’ (BAU): in this scenario, we consider the consumption of (typically single-
use) packaging used in a ‘no-campaign’ situation.

The functional unit was the provision of packaging materials for shopping in groceries, butcheries
and fishmongers in Zamudio during one year. The study tracked the entire supply chain for provision
of packaging materials to local shoppers in Zamudio.

On the one hand, in the BAU scenario, the affected types of packaging were carrier bags, expanded
polystyrene (EPS) trays, polyethylene (PE)-coated paper, wax paper and ultralight plastic bags. The
estimated total amount of packaging materials corresponds to 2,273 kg/year. The full life cycle of
these materials was considered, i.e. their production, use, and disposal. The use phase, however, does
not involve any impacts from the point of view of the social footprint. On the other hand, in the
Campaign scenario, shoppers use reusable containers during their shopping, however this does not
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completely avoid the use of single-use packaging, which is also considered. On top of the activities
considered for the BAU scenario, this scenario includes the production of the plastic reusable
containers and bags, their use for a certain period of time and their final disposal when they are no
longer usable. In this scenario the use phase involves the activity of washing the reusable containers
and bags with a certain frequency. The total consumption of packaging materials in this scenario is
estimated at 834 kg/year.

Primary data on packaging use were obtained from online surveys carried out before, during and after
the campaign allowing us to collect data on the level of penetration of the reusable packaging in local
shopping. 334 citizens, 26.52% of the total dwellings, participated in a baseline inquiry to establish
the shopping habits of the population. In the final stage of the campaign, 10% of the citizens carried
out another survey, with the aim of comparing habits and to detect the use of reusable packaging in
the long term, even if it was not supplied by the campaign. Additionally, all the participating
commerce registered changes in packaging use habits among their customers during several weeks,
in order to compare what is declared by the users and what they actually do. Questions about the
wrappers preferred by citizens for different kind of foods (fruit, meat, fish) and also about carrier bags
were asked and correlated with the general basket of food and frequency of shopping of Zamudio’s
citizens.

EXIOBASE v.3 (Wood et al. 2015) was used as background database, extended with social footprint
indicators for each economic activity. Calculations were carried out with the software SimaPro 8.5.
As part of the social footprint study, we calculated the life cycle costs of the two scenarios. When the
Campaign scenario leads to a different life cycle cost than the BAU scenario, this leads to a monetary
imbalance that is addressed in the study as what is called a rebound effect (Font Vivanco and van der
Boet 2014). When an activity leads to a reduction or increase in costs compared with a reference, this
means the corresponding affected economic actor/s are left with either additional or less disposable
income. This income is assumed to be spent in other activities, which in turn have a social footprint.
The social footprint of this expenditure was calculated in the study on a per € basis, assuming the
average expenditure behavior in Spain according to EXIOBASE.

Results and discussion

The results of the waste prevention campaign, when extrapolated to the entire population of Zamudio,
lead to a lower social footprint than the BAU situation (Figure 2).

The net social footprint in the Campaign scenario, when the rebound effect is excluded, is 11% lower,
and when the rebound effect associated to the slightly higher life cycle cost of the Campaign (12,420
€/year as compared to 11,860 €/year) is included, the net social footprint is 14% lower compared to
the current situation. It must be highlighted that the rebound effect is subject to uncertainty, as it is
assumed that reduced disposable income resulting as a consequence of this campaign will be spent
according to average spending in Spain, which might not reflect reality accurately.

In the Campaign scenario, a substantial part of the social footprint is associated to the supply chain
of washing (dishwashing plus handwashing) the reusable containers, which represents 61% of the
total footprint. It can be seen that most of this is associated to dishwashing. The social footprint of
dishwashing is mainly contributed by the supply chain of dishwasher components manufacturing.
Most of the social footprint benefit associated to the Campaign is found in the avoidance of plastic
production supply chains, often taking place in developing countries such as China or in Africa.
Besides plastics production, the Campaign scenario also shows relevant benefits associated to the
lower packaging paper demand, as well as in several waste management activities.
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Figure 2. Contribution analysis for the social footprint.

The main benefit of the social footprint method lies in the use of widely available background
information from databases such as EXIOBASE to assess impacts top-down. This means that some
initial data are always available for practically any study, therefore reducing the overall cost of data
collection. The quality of the available data may sometimes be insufficient, at the level of aggregation
of economic sectors (a well-known issue for input-output databases) as well as in terms of world
regions. In some cases, sub-country data might be required, or the country in which a case study takes
place might not be available in the database, but clustered in a rest-of-the-World region. In other cases,
the resolution of economic sectors might be insufficient. This is where alternative bottom-up
approaches to social footprinting, such as the social impact valuation method (Vionnet and Pollard
2017) have their strength.

Conclusions

This study is an example of how the concept of social footprint, together with a powerful tool like
Exiobase, can pave the way for an operational approach to social LCA, avoiding excessive data
requirements and the long lists of impact indicators currently proposed for bottom-up approaches. As
with environmental LCA, the social footprint can be applied to any production and consumption
context, including food, as shown in Weidema and Schmidt (2018). Besides the social footprint, the
study is also innovative as has been applied to an environmental education campaign aimed to
prevention, in order to monitor and quantify its results and benefits.
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Abstract

In Europe annually 88 million tonnes of food are wasted, while 17 million tonnes of packaging are
sent to final disposal, resulting in huge economic and environmental impacts. Both problems are
interconnected since insufficient packaging leads to higher food waste rates, while abundant
packaging results in unnecessary packaging impacts. The aim of this study is to provide guidelines
for sustainable packaging solutions, optimizing packaging and reducing food waste.

In the present study, LCA and LCC are applied in order to identify sustainable packaging
solutions, reducing food waste and packaging itself to the minimum, finding a balance between
under- and over-packaging. In order to reach this goal, LCA and LCC are applied at three levels:
state of the art level; technology level and end-user level. Based on the LCA and LCC outcomes on
all three levels, guidelines are developed to support the choice of tailor-made sustainable packaging
solutions for different food packaging combinations. The guidelines are summarized in an
ecodesign decision tree for sustainable packaging.

Food packaging combinations are complex systems, influenced by not always predictable
consumer behaviour. Therefore a “one fits all” solution does not exist. Contrarily, an ecodesign
decision tree is proposed with an attempt to guide present food packaging combinations towards
more sustainable “fit for purpose” solutions. In this context, the question of under- or over-
packaging is a starting point that triggers the discussion on eco-efficient food packaging
combinations. Other key issues are consumer behaviour, procurement planning, portioning, shelf
life and packaging innovation. Under- or over-packaging is therefore not the only question in the
food waste debate, but important enough to trigger the discussion.

