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Abstract

Purpose Meeting the demands of a growing and increasingly affluent population necessitates a deeper understanding of the
environmental and economic implications of production. This implication is most relevant in key production sectors includ-
ing agriculture and livestock. This article is intended to provide an understanding of the influence of methods of assessing
land-use change (LUC) with respect to minimizing both the global warming potential (GWP) and the monetary costs of pig
feed formulation.

Methods Feed mixtures intended for slaughter pigs were generated for minimal cost and GWP impacts by applying four
differing LUC assessment methods. The objective function was the Danish slaughter pig feed unit, minimized for cost in
Danish crowns (DKK), with GWP impacts constrained in multiple steps. Attributional LCA methodology was applied using
the Agri-footprint 6.3 database, with GWP impacts calculated excluding land use changes, including direct land-use changes
and including the carbon opportunity cost. Analyses of the functional relationship between the optimal cost and the GWP
impact were conducted, followed by a comparative LCA of the cost of comparable feed mixture by applying two sets of
functional units: 100 slaughter pig feed units and 1 kg of pig live weight.

Results and discussion A similar relationship between cost and GWP impact was observed across all methods, although
variability of GWP impact magnitude depending on method was observed. Reducing at an equivalent cost, GWP reduction
ranged from 5.6 to 27% based on the pig feed functional unit, and 2.4 to 13% based on the pig live weight functional unit.
Optimizing feed mixtures for GWP impacts resulted in significantly increased contributions to other impact categories,
including a 56% increase in terrestrial ecotoxicity. Despite the increased contributions to other impact categories, all opti-
mized feed mixtures achieved a reduction in endpoint indicators and single score. Endpoint reductions to the feed unit were
2.3-25% for ecosystem damage, 7.4—15% for human health, and 6.0-16% based on a single score value.

Conclusions The findings emphasize the key importance of addressing LUC when optimizing the GWP of agri-food pro-
duction. Suggestions are provided for areas of improvement in future optimization studies applying a dietary unit as the
objective function, including additional midpoint impact categories and/or extended optimization covering whole areas of
protection. The findings suggest that GWP impacts may be reduced at no additional cost if included or embedded in the pig
feed formulation procedure.

Keywords LCA - Agriculture - Feed - Optimization - GWP - LUC - Pigs - Swine - Pork

1 Introduction

Recent statistics on global dietary patterns suggest that
nearly 40% of human protein consumption is sourced from
animal proteins originating from livestock, including eggs,
dairy, and meat (FAO 2023a).

Livestock feed, and in particular pig feed, consists pri-
Extended author information available on the last page of the article marily of plant-based ingredients like grains and sources of
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dietary protein, including oilseed “meals” originating from
vegetable oil production, and to a lesser extent dietary pro-
tein sources of animal origin, including blood plasma, fish
meal, and milk protein (Lewis and Southern 2001, Sauber
and Owens 2001). Dietary fat sources in pig feed are primar-
ily plant-based, although this energy source may also be of
animal origin (Azain 2001). Although consumption patterns
differ globally, pork (i.e., pig meat) is on average the most
highly consumed meat in China and the European Union,
providing a substantial share of protein to the global food
supply (FAO 2023c).

Presently, the Danish agricultural sector contributes
to about 26.2% of the sectoral anthropogenic GHG emis-
sions, primarily in the form of nitrous oxide (N,0O), methane
(CH,), and carbon dioxide (CO,) (Nielsen et al. 2023). These
GHG emissions contribute to a rise in global temperatures
at different magnitudes referred to as the “global warming
potential” (GWP), an impact category expressed in the mass
of CO, equivalents (CO,-eq), usually over a 100-year time
horizon (GWP-100). The European Union has set ambitious
targets to reduce greenhouse gas (GHG) emissions by 70%
(relative to 1990) by the year 2030 (European Commission
2020). The Danish government has also set a climate neu-
trality target for 2050, requiring major changes in national
production across all sectors (Energistyrelsen 2020). Despite
the urgency caused by rising mean global temperatures,
multiple other environmental impact categories are highly
relevant to the agri-food sector, including eutrophication,
acidification, human toxicity, ecotoxicity, and excessive and
unsustainable water and land use (Knudsen et al. 2019; Gis-
lason et al. 2023). The relevance of global land and water
use is exemplified by 70% of freshwater extraction and 44%
of habitable land occupation directly attributable to the agri-
food sector (FAO 2023b; FAO 2024). The application of
pesticides to croplands may result in the leaching of toxic
substances into groundwater, posing an additional risk to
local water supplies (Mateo-Sagasta et al. 2017). Appli-
cation of fertilizers, containing nitrogen, phosphorus, and
potassium, is a common practice in conventional crop pro-
duction, resulting in multiple emission pathways, including
air, leaching, and run-off (Hutchings et al. 2023). Most GWP
impacts attributable to crop cultivation are N,O emissions
traced to fertilizer applications and emissions attributable to
transformations of land cover (Bennetzen et al. 2016).