Keywords: LCA; LCC; under-packaging; over-packaging; food waste.

Introduction

In Europe annually 88 million tonnes of food are wasted, corresponding to an estimated 20% of the
total food produced each year, costing approximately € 143 billion (EU 2019), while according to
Robertson (2012) just over 17 million tonnes of packaging are sent to final disposal (i.e. landfill or
incineration without energy recovery), resulting in huge economic and environmental impacts. Both
problems are interconnected since insufficient packaging leads to higher food waste rates, while
abundant packaging results in unnecessary packaging impacts (Verghese et al. 2015). In other words,
both under-packaging and over-packaging can occur in present food packaging combinations and
represent suboptimal and inefficient situations.

The aim of this study is to provide guidelines for sustainable packaging, optimizing packaging
and reducing food waste. The present study provides an example of how LCA and LCC can be used
as a decision support tool to guide sustainable packaging. The research results, part of the MyPack
H2020 project (MyPack 2018; Breedveld 2019), are preliminary and will be further elaborated.
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Material and methods

In the present study, LCA and LCC are applied in order to identify sustainable packaging solutions,
reducing food waste and packaging itself to the minimum, finding a balance between under- and
over-packaging. In order to reach this goal, LCA and LCC are applied at three levels:

- State of the art level: with 100 performed screening LCAs and LCCs many cases of under-
packaging and over-packaging are identified and food packaging clusters are defined.

- Technology level: in order to go beyond the state of the art and offer solutions for the under-
and over-packaging situations identified within the 100 LCAs, novel technologies are
proposed (e.g. biodegradable materials; high oxygen barrier packaging; heat resistant PLA,;
breathing film using an insertion; SiOx inert barrier). The sustainability of the technologies
will be verified by means of LCA and LCC.

- End-user level: suitable technologies will be tested at three end-users: salads, baby food and
organic products. During the end-user cases various scenarios can be explored (e.g. food
waste, decoupling point, use scenarios, end-of-life scenarios), contributing to the
formulation of guidelines for sustainable packaging solutions.

LCA and LCC are applied according to the ISO 14040/14044 standards on LCA (ISO 2006a; 1SO
2006b), following an attributional modeling approach. Further methodological guidance on LCC is
provided by the SETAC handbook on Environmental Life Cycle Costing (Hunkeler et al. 2004).

The functional unit is defined as one portion of consumed food by the final user, normalised to
1 kg. The consumed food has been evaluated together with its packaging. Secondary packaging has
been only evaluated if it is part of the sales unit. The definition of the functional unit at the level of
consumed food, instead of at the level of produced food at the store shelf, allows a more explicit
visualization of the food waste impacts, as also argued by Wikstrém (2013).

The system boundaries include raw materials, transport, production processes, packaging,
distribution and storage processes and product end-of-life. The following processes are excluded
from system boundaries: transport of packed food from the distribution centre to retail, transport
from retail to consumer, food preparation at the consumer and disposal of digested food. Transport
processes to retail and from retail to consumer are excluded due to their limited impact. The food
preparation at consumer has been excluded due to its dependency on consumer behaviour. The
exclusion of disposal of digested food is common practice in LCA (EPD 2017).

In the 100 LCAs primary data have been collected for food ingredients and packaging materials
of the selected food packaging combinations. For other processes secondary data have been used,
originating from LCA databases like ecoinvent (2018), and Agri-footprint (2017) or literature data
(LCA publications, EPDs). The use of secondary data is justified due to the screening character of
the 100 LCAs and because the purpose of the study is not the assessment of a specific food-
packaging combination, but an average evaluation of food packaging combinations on the market.

Multi-output allocation of datasets from LCA databases are based on economic allocation, if
applicable. In case of end-of-life allocation the cut-off approach has been applied. Geographical and
temporal boundaries refer to the current European market. Life Cycle Impact Assessment is
performed with the ReCiPe method (Huijbregts et al. 2016) and the ILCD method (EC 2011) which
at a later stage has been replaced by the EF method (EC 2019).

Based on the outcomes of the LCAs and LCCs on all three levels, guidelines are developed to
support the choice of tailor-made sustainable packaging solutions for different food packaging
combinations.

Results and discussion

The LCA results of the 100 screening LCAs and LCCs, the state of the art level, have been
presented firstly individually by means of environmental data sheets (2B 2019). An environmental
data sheet is an “environmental identity card” that reports environmental and economic
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performances of each food packaging combination by means of LCA and LCC. Secondly, LCA
results have been presented collectively by means of grouping. Grouping has been done according
to different criteria: the relative impact of food against packaging, the specific food sector, different
types of packaging, and the magnitude of portions. Figure 1 shows an example of grouping of food
against packaging impact, calculated with the single score of the ReCiPe method (Huijbregts et al.
2016), of one third of the investigated food packaging combinations.

Frozen peas in plastic [FF] bag
Carrots in paper bag
Carrots in mater bi bag
Onions in paper bag
Sandwich ready to eat in paper bag
Pasta in plastic [PP) bag
Frozen spinach in mater bi bag
Potatoes in paper bag
Eggs in plastic (F5) tray
Frozen vegetal burger in plasti (PP) bag
Rice in composite packaging
Yogurt in g plastic (PE) jar
Cream in Tetra Prisma
Milkin plastic {PET) battle
Bread pre-packaged in plastic (PP) bag
Gmocchi in composte packaging
Beans ready to eat in Tetra Prisma
Potatoes in plastic (PP) bag
Beans ready to eat in can

Frozen vegetal burger in cardboard box T ES FCEE YN ES % Food
Tuna i il in can B % Packaging
Graen kentils ready to eat in pouch
Chacken breast in plastic (PE) tray
Milkin plastic {PET) bottle
Dried bentils in composite packaging
Biscuits in composte packaging
Pasta in cardboand box
lce cream ready to eat in cardboard cup
Corn flour in plastic (PP) bag
Olive odl in glass battle
Frozen peas in cardboard box
Tomatoes in ol in gass jar
Yogurt in small plastic (PE) jar
Bananas in cardboard tray
Seed oil in glass bottle

0 20 A0 &0 20 100

The reference unitis 1 kg of food consumed.

Figure 1: LCA results of analysed food packaging combinations, showing the food and packaging impact.

Furthermore, LCA and LCC are performed at the technology level and end-user level. At the
technology level datasets have been created for 3 markets (i.e. biobased and biodegradable film for
fresh and processed food; inert, heat resistant and barrier packaging for processed food; and blow
device for fresh food) and associated technologies (e.g. biodegradable materials; high oxygen
barrier packaging; heat resistant PLA; breathing film using an insertion; SiOy inert barrier).

Finally, LCA and LCC are performed at the end-user level with selected case studies (salads,
baby food, biscuits), where the above mentioned innovative packaging technologies are applied and
compared to the baseline situation. Preliminary results show that innovative packaging technologies
can improve the packaging situation in two directions:
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- Under-packaging: packaging film for pre-cut salads can be improved by the use of a blow
device (Altieri, 2018; Matera, 2020), allowing gas exchange between the inside and the
outside of the packaging film lengthening the shelf-life from 1 week to 2 weeks, reducing
food waste by 40% (2B 2020). In this example of under-packaging, additional packaging
technology (i.e. blow device) results in a longer preservation of the salads and associated
reduced food waste and reduced impact;

- Over-packaging: rigid plastic trays for baby food can be improved by the use of recycled
materials. In this example of over-packaging, the rigid packaging already fulfils its function
to protect the food but its impact can be reduced by using recycled materials, where food
waste rates remain unaltered.

Based on the LCA studies various learning points can be identified (2B 2019). The environmental
evaluation of packaging should be done in relation to the food product covering the entire life cycle,
including the use phase and end-of-life. Modelling assumptions of use and end-of-life scenarios
influence significantly the estimated environmental impacts of a food product. In particular, the
percentage of food waste at retail and consumer level are relevant. The analysis of direct and
indirect impact of packaging in the food-packaging supply chain enables to understand the
relevance of hidden indirect impacts, like food waste.

For most cases, food has a higher contribution to the environmental burden of food packaging
combinations than packaging. Packaging reduction is relevant, however possibilities to reduce food
waste by innovative packaging solutions should not be overlooked, especially for those food items
with a high environmental impact (e.g. dairy products). The use of innovative packaging solutions
can improve the protective function of packaging and by doing this reduce waste and associated
impacts. Tailor made portions enable food waste reduction where an increase of packaging can be
justified when food waste reduces. Environmental impacts of fit for purpose packaging (e.g. a more
protective packaging to extend the food shelf life) are related to consumer habits; often only
postponed consumption can justify the use of more complex packaging.

In case food is well protected and food waste is already minimized, reuse and recycle scenarios
can reduce the packaging impact. Packaging reuse scenarios become interesting when the reuse rate
is high enough (e.g. 5-10 times for glass (2B 2019)). Eco-efficiency results reveal some correlation
between environmental impacts and costs. Complex food (e.g. processed food) have higher costs
and impacts than simpler food products.

Various guidelines are available to support the development of sustainable packaging solutions.
Both in the public sector and the private sector guidelines have been created, like the Australian
Packaging Guidelines of the Australian Packaging Covenant Organisation (APCO, 2020), the
sustainable packaging mode of the Dutch Knowledge Institute for Packaging (KIVD, 2020), and
private initiatives from companies such as Henkel (2020) and Lockheed Martin (2020).

Based on the LCA learning points, guidelines are developed to support the choice of tailor-
made sustainable packaging solutions for different food packaging combinations (2B 2020). The
added value of these guidelines in comparison to existing guidelines is the combination of
quantitative eco-efficiency assessment with qualitative criteria. LCA and LCC are used both as
ecodesign tools to recognize the packaging situation and identify hotspots, and as decision support
tools to verify the eco-efficiency of the proposed improvement options.

Food packaging combinations are complex systems, a “one fits all” solution does not exist.
Contrarily, an ecodesign decision tree is proposed with an attempt to guide present food packaging
combinations towards more sustainable “fit for purpose” solutions (2B 2020). The ecodesign
decision tree consists of the following steps (Figure 2).

Select your packaging strategy: under- or over-packaging as a starting point to improve food
packaging combinations. Either improve the protective or preservation function of your packaging
in order to reduce food waste for instance through innovative packaging technologies to overcome
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technical barriers and force a breakthrough to move away from suboptimal situations. Or reduce
packaging impacts by means of reuse, recycled content, mono materials, alternative materials,
weight reduction and recycling. Of course you can also work on both strategies, once your
packaging function is optimised in terms of food waste reduction, you can continue working on
packaging impact reduction. Check through eco-efficiency analysis environmental and economic
aspects of your packaging solution in comparison to the baseline situation in order to avoid burden
shifting and to confirm the “fit for purpose” of the packaging solution.

Work on the supply side in order to promote the market uptake of the new packaging solution
(e.g. convenience, quality, value for money and communication). Work on the demand side assuring
consumer acceptance, which is a potential barrier since consumers tend to associate packaging with
waste problems and overlook positive aspects (i.e. food waste reduction). On the other hand, this is
an opportunity: putting the question of under- or over-packaging on the agenda opens the door to
consumers to link packaging with food waste reduction and influence consumer behaviour on for
instance portioning choices and procurement strategy in relation to timing of consumption. In other
words, if the consumer starts reasoning “I’ll eat the salad today, so I'll choose the easiest packaging
solution” or “I’ll eat the salad after a week, so the packaging with blow device is the best fit for
purpose packaging since | can avoid food waste”, then we’ve gained a lot.

Assess the food packaging combination
Under-packaging situation Over-packaging situation
Does the packaging protect the food? Are reuse or recycle scenarios possible?
Does the packaging preserve the food? Are there any unnecessary packaging components?
~ Improve protective function: by using thicker ~ Reuse or recycle packaging materials
primary packaging or adding rigid packaging. » Reduce the packaging weight or the number of
» Improve the packaging performances: by shelf-life components or materials.
extension through innovative technologies (e.g. » Use mono material or make sure that the
blow device, MAP). packaging can be disassembled.
~ Improve secondary packaging: add functionality » Use alternative materials (e.g. high recycled
and improve supply chain performances. content, recyclable materials, biobased).
Verify the eco-efficiency of the improvement options

* promote the market uptake of the new * Enhance consumer
=1 packagingsolution (e.g. acceptance, through communication
& convenience, quality, value for money that supports the choice for a suitable
=) and communication). packaging solution of an associated
vy

food packaging combination.
Figure 2: Ecodesign decision tree to support sustainable food packaging combinations (2B 2020).