Life cycle assessments (LCAs) enable GWP impacts to be
calculated from all production activities, including upstream
and downstream activities in the supply chain (Bjgrn et al.
2018). Additionally, the LCA methodology enables the
substance characterization of multiple impact categories
(e.g., ecotoxicity and eutrophication), enabling compre-
hensive environmental impact reporting (Hauschild and
Huijbregts 2015). The attributional and consequential LCA
approaches are the two main assessment classifications in
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LCA methodology (Weidema 2014). The attributional LCA
approach is mostly used in environmental accounting, prod-
uct declarations, and minor systematic decisions, while the
consequential approach is intended for large-scale systematic
changes and policy decisions (European Commission 2010).
Land cover transformations are major drivers of GHG emis-
sions and biodiversity loss, and contribute substantially to
the agricultural sector’s GWP impact (Rosa et al. 2014).
The GHG emissions from these transformation activities are
often the result of the clearing of forests and the conver-
sion and degradation of land systems, which leads to atmos-
pheric releases of carbon stored in above- and below-ground
biomass and soil (Andreson-Teixeira and DeLucia 2011).
Practitioners of LCA refer to these transformations as land-
use changes (LUC), although inclusion in LCA is usually
limited to the GHG emissions attributable to a specific trans-
formation activity (BSI 2012). The importance of including
LUC within agricultural systems has been emphasized in
previous LCA studies, most notably in respect of decisions
regarding biofuels (Cherubini and Jungmeier 2010; Woltjer
et al. 2017). The importance of LUC in the context of pig
feed has also been emphasized, as the inclusion of LUC
may increase the GWP impact severalfold (Meul et al. 2012;
Kebreab et al. 2016).

Common LUC classifications methods are the direct
(dLUC), indirect (LUC), and “carbon opportunity cost”
(COC) classifications (Persson et al. 2014; Searchinger
et al. 2018). The dLUC assessment methodology enables
accounting of past land transformation carbon losses that
are attributed to production over a specific time horizon
(usually the last 20 years) (BSI 2012). The iLUC assess-
ment methodology provides an estimate of GHG emissions
as the consequences of production choices in a systematic
supply-capacity context relative to static demand imposed
by global consumption (Schmidt et al. 2015). The COC
assessment methodology is based on the opportunity cost
principle originating from economics, which provides an
estimate of lost carbon sequestration by choosing to con-
tinue current production as opposed to abandoning land. The
COC method calculates the relative difference in current and
natural carbon stocks of soil and vegetation that are attrib-
uted to production over a specified time horizon (Search-
inger et al. 2018). Although land-management practices
(e.g., crop rotation and tillage) may result in changes to the
carbon stocks of cropland, LCAs generally do not include
these stock changes (BSI 2012). These LUC assessment
methods are all recognized within LCA applications, which
are included in the latest draft of the greenhouse gas proto-
col (GHG Protocol 2022). The dLUC assessment method
is best suited in attributional LCAs based on the attribution
of recent carbon losses to current production (e.g., environ-
mental accounting). A majority of existing dLUC studies
and assessment methods statistically attribute carbon losses
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through deforestation to commodities relying on aggregated
LUC data (Carter et al. 2018; De Sy et al. 2019; Pendrill
et al. 2019). This approach introduces uncertainties regard-
ing the precise locations of deforestation events and the
resulting carbon losses (Bontinck et al. 2020). However,
the integration of remote-sensing datasets with finer spatio-
temporal resolutions significantly enhances the accuracy
of the carbon losses attributed to commodity production,
offering improvements over traditional statistical methods
(Singh and Persson 2024). The iLUC assessment method is,
on the other hand, best suited for consequential LCAs, pro-
viding an estimate of the GWP impacts through the indirect
consequences of production choices. The COC assessment
method is aligned with the attributional LCA methodology
in the context of accounting, although it may also align with
consequential LCA methodology in the decision context for
climate action (Searchinger et al. 2018). These LUC assess-
ment methods are valuable tools within agricultural LCAs,
and their inclusion (or exclusion) should be carefully consid-
ered based on the specific LCA’s goal and scope.