Conclusions

Food packaging combinations are complex systems, influenced by not always predictable consumer
behaviour. Therefore a “one fits all” solution does not exist. Contrarily, a decision tree is proposed
with an attempt to guide present food packaging combinations towards more sustainable “fit for
purpose” solutions. In this context, the question of under- or over-packaging is a starting point that
triggers the discussion on eco-efficient food packaging combinations. Other key issues are
consumer acceptance, procurement planning, portioning, shelf life and packaging innovation.
Under- or over-packaging is therefore not the only question in the food waste debate, but important
enough to trigger the discussion.
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Abstract

Urban agriculture allows for the innovative reuse of urban wastes that are typically destined
for disposal. The environmental sustainability of circularity in agriculture has been evaluated
with life cycle assessment (LCA) but remains poorly understood, especially for urban
agriculture Furthermore, the modeling choices involved in LCAs of systems that reuse waste
can be critical, and this has been little discussed in the literature. Our research questions were
twofold: first, what effect does circular urban waste reuse have on urban agriculture’s
environmental impacts, and second, what LCA system modeling choices are appropriate to
capture this? We performed a LCA of an alternative urban mushroom farm next to Paris,
France, to evaluate the effect of using an urban waste (spent coffee grounds, SCGs) in
comparison to a classical mushroom farm using straw. The alternative mushroom farm was a
multifunctional system because it treated waste and produced mushrooms, and we accounted
for this using system expansion. This was done by including the fate of the material that was
not used at the farm: in the classical system, coffee grounds were incinerated, and in the
alternative system, straw was used for mulch. Our results showed that the alternative farm had
lower impacts than the classical farm in all impact categories by 15-89%. For most impact
categories, this was due to lower impacts in both the farming sub-system and the expanded
sub-system. However, for climate change, the alternative farming sub-system had larger
impacts than the classical one due to increased transportation from delivery of SCGs.
Ultimately, the impact of coffee ground incineration in the classical system offset this
advantage. Our modeling choice of system expansion appeared suitable for this case because
we were able to highlight these trade-offs between comparable systems. This would not have
been evident if we had used substitution or allocation to reduce the alternative mushroom
farm to a single-product system. Our work suggests that to evaluate use of alternative waste
products in urban agriculture with LCA, a comparative study and system expansion are
appropriate to highlight trade-offs and include external circular advantages.

Keywords (6): life cycle assessment; urban agriculture; mushroom farm; circular agriculture; system expansion;
urban waste

Introduction

Circular and urban agriculture are gaining attention as means to potentially produce food with
lower environmental impacts than typical linear, rural farms. Although urban agriculture is
not necessarily circular by nature, urban farms and gardens are uniquely positioned to use
urban waste, which may improve their environmental sustainability (Mohareb et al., 2017).
Examples of this urban waste include excess building heat and CO> to support greenhouses,
wastewater for irrigation, and organic waste composting to recover nutrients and organic
matter to apply to crops (Mohareb et al., 2017). It has been estimated that urban wastes could
largely supply the nutrient and water needs of urban agriculture in some cities, and
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conversely, urban agriculture could assimilate up to 17-52% of urban food waste (Weidner
and Yang, 2020).

The method of life cycle assessment (LCA) has been used to evaluate environmental impacts
of circular agriculture systems and compare them to conventional alternatives. Case studies
have included as many as 7 sub-systems with circular exchanges (where waste from one sub-
system used as an input to another sub-system), highlighting the complexity of modeling
multi-product, multi-functional systems and reducing them to the typical single-product
system considered in LCA (Fan et al., 2018). This complexity is dealt with allocation, or
system expansion with or without substitution (Medeiros et al., 2019). In some cases, circular
options perform better than the linear option only if external benefits from avoided burdens
are included (eg, waste disposal), because inefficiencies can emerge in the loosely established
circular systems (Medeiros et al., 2019). More experimental results are needed to evaluate the
environmental sustainability of reuse of waste in agriculture, and in particular for urban
agriculture. Additionally, a discussion on methodological choices for LCA is needed to
determine appropriate modeling choices.

We investigated the environmental impacts of using urban waste in urban agriculture by
performing a LCA of an urban mushroom farm. We compared this alternative oyster
mushroom farm that uses an urban waste (spent coffee grounds, SCGs) as the main input, to a
typical oyster mushroom farm using an agricultural co-product (straw) as the main input. We
evaluated the environmental impacts of the two systems, and the suitability of our system
modeling choices.

Materials and methods

We performed an attributional LCA with a cradle-to-market scope to evaluate the
environmental impacts of oyster mushroom farming near Paris, France. The goal of this LCA
was to evaluate the effect of using an innovative, circular substrate material (SCGs) for
mushroom farming, instead of the typical material, (straw), by comparing results from the two
systems. The life cycle inventory (LCI) was compiled through interviews with the farmers,
farm records, and utility bills. We used the software SimaPro v9.0, the LCI database
Ecoinvent v3.5, and the ReCiPe 2016 impact assessment method, for climate change, land
use, water depletion, and freshwater eutrophication impacts.
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Figure 1: A graphical representation of the two systems being compared. First, in the classical
system, the typical substrate material (straw) was used for mushroom production, and spent coffee
grounds were incinerated. In the alternative system, spent coffee grounds were used for mushroom
production. and straw was left in the field as mulch.
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The farm is located in the Yvelines department next to Paris, France. Data were collected
from operations during 2018, when 8,728 kg of mushrooms were grown and approximately
30 tons of SCGs were reused. According to the farmers, SCGs are not a common substrate
material for mushroom cultivation because they are easily contaminated with pathogens.
Additionally, supply chains for SCGs are not usually established and available to typical, rural
mushroom farmers. Situated next to a city with large coffee consumption, this farm, along
with a non-profit waste collection service, was able to tap into the city’s waste stream and
divert SCGs from incineration. Details about the system modeling and the LCI can be found
in Dorr et. al (2020, under review). One important difference was that SCGs and wood chips
were both major components of the substrate, comprising 42% and 29% by mass,
respectively, but here we assume that only SCGs were used instead of wood chips.

Several options for modeling the use of SCGs and straw were available because they are
recycled inputs, which are notoriously complicated for LCA modeling. In the classical
system, straw was treated as a co-product of a grain system, since it is usually reused or sold
and has value. Environmental impacts were allocated economically to the straw from the
grain system, resulting in 10% of the grain impacts given, following the method used in
Ecoinvent. We treated SCGs as a waste product, because there are not usually recycling flows
for SCGs, and we assumed that in Paris they would have otherwise been incinerated (Syctom,
2018). This rendered the alternative mushroom farm a multifunctional system, because it
performed the primary function of producing mushrooms, along with the secondary function
of treating waste. We handled this multi-functionality using system expansion, meaning that
the system of interest was expanded to include alternative performance of the system’s
additional functions. We expanded the systems to include not only the farming system, but
also the system accounting for the alternate fate of the substrate material that was not used
(Figure 1). In the classical system, the expanded sub-system accounts for SCGs by municipal
waste treatment (incineration), and in the alternative system, the alternate fate of straw was
mulching in the field, which had no impact. The functional unit of the systems was 1 kg of
oyster mushrooms produced and 1 kg of SCGs treated.