The majority of environmental impacts in pig production
is attributable to the production of feed, the housing of ani-
mals, and manure management, with minimal contribution
from capital goods (e.g., onsite energy use, machinery, and
buildings) (Gislason et al. 2023). Although multiple mitiga-
tion areas have been discussed in existing LCA literature on
pig production, changes in feeding practices are among the
most promising mitigation areas (Gislason et al. 2023). As the
GWP impact of feed mixtures for pigs is mainly influenced by
its feed ingredients, including ingredient GWP impacts in the
diet formulation may enable cost-effective impact reductions.
Feed mixtures for pigs differ in their requirements depend-
ing on the developmental stage, which are usually split into
three stages for slaughter pig production. The stages are as
follows: (1) sow management and nursing of piglets until they
reach weaning weight, (2) weaning of piglets from sows until
attaining fattening weight, and (3) the fattening of pigs until
slaughter weight. In Denmark, after giving birth to a litter of
piglets, the sow will typically nurse these piglets for close to
28 days until weaning weight of approximately 7.0 kg. When
piglets are weaned, they enter the nursery stage, where they
will be housed in temperature-controlled stables until they
reach a weight of about 30 kg. Throughout this period, piglets
will typically consume two or three different diets that gradu-
ally adapt the piglet to consuming vegetable protein and grains.
The final stage is the grower-finisher phase, where pigs are fat-
tened from 30 kg to their slaughter weight, which ranges from
110 to 140 kg depending on the system in question. In this
period, pigs consume dry feed dispensed in automatic feeders
or using a liquid feeding system. The slaughter pig diets pri-
marily consist of plant feed as a mixture of grains (primarily
wheat and barley) in addition to the meal by-product of oil-
pressing beans or seeds (primarily soybean meal).

Studies that formulate pig’s diet are based on multiple-
linear programming, taking into account the individual
ingredient cost and nutrient content (van Zanten et al.
2018). In multiple-linear programming, an objective func-
tion defines the output variable (e.g., the unit of feed), while
the decision variables are input variables (e.g., the cost) that
are subjected to minimization or maximization (Stark 2012).
In diet formulation for pigs, the objective function is defined
as a feed unit that includes specific nutritional requirements
based on constraints, while the decision variable is typically
cost.

The nutrient constraints are typically retrieved from nutri-
ent standards at a national level, i.e., the American “Nutrient
Requirements of Swine,” the Dutch “Booklet of Feeding
Tables for Pigs,” or the Danish Nutrient Standards (National
Research Council 2012; Tybirk. 2022; CVB 2023). Formula-
tion of pig feed mixtures require the combined knowledge
of nutritional requirements and ideal ingredient composi-
tions in pig feed mixtures, since certain ingredients may
only be introduced in minimal quantities without risking
digestive issues resulting in reduced growth performance
(Landbrug & Fgdevarer 2019). In modern pig production,
the feed conversion ratio and average daily gain and mortal-
ity rates are typically monitored to utilize the feed as effi-
ciently as possible. The primary source of non-feed-related
GWP impacts consists of emissions of CH,, which occur
during manure storage and animal housing through enteric
(gut) fermentation. Various nitrogen-based emissions (e.g.,
N,O, NH;) originate from pig excretions during housing
and manure storage, contributing to multiple environmental
impact categories (Sgrensen et al. 2023). Other emissions
of stated significance include non-methane volatile organic
compounds (NMVOCs) and particulate matter formation
(Amon et al. 2019).

This study aims to provide an analysis of the optimal cost
and GWP impact of feed mixtures fed to slaughter pigs by
applying multiple common LUC assessment methods in
calculation of the GWP impact. The analysis results will
be used to investigate the potential reduction in the GWP
impacts of Danish pig production by means of an LCA com-
parison of optimized feed mixtures at a cost equal to the
average feed mixture used in Denmark.

2 Methodology

This study investigates the optimization of slaughter pig
feed mixtures through the minimization of cost and the
constraining of GWP impacts based on four separately
applied LUC assessment methods. Each LUC assessment
method was individually analyzed in terms of changes in
cost and ingredient composition based on constraining the
GWP impact in multiple steps. Thereafter, cost-equivalent

@ Springer



2016

The International Journal of Life Cycle Assessment (2024) 29:2013-2031

and GWP-minimized feed mixtures were then generated for
each applied LUC assessment method and subjected to an
LCA comparison with an average feed mixture (baseline)
used in Denmark. Two functional units were defined, the
first comparing the slaughter pig feed mixtures directly as a
slaughter pig feed unit and the second comparing the aver-
age Danish pig production system using the optimized feed
mixtures. Animal performance and life cycle inventory data
were based on published statistics that are representative of
Danish production in 2021. Feed ingredients were subjected
to sensitivity analyses of the ingredient’s production origins
and ingredient constraints applied during feed optimiza-
tion and formulation. Methodological sensitivity analysis
included the addition of iLUC and an investigation of the
correlations across the applied LUC assessment methods.