Results and discussion

The alternative production system had smaller impacts than the classical production system
by 15-89%. The difference in impacts between these systems come from two factors: first, in
the farming sub-system there were different raw material and supply chain impacts from straw
(low impacts allocated from grain production) and SCGs (no impacts because waste product).
Specifically, straw was allocated 10% of the impacts of grain production. Second, from the
expanded sub-system, which for the classical farm involves incineration of SCGs, and for the
alternative farm involves using straw as mulch (no impacts). Both of these factors drove
differences in impacts between the two systems, although they had varying influences
depending on the final impact (Figure 2).

Climate change impacts for the classical system had a large contribution of impacts from SCG
waste treatment (56%). However, comparing climate change impacts between only the
farming sub-systems, the alternative system had larger impacts than the classical system. This
was due to more frequent deliveries of SCGs than of straw, highlighting a trade-off in using
alternative materials with informal, potentially inefficient supply chains. The comparison was
more straightforward for the other impact categories, because the farming sub-system of the
classical system consistently had larger impacts than the alternative system. Then, impacts
from incineration in the expanded sub-system exacerbated these differences.
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System expansion is often accompanied by substitution in LCAs, where the expanded
alternative system is subtracted from the system of interest (Curran, 2013). Here, that would
involve subtracting SCG incineration impacts from the alternative system. This would be
useful to narrow the scope to a single product system, by changing the functional unit to
simply 1 kg of mushrooms, and eliminating the need for a comparison to the classical system
to observe the benefits of the circular system. This approach would be reasonable, and
mathematically the relative results between the systems would be the same (Nakatani, 2014).
However, our approach was more appropriate here for several reasons. First, if we perform
this substitution, the climate change impacts of the alternative system are negative (-0.15 kg
CO: eq. / kg mushroom). This is problematic because negative impacts are not intuitive and
are difficult to use elsewhere (Curran, 2013). Second, the comparative nature of our study
does not necessitate a single-product system; rather, two comparable systems with identical
functions. This allows us to manipulate the system boundaries and capture external services,
as long as the functions of the systems are comparable. Perhaps this approach- comparative
LCAs using system expansion (without substitution) - is more appropriate for studying
complex circular systems, rather than single-product LCAs using allocation or substitution.
The former captures external activities and networks of actors in a complex system, rather
than reducing it into a singular product system with embedded credits.
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Figure 2: The alternative system using spent coffee grounds had lower impacts than the classical
system using straw for all categories. This was due to differences in both the input materials and
supply chains in the farming sub-systems, and differences in the expanded sub-systems. For the
latter, the incineration of spent coffee grounds incurred large impacts for climate change in
particular.

The decision to use system expansion was dependent on our choice to treat SCGs as waste,
rather than as a co-product. Since food waste is not usually separately collected in Paris, the
SCGs likely would have otherwise gone through the municipal waste stream if they had not
been used by the mushroom farm (Syctom, 2018). The activities of the mushroom farm so
directly affected the fate of the SCGs that we argue it is relevant to include this outcome. In
contrast, straw was a co-product and raw material input with embedded impacts. The
distinction between waste and co-product for residual biomass is blurry, and depends on
several contextual factors. In fact, as a circular economy is increasingly pursued, materials
that were once waste with no other use may transition to a co-product status, if it becomes the
norm to use them (Olofsson and Borjesson, 2018). Then, these materials should be allocated
some impacts, like the case of straw. In the future, or in other cities with large biomass
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collection systems, SCGs may be considered a co-product with impacts. Because reuse of
urban waste is a promoted benefit of urban agriculture, particular attention must be paid to the
waste status and alternative flows of these recycled materials when performing LCAs of urban
agriculture.

Conclusion

In a comparative LCA of urban mushroom farms with typical and alternative input materials,
the latter had lower environmental impacts. This improved performance was due to both the
different impacts of the input materials themselves, and due to the external benefits from
using waste that would have otherwise been incinerated. We used system expansion to take
into account the additional function of the alternative system (waste treatment) by including
the fate of the input material that was not used for mushroom farming. Although this method
does not allow for a single product system, and may not be useful for benchmarking impacts
of products, we found it was appropriate in this case. To evaluate circular exchanges of waste
and co-products in LCA, system expansion may be more suitable than allocation because it
can include a more complete set of actors and external benefits.
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Abstract

Purpose

Food waste in developed countries is generated mainly at the end of value chains. Current treatment
disposal methods include anaerobic digestion, incineration, wastewater treatment, composting,
application as animal feed (for pets) and other options. Reducing of avoidable food waste through
human consumption (redistribution, sharing) is perceived as better option. The aim of the study is in
comparing the environmental impact of avoidable food waste utilization for human consumption by
German population to the impact of conventional food waste management system.

Methods

Current study is theoretical and based on several published data sources, used for the calculation of
four impact categories: global warming impact, land use, water footprint and energy demand.
Estimation of health impact with extra food consumed included calculation of food calorific value
(USDA National Nutrient Database for Standard Reference). Accumulation of weight and increase in
obesity rates was calculated after (Swinburn et al. 2009). Calculations of demographic structure and
current state of obesity rates in Germany relied on statistical sources. Identification of the
environmental impact of current healthcare system and share of the healthcare related to overweight
and obesity states was performed after (Steen-Olsen et al. 2012; Shephard 2019; Pichler et al. 2019).
Results and discussion

The results indicated that current waste management system was more beneficial for the environment
than consuming excessive food by German population and requesting related medical services in
categories of global warming potential (0.128 versus 0.6-2.4 Mt COzeq.), energy demand (-21 versus
16-66 PJ) and water footprint (-1607 versus 13.2-53 million m®). However, land use impact allocated
to the need of additional healthcare due to food consumed by humans was 13-80% lower than that of
the current waste management system. Additional danger of consuming excessive food related to
accumulated risks and further increased demand for health services. Following years would worsen
the situation, making the choice for “food waste avoided diet” through redistribution unfeasible.
Conclusions

The results received do not allow for a simple answer on the selection of more sustainable strategies
of dealing with excessive amount of food in every specific case. However, they allow to indicate
preferable conditions for dealing with excessive food in model conditions, which account for health
state of household members or group of people (population), nutrient density and amount of food,
and time frame. Time factor and current obesity rates are the determining factors defining preferences
for food wasting or consumption.

Keywords: food waste; obesity; environmental impact;, LCA; waste treatment.
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Introduction

In developed countries the food waste occurs in a great degree at the end of the value chains (at the
consumer) (Kummu et al. 2012; Stenmarck et al. 2016). It is impossible to discuss the progress
towards sustainable food systems without tackling the problem of food waste at the end of agri-food
chains (Stenmarck et al. 2016; Beretta et al. 2017; Smetana et al. 2019, 2020; Pleissner and Smetana
2020).

There are 7-9.9 Mt of potentially avoidable food waste (51% of all waste) at the end of the supply
chain in Germany (Noleppa and Cartsburg 2015; Schmidt et al. 2019¢). Recently finished study
(REFOWAS research project) concluded that around 40% of avoidable food waste in Germany arises
in private households (Delley and Brunner 2018). Another study commissioned by BMEL in 2016
examined in a representative manner the compositions and waste treatment routes in Germany
through surveys and measurements (Hiibsch and Adlwarth 2017; Schmidt et al. 2019a).

Excessive amount of avoidable food waste, according to the waste management pyramid, should be
preferably utilized as food (Papargyropoulou et al. 2014). At the same time, considering that 54.8%
of Germans are overweight and obese, excessive food consumed could lead to serious consequences
and spending of additional resources for the weight management or medical treatment of obesity-
associated conditions and diseases.

What is cheaper for the environment and current state society to waste the excessive food (also
considering all the upstream resources used) or consume and treat it as a metabolic waste? The
question has deep conceptual roots and requires a holistic approach towards assessment of a few
complex systems: food production, food waste treatment, and medical system. At the same time, the
study is not aiming to justify the overproduction rates, neither the known priorities in dealing with
food waste (Liu et al. 2019). It is rather a search for the guiding sustainability strategies for the
consumers, canteens, restaurants and other end consumers for the dealing with excessive food.
Material and methods

The study relied on published data for the analysis and calculations of food waste amounts at
household level in Germany: statistical data on general amount of food waste (Noleppa and Cartsburg
2015; Schmidt et al. 2019c); stratified detailed data on food waste amount and treatment routes at
consumer level from the recent study of GfK SE (Hiibsch and Adlwarth 2017; Schmidt et al. 2019a);
detailed and deep analysis of food waste use and impact from the results of REFOWAS project
(Schmidt et al. 2019c). The data from indicated sources allowed to define two variables of avoidable
food waste amount at the household level: upper ~7 Mt (Noleppa and Cartsburg 2015) and lower
~3 Mt (Schmidt et al. 2019¢c). Relative distribution of food waste and related waste treatment
scenarios were based on the study of GfK SE (Hiibsch and Adlwarth 2017).

It was assumed that food waste at household level was treated (managed) in one of the ways indicated
in the study (Hiibsch and Adlwarth 2017). Quantification of environmental impacts was performed
for four impact categories (global warming potential, land use, water footprint and energy demand).
Calculations were based on average values from numerous LCA studies performed for food waste
treatment with anaerobic digestion (Poeschl et al. 2012; De Vries et al. 2012; Kim et al. 2013; Lij06 et
al. 2014; Jin et al. 2015; Xu et al. 2015; Ebner et al. 2015; Woon et al. 2016; Di Maria et al. 2016;
Ahamed et al. 2016; Mondello et al. 2017; Opatokun et al. 2017; Slorach et al. 2019), composting
(Gliereca et al. 2006; Blengini 2008; Cadena et al. 2009; Martinez-Blanco et al. 2010; Takata et al.
2012; Vazquez-Rowe et al. 2015; Di Maria et al. 2016; Raghuvanshi et al. 2017; Mondello et al.
2017), incineration (Kim et al. 2013; Ahamed et al. 2016; Mondello et al. 2017; Opatokun et al. 2017,
Slorach et al. 2019), wastewater treatment (Dixon et al. 2003; Foley et al. 2010; Buonocore et al.
2018; Guven et al. 2018), feeding to pets (Herrera-Camacho et al. 2017; Su et al. 2018; Su and
Martens 2018) and other methods which represent average impact values of all other waste treatment
methods.

Calorific content of the wasted food was accounted from approximate composition in published
studies (Hiibsch and Adlwarth 2017; Schmidt et al. 2019b, c; Toti et al. 2019) and relevant calorific
values from USDA National Nutrient Database for Standard Reference (US Department of
Agriculture (USDA) 2018). Accounting of calorific content of potentially avoidable food allowed the
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estimation of overall excessive fat weight each representative of German population in general or for
specific groups will be able to gain annually. In order to calculate the weight gain by German
population, the study relied on the equation (1) developed by Swinburn et al. (Swinburn et al. 2009)
for the population with constant height and age. German population was divided into groups with
similar average age and height, and weight gain was calculated.
w, EnFlux, 0.712

(Wl) - (Enfluxl) (1)
where, IW; — initial weight of a person, kg; W> — resulting weight of a person in one year, kg; EnFlux;
— initial energy flux, amount of energy consumed daily to maintain the body weight W;, MJ; EnFlux;
— changed energy flux, amount of energy consumed daily to maintain the body weight >, MJ.
The analysis of potential changes to the population included the accounting of demographic structure
(United Nations 2019) and current state of obesity and overweight rates in Germany (DiBonaventura
et al. 2018). Estimation of healthcare system environmental impact was based on large-scale LCA
studies conducted for a few countries like USA (Eckelman and Sherman 2016), the United Kingdom
(Sustainable Development Unit for NHS England and Public Health England 2018), Australia (Malik
et al. 2018), and Canada (Eckelman et al. 2018). Current study relied on the estimates of carbon
footprint available in literature (Steen-Olsen et al. 2012; Pichler et al. 2019), while for other impact
categories it was assumed that share of healthcare impact was the same as the ratio of spending for
healthcare system to the national GDP. The ratio in Germany is 11.45% (OECD 2019). Using
estimated impact values per capita for water footprint, land use, fossil energy use (Hertwich and
Peters 2009; Galli et al. 2012; Steen-Olsen et al. 2012; Weinzettel et al. 2013) it was possible to define
German healthcare system impacts. Further, it was assumed that current share of healthcare impacts
in developed countries associated with obesity state is in the range of 5% (Shephard 2019) and that
adding extra weight would result in additional increase in 1-4%. The study concluded with the
comparison of LCA results of conventional food waste treatment system and food reuse.
Results and Discussion
Representation of potentially avoidable food waste distribution with embodied calorific value
indicated that highest portions of energy (more than 2 million GJ annually) was wasted with bakery
products (in residual and organic bins and pets/animals) and cooked dishes (residual and organic bins).
They were followed by fresh meat/fish, processed convenience foods and dairy products dumped in
residual waste bins with values close to 2 million GJ annually. Similar energy amount was required
for the wastewater treatment of wasted dairy products. Somewhat lower amount of energy (around 1
million GJ for each product category) ended up with fresh fruits, vegetables and meat/fish, as well as
processed convenience products in organic waste bins. Similar calorific values were allocated to
wasted cooked dishes through wastewater and other foods through residual waste bins.
Recalculation of wasted calorific energy per capita in Germany indicated the highest values allocated
to wasted bakery products (around 174 MJ) followed by cooked dishes (around 108 MJ). Total energy
per capita wasted with potentially avoidable waste in Germany is more than 128 000 kcal annually.
Such amount of energy could transform in additional 6.29-13.6 kg of weight gain annually if added
to currently consumed food. It should be noted that current level of calorific load for German
population could result in baseline weight gain in the range of 9.26-12.87 kg / annually (average 10.2
kg annually). Joined calorific impact of current level of food consumption with consumption of
potentially avoidable food waste could result in tremendous weight gain in range of 15.5-26.5 kg
annually. On the other hand, waste treatment of avoidable food waste resulted in very diverse
environmental impacts (Table 1).
The identification of the potential connection between excessive food consumed and environmental
impact of such metabolic waste required the estimation of the current allocation of German healthcare
resources to the treatment of overweight and obesity-related conditions. It was possible through
relation on the literature resources (Steen-Olsen et al. 2012; Pichler et al. 2019; Cimprich et al. 2019)
and assumptions on applicability of defined healthcare resources for the treatment of conditions
related to overweight and obesity (Lehnert et al. 2015; Effertz et al. 2016; DiBonaventura et al. 2018).
German healthcare system therefore was responsible for more than 60 million tons of COzeq. of GHG
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emitted; 1.6 billion GJ of energy used; 265 000 km? of land used; and 1.3 km? water depleted. Such
huge amounts were in the range of values reported in literature for other countries (Eckelman and
Sherman 2016; Sustainable Development Unit for NHS England and Public Health England 2018;
Eckelman et al. 2018). Considering high levels of overweight and obesity in Germany (Schienkiewitz
et al. 2017), 5% of healthcare resources can be allocated to the current treatment of overweight and
obesity-associated conditions. Interesting that environmental impact of healthcare allocated to
overweight and obesity-related activities was much lower than the metabolic waste (Serafini and Toti
2016; Toti et al. 2019) calculated for the German population for carbon water footprints and higher
for land use.