2.1 LCA methodology

All environmental impacts were calculated using attribu-
tional LCA methodology, following the ISO 14040 and
14,044 standards (ISO 20064, b). Cost-equivalent slaugh-
ter pig feed mixtures were compared in two LCAs, the first
comparing the slaughter pig feed directly and the second
comparing slaughter pig production systems differing only
in slaughter pig feed mixtures. The functional unit directly
assessing the slaughter pig feed was defined as 100 Dan-
ish feed units for slaughter pigs (FU,;,), a comparable unit
fulfilling the nutrient requirements of slaughter pigs com-
parable to 1 kg of barley when completely oxidized (Tybirk
et al. 2006). The functional unit assessing the slaughter pig
production systems is defined as the mass of pig live weight
in kilograms (kg*LW) exiting the farm gate, hence excluding
all slaughterhouse activities. The system boundary assessing
the functional unit of pig live weight does not account for
changes in animal performance resulting from the different
feed mixtures and is only included to provide a reference of
reduction potential towards the entire pig production system.
The product system applying the functional unit of FU;, is
commonly referred to as “cradle to feed-gate,” including all
activities required in the production of a ready-to-eat feed
mixture. The product system for assessing slaughter pigs
is commonly referred to as “cradle to farm-gate,” includ-
ing all growth stages and activities from sow to slaughter
weight (0-115 kg). The defined baseline slaughter pig feed
mixture and the feed mixtures for sows and weaners were
based on estimated feed mixtures typically used in Denmark
(Tybirk. 2022). Feed ingredients are purchased with no crop
production as part of the foreground system; therefore, a
minimal contribution is expected from capital goods (stable
construction, electricity, farming equipment) resulting in the
exclusion of these activities from the foreground system.
Feed ingredient life cycle inventories were retrieved from the
Agri-footprint 6.3 economically allocated database, using
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Danish market mix processes (Mérieux NutriSciences |
Blonk 2024). Statistical data on housing types and manure
management systems were collected from the Danish
national inventory reports for 2022 and 2023, verified by
specialists at SEGES Innovation P/S (Nielsen et al. 2022,
Nielsen et al. 2023). Productivity data on feed conversion
ratios, litter sizes, and growth and mortality rates for Danish
pig production in 2021 was retrieved from a SEGES Innova-
tion P/S report (Hansen 2021).

Figure 1 illustrates the product systems, including the
emissions modelled as part of the foreground system for
animal housing and manure storage, all based on IPCC and
EMEP calculation models (Amon et al. 2019; Gavrilova
et al. 2019). Sow multifunctionality (culled sows and piglets)
is treated by economic allocations based on previous 5-year
average prices, while manure is treated as a waste flow (cut-
off) in alignment with the Agri-footprint 6.3 methodology
(Landbrug & Fgdevarer 2024, Blonk et al. 2022). OpenLCA
2.0.3 software was used for inventory modelling and impact
assessments using a modified version of the ReCiPe 2016
(H) midpoints and endpoints (Huijbregts et al. 2016, Green
Delta 2023). The modification of the ReCiPe 2016 (H) meth-
ods included the implementation of multiple GWP impact
(sub-)categories for characterizing GWP impacts depending
on the LUC assessment method in question. Additionally, as
regionalized characterization factors for Danish NH; flows
were missing for acidification impacts, they were included
manually to provide representative acidification impacts.
Details of inventory data, emission models, applied emission
factors, and the characterization factors applied in modifica-
tions to the impact assessment method are available in the
supplementary information (Online resource 1 & 2).