Table 1. Environmental impact of treating avoidable food waste (annual values, GWP — global
warming potential, ED — fossil energy demand, LU — land use, WF — water footprint)

Current waste GWP, kg COzeq ED, MJ LU, m’a WF, m?
treatment

Residual waste (bin) -184,080,600  -1,453,320,000 -2,993,760 -816,156,000
Organic waste (bin) -766,22,000 -19,308,193,200 11,531,492,431 -704,697,504
Compost 162,921,650 539,400,384 181,920 -42.,541,200
Wastewater 6,596,856 18,317,759 32,472 -13,751,472
Feed pets (animals) 192,956,000 9,288,000 339,991,200 18,216
Other 25,977,726 -319,747,725 231,640,935 -30,343,336
Total 127,749,632 -20,514,254,783 12,100,345,198 -1,607,471,296

Increasing Body Mass Index of German population (Schienkiewitz et al. 2017) with additional 15.5-
26.5 kg of weight gain per capita annually (on average 10.2 kg due to current rate of overconsumption
and 9.0 kg due to potential consumption of avoided food waste) indicated a rapid shift of German
population, including undernourished part (1.8%) to extreme obesity and overweight rates from 18.1%
to 54.0-65.4% and 35.9% to 22.05% respectively. In the case of even consumption by the complete
German population of potentially avoidable food waste the overweight and obesity rates would reach
76-95% within 3-4 years. Such a rapid weight gain is associated not only with additional calories
gained through consumption of potentially avoided food waste (plus 350 kcal daily), but also due to
existing overconsumption of calories (around 500 kcal daily).

Such rapid increase in obesity rates was assumed to trigger the demand for healthcare resources in
the scope of 1% (conservative case) to 4% (extreme case). Therefore, human consumption of
potentially avoidable food waste due to the increased demand for healthcare services could increase
impact on the environment: 0.6-2.4 Mt CO2eq. for global warming potential; 16-66 million GJ for
energy consumption; 2650-10600 km? for land use; 13.2-53.0 million m® for water footprint.

The comparison of environmental impacts of treating the avoidable food waste with current waste
treatment technologies versus consuming it by the population of Germany indicated that the first
option was more beneficial for the environment in categories of global warming potential, energy
demand and water footprint (Table 2). Consuming potentially avoidable food waste by German
population would result in increased GHG emissions (additional 0.48-2.3 million tonnes COzeq.),
energy use (additional 36.9-86.1 million GJ) and water depletion (additional 1.62-1.66 billion m?).
At the same time conventional waste treatment require 1.14-4.57 times more land resources when
treating potentially avoidable food waste at the end of the chain (Table 2).

There are several points which should be thoroughly discussed before making the final conclusions
in the study. First, it should be noted that there was an extreme lack of data and trustable studies,
which can be used for calculations. Therefore, the study relied on number of approximations, based
on the most recent published data. The most crucial assumption in the study was associated with the
allocation of 5% of healthcare system impacts to the treatment of overweight and obesity-related
conditions (Shephard 2019). Application of other values of 3.27% (Lehnert et al. 2015) or ~ 17%
(Effertz et al. 2016) did not change the relative conclusions. It is still necessary to highlight the need
for more precise analyses of environmental impact of German healthcare system. Moreover, more
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studies are needed to define more accurately the allocation of healthcare resources to the treatment of
overweight and obesity conditions in Germany and other countries.

Table 2. Environmental impact of treating potentially avoidable food waste with current treatment
technologies in comparison with human consumption in Germany (reference year 2017, annual values,
GWP — global warming potential, ED — fossil energy demand, LU — land use, WF — water footprint)

GWP, tonnes ED, GJ LU, WE, m*

CO2eq km?a
Current waste treatment 127,750  -20,514,255 12,100 -1,607,471,296
Consume and gain weight (LOW) 609,192 16,393,991 2,650 13,250,143
Consume and gain weight (HIGH) 2,436,770 65,575,963 10,600 53,000,572

Current study also has some limitations, which are mostly connected with several factors affecting
human metabolism (and weight gain) through increased activities (sport) or uneven distribution of
food energy within the population. Further studies should consider these factors. Even with such
limitations, the study achieved the goal of defining the best of two options for current German
population in dealing with avoidable food waste: better to waste food than to eat it.