2.2 Methods assessing land-use change

Four LUC assessment methods were defined and included in
this study as specified in Table 1, resulting in four separate
feed optimization analyses and LCA results. Feed ingredi-
ent inventories were based on Danish market mix processes
for the Agri-footprint 6.3 feed database, which provide dis-
aggregated elementary flows (e.g., emissions), including
separated dLUC flows. These elementary flows were uti-
lized in addition to newly added LUC flows generated for
the additional LUC assessment methods, all expressed as
CO, emissions. The differences between the LUC assess-
ment methods were only the characterization values applied
to the GWP impact for the existing or newly generated LUC
flows. The additions of new LUC flows were limited to crop
ingredient inventory processes, with no additional LUC
flows provided for supplements (minerals and free amino
acids). Applying the modifications of ReCiPe 2016 (H) mid-
point in the various LUC flows enabled the environmental
impacts of all LUC methods for ingredients, feed mixtures,
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Fig. 1 Illustration of the system boundaries of the two product systems expressed in the functional units of slaughter pig feed unit (FU

kilograms of pig live weight (kg*LW)

pig) and

Table 1 Methods to assess

e . Name  Description Method source
land-use change applied in this
study and their sources of data 1 noLUC No land-use changes included none
and methods 2 dLUC, Direct land-use changes, data from Agri-footprint 6.3 database (Mérieux NutriSciences |
Blonk 2023)
3 dLUC, Directland-use changes, data provided by lead author (Singh and Persson 2024)
COoC Carbon opportunity cost, data provided by lead author (Wirsenius 2024)

and the entire pig production system to be calculated. The
“noLUC” assessment method included no characterization
of LUC flows on the GWP impact, while including the stand-
ard characterization values of all other elementary flows,
including peat-soil drainage emissions. All subsequent LUC
assessment methods include the characterization of flows
described for “noLLUC,” in addition to their unique LUC
flows characterized towards the GWP impact. The “dLUC,”
assessment method included characterization of the default
land transformation flows provided by the Agri-footprint
6.3 database. The “dLUC,” assessment method character-
ized a newly added flow based on a model that combined
geospatial datasets with agricultural statistics (i.e., a com-
bination of direct and statistical land attribution approaches)
for assessing the carbon losses through land transformation
(Singh and Persson 2024). To ensure homogeneity and fair
comparability of the two dLUC assessment methods, carbon
losses attributable to crop land (in hectares) were attributed
to individual crop products (in kg) for the dLUC, assess-
ment method using the PAS2050 guideline and FAO sta-
tistics data (BSI 2012; FAO 2022). The LUC assessment
method “COC” characterized a newly added flow that was

calculated using the LPJmL model to estimate current and
native carbon stocks (Searchinger et al. 2018). Calculation of
COC requires the difference in carbon stock to be attributed
over a specific time horizon by discounting or amortization
over a period of 80 and 30 years, respectively. Details of the
newly added flows and value per kg of ingredient are avail-
able in the supplementary information (Online resource 2)

2.3 Feed optimization

The steps needed to enable feed optimization, including the
cost and GWP impacts, are presented visually in Fig. 2. The
first steps were development of the life cycle inventory for
ingredients including LUC (Sect. 2.2), and was followed by
a calculation of the resulting GWP impacts for all ingredi-
ents and LUC assessment methods. Data on the ingredient’s
nutrients, cost, and GWP impacts were then uploaded to
the software WinOpti (v2023.1.8628.14970), where opti-
mized feed mixtures were generated and analyzed (Agro-
Vision 2024). Verification of successful implementation
was performed by comparing feed mixture GWP impacts
reported by WinOpti to those reported by OpenLCA. After
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Fig.2 The framework showcasing the steps needed to enable the inclusion of GWP impacts into the feed formulation for optimization

verification that optimization had been successful, analysis
was performed and followed by an LCA comparison of cost-
equivalent and GWP impact-optimized slaughter pig feed
mixtures using the two different functional units. Table 2
displays the feed ingredients used in this study, which con-
sist of 15 crop products as feed ingredients, in addition to
five essential free amino acid supplements and three mineral
supplements. Free amino acids only balance the amino acid
profile of the feed mix, being limited to this purpose within
the feed mixture formulation. The analysis and changes
were limited to slaughter pig feed to avoid increasing the
study’s complexity, but were substantiated by majority of
feed-related environmental impacts attributed to slaughter
pig feed (Gislason et al. 2023). Data sources of ingredient
nutrient contents were based on a combination of primary
data and proprietary and/or confidential data (AgroVision
2024). Data on average feed ingredient prices for 2021 were
acquired through correspondence with the Danish feed dis-
tributor Vestjyllands Andel A.m.b.a. (Ehmsen 2023).

The objective function was defined as 100 slaughter pig
feed units (FU,;,), a unit that typically ranges between 1.0 and
1.1 FU,;;, per kg of total ingredient mass (wet weight). As a
technical limitation of WinOpti required constraining the GWP
impacts relative to the ingredients’ dry matter (DM) content,
an additional constraint was applied at precisely 1.20 FU;,/
kg*DM to ensure accuracy. The allowable ingredient limits
within the feed mixtures were based on nutritional guidelines
published by SEGES innovation P/S and the specialists par-
ticipating in this study (Online resource 1). These include a

minimum mass constraint of 15% barley and 1% vegetable
oil content, representing local feeding practices (barley) and
ensuring that feed pellets can be produced from the feed mix-
tures (oil). The analysis began by formulating an “economic-
optimum” feed mixture, which represents the lowest cost feed
mixture that can be achieved while still satisfying all nutri-
tional and ingredient constraints. The economic-optimum feed
mixture is identical for all LUC assessment methods since no
maximum constraints are placed on GWP impacts. The eco-
nomic-optimum feed mixtures resulting in a GWP impact were
then gradually constrained for each LUC assessment method
until arriving at each LUC assessment method’s “GWP-opti-
mum,” representing the lowest GWP impact achievable for a
feed mixture while still satisfying all nutritional and ingredient
constraints. These two “optimum” feed mixtures provided two
key pieces of information about all optimized feed mixtures.
The first is the lowest cost achievable and its resulting GWP
impact, and the second is the lowest GWP impact achievable
and its resulting cost. This means that all possible combina-
tions of optimal feed mixtures are within these GWP impact
values, providing valuable information of the relationship of
minimal cost and GWP impact. Multiple feed mixtures were
generated for each LUC assessment method at GWP impact
constraints between the two optimum values, followed by col-
lecting data on feed mixture costs, GWP impacts, and ingredi-
ent compositions. The data collected on the feed mixtures were
then analyzed to identity relationships, followed by formula-
tion of the cost-equivalent and GWP-minimized slaughter pig
feed mixtures used in the LCA comparison.

Table2 Feed ingredients Crop product feed ingredients

Feed supplements

and supplements used in the

formulation of the feed mixtures Barley grain

Maize grain
Rapeseed

Soybean

Broad (faba) beans
Oat grain

Rye grain
Triticale grain

Rapeseed meal Lysine
Rapeseed oil Valine
Sunflower meal Threonine
Sunflower oil Methionine
Soybean meal Tryptophan

Soybean oil
Palm oil

Calcium carbonate (CaCOs)
Monocalcium phosphate (CaH,P,0Oy)
Sodium chloride (NaCl)
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2.4 Sensitivity analyses

Feed ingredient constraints and production origins were sub-
jected to sensitivity analyses to investigate their influence
on the resulting cost and their GWP impacts. An important
distinction among ingredient constraints is that they are not
defined by the feed unit and therefore do not influence the
nutritional requirements, since there are applied specifically
to avoid potential digestive issues that result in reduced
growth performance. This influence of the ingredient con-
straints was investigated by repeating the analysis with the
complete removal of ingredient constraints, followed by
a comparison with the main results. The removal of con-
straints is aimed at providing insights into the importance
of nutritional research, and more specifically to its influ-
ence when minimizing the costs and GWP impacts of pig
feed mixtures. Although these feed mixtures are currently
unusable in practice, their analysis provides insights into
the potential that future nutritional research may unlock.
Since the individual feed ingredients may differ in produc-
tion origins and exhibit substantial differences in nutritional
composition and GWP impacts, the ingredient production
origin was subjected to a sensitivity analysis performed
by replacing Danish market mix ingredients with multiple
macro-regional ingredient processes at continental scales
and resolutions (e.g., European barley, South American
maize). These macro-regional processes were modelled for
ingredients originating from different regions, included if
a specific region supplies a minimum of 1% of a specific
ingredient global net supply, as further explained in the
supplementary information (Online resource 1). Since the
influence of LUC assessment methodologies on the results
is an area of interest for this research, the iLUC assessment
method was included, and a correlation investigation of all

LUC assessment methods was performed. The iLUC assess-
ment method was not combined with the consequential LCA
methodology (as recommended) and applied the identical
attributional system boundary as applied for the other LUC
assessment methodologies. The decision to include iLUC for
sensitivity analysis with attributional LCA methodology is
due to the interest in comparison of results to the other LUC
assessment methods through the correlation investigation.
The correlation investigation was performed through com-
paring optimized feed mixtures for each LUC assessment
method to the results when applying the other LUC assess-
ment methods. The correlation investigation was performed
to investigate the potential correlation between methods, as
optimizing for one LUC assessment method may have posi-
tive, negative, or alternatively no influence towards another
LUC assessment method.