Conclusions

The results of the study are not aimed to argue priority of waste management hierarchy to avoid
overproduction (and thus wasting or overconsumption) (EC Directive 2008; Liu et al. 2019). However,
they revealed that in specific cases (overweight population) it is better to treat food waste with existing
or improved waste treatment methods than reuse (consumption of excessive amount) from
environmental perspective. The results of the study are relevant for the populations with high levels
of produced avoidable food waste at household level and high overweight and obesity rates. It does
not allow for a simple universal answer on the selection of more sustainable strategies of dealing with
excessive amount of food for all the cases (countries). However, it allows to indicate preferable
conditions for dealing with excessive food in model conditions, which account for health state of
household members or a population, nutrient density and amount of food, and timeframe.
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Abstract

Ammonia (NH3) is the most common pollutant in the pig’s environment. This study aims to provide
an initial assessment of the environmental impact of a farm producing heavy pigs where a wet acid
scrubber for NH3 abatement was installed. The Life Cycle Assessment approach was applied. 1 kg of
live weight was selected as Functional Unit. Two alternative scenarios were considered. In the
baseline scenario (BS) the air was not treated, while in alternative one (AS) a wet acid scrubber was
adopted. Using the characterization factors reported by the midpoint ILCD method 12 different
impact categories were evaluated. The outcomes of this study highlighted how the best solution
depends from the selected impact category. Indeed, the AS was the best one for “particulate matter
formation”, “acidification”, “terrestrial eutrophication” and “marine eutrophication”, the categories
influenced by NH3 emissions, and the worst for the other ones due to the higher energy and resource
consumption related to the construction, maintenance, and operation of the scrubber.

Keywords: Life Cycle Assessment, livestock activities, pig, ammonia, emission.

Introduction

Air inside pig barns is characterized by either high concentration of ammonia (NHs) and particulate
matter (PM) that can pose a direct hazard to animals and workers health, or odors (VOCs). The same
poor-quality air is released into the environment, causing odor nuisance and atmospheric pollution in
the surrounding rural and urban areas (Schauberger et al. 2018). It is well known that the agricultural
sector is mainly responsible for NH; emissions, arising principally from manure management and
from fertilizers application (EEA, 2018). Released into the environment, NH3 causes soil acidification,
nutrient-N enrichment of ecosystems, and terrestrial eutrophication. Furthermore, NH3 is a
chemically active gas able in the atmosphere to react with sulfuric and nitric acids to form secondary
inorganic PM (PM25) (Schauberger et al. 2018). PM>s is a threat to human health, several
epidemiological studies show a causal link between PM exposure and cardiovascular and respiratory
system damages (Carugno et al. 2016). According to Kiesewetter et al. (2015) in the Po valley it leads
to a reduction in life expectancy of about 36 months. Po Valley is one of the European regions with
the highest levels of PM due to the concurrent high density of anthropogenic sources and its
orographic and meteorological characteristics unfavorable for pollutant dispersion (Carugno et al.
2016). In particular, Lombardy region is located in the middle of the Po basin and it presents the
highest Italian pig population density, accounting for more than 4 million heads (ISMEA, 2019).
Different strategies are available to reduce NH3 emissions from pig housing: feeding strategies, slurry
storage, treatment and application techniques, and air cleaning systems (Ti et al. 2019).

The LIFE-MEGA project (LIFE18 ENV/IT/000200) aims to reduce NH; and PM emissions from
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piggeries, with a benefit for human health in rural and urban air quality. The project aims to develop
and test in pig houses, located in the Lombardy region, two different abatement systems (dry and wet
scrubber). The dry scrubber is a technology already used in other industrial contexts (e.g. baking),
whereas the wet scrubber will be a prototype using citric acid. This study reports the preliminary
results achieved in Italy in terms of environmental impact reduction using the wet acid scrubber.

Material and methods

The aim of the present study was to provide an initial assessment of the environmental impact of an
Italian farm producing heavy pigs where a wet acid scrubber for air treatment was installed. The
functional unit selected was 1 kg of pig live weight (LW) at the farm gate. Two alternative scenarios
were considered: the baseline scenario (BS) representing the situation as it is, and the alternative
scenario (AS) where the wet acid scrubber prototype (with 60% NH3 removal efficiency) was adopted.
Regarding the system boundary, a “cradle to farm gate” approach was applied, including all inputs
(e.g. machinery, fuel, lubricant, organic and mineral fertilizers, pesticides, water, off farm feed) and
outputs (emissions to air, soil and water) as reported in Fig. 1.
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Figure 1. System boundaries for Baseline and Alternative scenarios

The case farm was an intensive farrowing to finishing farm, producing heavy pigs for traditional dry-
cured hams, located in the province of Brescia (Italy). A farrow-to-finish system comprises all phases
of pig production, from the farrowing phase to produce piglets till the growing-finishing one where
pigs are raised till market weight (for dry-cured ham PDO disciplinary, minimum 160 kg LW at
slaughter). The agricultural area of the farm was 100 ha, entirely used for maize grain production.
Primary data were collected during surveys on farm carried out by experts by asking for information
about: herd management, field production, feeding, and slurry management. Data related to the wet
acid scrubber prototype were provided by the construction company. Table 1 report the main
inventory data about herd traits and performances.

Table 1. Herd traits and performances

Zootechnical data Unit

Heavy pigs produced no./year 10,050
Slaughter LW kg 167
Sows no. 730
Giving births/sow no./year 232
Piglet weaned/sow no./year 21
Average LW per reproduction sow kg 200
Average LW per piglet kg 23
Average LW per fatteners — 1% phase kg 40
Average LW per fatteners — 2™ phase ~ Kg 103
Mortality % 3
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As concern secondary data, CHs and N2O emissions were estimated according the IPCC guidelines
(IPCC, 2019), whereas EEA guidelines (EEA, 2019) were used for NH3 ones. Finally, background
data concerning the production of the different inputs (e.g. seeds, pesticides, fertilizers, diesel, tractors
and implements) were retrieved from the Ecoinvent Database v.3 (Weidema et al., 2013).

Twelve environmental impacts were evaluated: Climate Change (CC), Ozone Depletion (OD),
Human toxicity, non-cancer effects (HTnoc), Human toxicity, cancer effects (HTc), Particulate matter
(PM), Photochemical ozone formation (POF), Acidification (TA), Terrestrial eutrophication (TE).
Freshwater eutrophication (FE), Marine eutrophication (ME), Freshwater ecotoxicity (FEx) and
Mineral, fossil & renewable resource depletion (MFRD).

Results and discussion

Table 2 shows the environmental impacts of 1 kg of pig LW for the two scenarios analyzed. Besides
the absolute values for the different impact categories it is reported also the variation between BS and
AS calculated as: (Impact of AS — Impact of BS)/Impact of BS.

Table 2. Absolute environmental impacts for the baseline (BS) and alternative (AS) scenario

Impact category BS AS A (%)
CC 3.55kg CO2 eq 3.65kg CO2eq +2.91
OD 3.12kg CFC'"eq- 107  3.32kg CFC ! eq- 107 +6.53
HTnoc 7.08 CTUh - 107 7