3 Results and discussion
3.1 Feed analysis: GWP impacts and costs

Figure 3 provides a visual representation of the relationship
between the cost and GWP impact for each LUC assess-
ment method, based on collected data from the various feed
mixtures. To reiterate, the economic-optimum feed mixture
is indicated by the lowest cost, while the GWP-optimum
feed mixture is indicated by the lowest GWP impact (see
Sect. 2.3 for details). The economic-optimum feed mixture
is identical across LUC assessment methods and resulted in
a cost of 148.4 DKK per 100 FU ;,. The noLUC assessment
method resulted in the lowest GWP impacts, with respec-
tive GWP optima and economic optima at 50.4 and 54.6 kg

CO,-eq per 100 FU;,, respectively. The dLUC, assessment

Fig. 3 Plotted data collected
from optimized feed mixtures, A noLUC, dLUCa, dLUCb B CcoC
displaying the GWP impact 80 400
(y-axis) and cost in DKK per 'x
100 FUpig (x-axis). The data- 75 -; 375 ‘\
points represent the optimal diet _ \
composition with the lowest £y g 350
cost at differing ranges of maxi- s " \ Q' \
mally constrained GWP impact, %0 \ %D 325
with the baseline cost of 152.2 S 6 I~ \
indicated by the dashed line. % \ % 300 \
Note that GWP impact (y-axis) 60 X
differs in scale between A and B '\‘\ 7 \\\

33 i R AN ERN 250 S~ .

50 T e 25 +

145 150 155 160 165 170 145 150 155 160 165 170
Cost (DKK) Cost (DKK)
——noLUC —&—dLUCa ——dLUCb —4—COC
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method exhibited a higher GWP impact of both optima and
their range compared to the noLUC assessment method,
with the GWP optimum and economic optimum at 55.1
and 77.6 kg CO,-eq per 100 FU,, respectively. The dLUC,
assessment method showed somewhat lower GWP impacts
compared to its dLUC, counterpart, with the GWP optimum
and economic optimum at 53.1 and 56.5 kg CO,-eq per 100
FU,,;.. respectively. The GWP impacts applying the COC
assessment method were substantially higher compared to
the other LUC assessment methods, with the GWP optimum
and economic optimum at 240 and 390 kg CO,-eq per 100

FU,,;,, respectively.

Fig.4 Changes in the composi- A

tion of optimal feed mixtures L00%

Figure 4 displays changes in compositions of optimal
feed mixtures based on changes in GWP impacts. The eco-
nomical optimum feed mixture is composed of 40% rye, 39%
barley, 10% rapeseed meal, 7.7% soybean meal, 0.7% palm
oil, and 0.3% soy oil. All feed mixtures contained precisely
1.0% vegetable oil and approximately 2.0% mineral supple-
ments and roughly 0.5% of free amino acids. Reductions
in GWP impacts applying the noLUC assessment method
(Fig. 4A) are first attributed to changing the oil source from
palm to soy (not visible on graph), followed by a reduction
in barley content and increases in both triticale and soy-
bean meal. Achieving maximum reductions by applying
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the noLUC assessment method required introducing wheat,
broad beans, maize, and sunflower meal into the feed mix.
Reductions in GWP impacts applying the dLUC, assess-
ment method (Fig. 4B) begin with a shift from palm to soy
oil and are then followed by replacing barley and soybean
meal in exchange for triticale and sunflower meal, and later
including broad beans and replacing the soy oil with rape-
seed oil. Reductions in GWP impacts applying the dLUC,
assessment method (Fig. 4C) follow a similar pattern to the
noLUC assessment method, although including sunflower
meal rather than broad beans. This similarity in ingredient
changes in noLUC and dLUC, is primarily due to GWP
impacts driven by non-LUC-related emissions for both
methods. Reductions in GWP impacts applying the COC
assessment method (Fig. 4D) are achieved by replacing rye
content with barley, followed by the addition of triticale and
wheat, and finally reductions of barley in favor of increased
maize and sunflower meal.

The resulting cost of the baseline feed mixture (average
in Denmark) was 152.2 DKK per 100 FUpig; therefore, opti-
mized feed mixtures were generated at this cost for the LCA
comparison. Feed mixtures generated for LCA at the base-
line price are indicated in Figs. 3 and 4 by the dotted line
and detailed in the supplementary data file (Online resource
2). In particular, all feed mixtures generated for LCA com-
parisons included the maximum content of rapeseed meal
at 10%, with most preferring soybean oil to satisfy the oil
requirements and often including a high rye content. The
feed mixture generated by applying the noLUC assessment
method included soybean oil and grains of rye, barley, and
triticale, including a 21% meal content consisting primarily
of rapeseed and soybean meal, in addition to minimal sun-
flower meal content. The feed mixture generated by apply-
ing the dLUC, assessment method consisted of a similar
grain profile, although including rapeseed oil to satisfy
oil requirements in addition to a 9% broad bean content.
Additionally, this contained a 16% meal content consisting
primarily of rapeseed and sunflower meal and a minimal
soybean meal content. The feed mixture generated applying
the dLUC, assessment method had a similar grain profile to
noLUC, although including wheat instead of triticale with
a 19% meal content that consisted of rapeseed, sunflower,
and soybean meals. The feed mixture generated by applying
the COC assessment method included a grain profile that
differed from the other methods, including the maximum
allowable barley content (70%) and a 16% meal content con-
sisting of rapeseed and soybean meal.

3.2 LCA impact results
This section compares the costs of the LCA comparison

slaughter pig feed mixtures (152.2 DKK per 100 FU;,).
Impact results applying the ReCiPe 2016 (H) midpoint

impact assessment method expressed per 100 FU;, and per
1 kg*LW are presented in Table 3. The reductions achieved
by applying the noLUC and dLUC, assessment methods
resulted in the lowest overall GWP impact reductions when
compared to the baseline, respectively at 5.6% and 6.2% to
the feed unit, and 2.4% and 2.7% to the pig live weight. The
dLUC, assessment method resulted in the highest overall
reduction to GWP impacts of all LUC assessment methods,
at 27% to the feed unit and 13% to the pig live weight when
compared to the baseline. The COC assessment method
resulted in a GWP impact reduction of 15% by applying the
feed unit and 10% by applying the pig live weight compared
to the baseline. An interesting finding is that optimizing for
one LUC assessment method did not necessarily provide a
performance advantage for the GWP impact of another LUC
assessment method. Furthermore, while the optimized feed
mixtures lowered the GWP impact of a specific LUC assess-
ment method, increases were observed for other impact cat-
egories at various magnitudes, notably in the ecotoxicity
impact categories. The largest burden shift was observed for
the dLUC, optimized feed mixture, where increases of 23%,
26%, and 56% in freshwater, marine, and terrestrial ecotox-
icity impact categories were observed when compared to
the baseline, respectively. On the other hand, lower impacts
were observed in water use, land use, marine eutrophication,
terrestrial acidification, and non-carcinogenic human toxic-
ity in the GWP-optimized feed mixtures compared to the
baseline. ReCiPe 2016 (H) endpoint indicators and weighted
and normalized single scores are presented for 100 FUpig
and 1 kg*LW in Table 4. Endpoint and single score results
include the characterization, weighing, and normalization of
LUC-induced elementary flows specific to the LUC assess-
ment method. Despite the substantial increase in ecotoxicity
impacts, an overall reduction to endpoint and single-score
indicators was observable across the optimized feed mix-
tures, with exception of the resource depletion indicator.
Applying the functional unit 100 FU,;, resulted in a reduc-
tion of 2.8-24% to ecosystem damage, 7.4—15% to human
health impact, and 7.4-15% applying the weighed and nor-
malized single score when compared to the baseline. Apply-
ing the functional unit of 1 kg*LW resulted in a reduction of
1.4-11% to ecosystem damage, 4.2-8.4% to human health
impact, and 4.1-8.5% applying the weighed and normalized
single score when compared to the baseline. Figure 5 visual-
izes the contribution to GWP impacts for the baseline and
optimized pig production systems for all LUC assessment
methods when applying the functional unit of 1 kg*LW. The
largest contributors to GWP impacts applying the noLUC
and dLUC, assessment methods were feed production and
manure management. Contributions from LUC-related
activities were only substantial to GWP impacts when apply-
ing the dLUC, and COC assessment methods, contributing
26% of the baseline and 13% of the optimized systems when
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Table 4 Endpoint life cycle assessment impact results for 100 feed
units and 1 kg of live weight, comparing optimized feed mixtures to
the baseline feed mixture. All feed mixtures in this table have a cost
of 152.2 DKK per 100 FUpig. * indicates the LUC specific GWP
characterization applied in the calculation and used in the LCA sce-
nario comparisons. +indicates the feed type as the baseline or opti-

mized for the specific method, where COC* represents the feed
mixture optimized with the COC assessment method, and “Base” rep-
resents the baseline feed mixture. Environmental impacts were calcu-
lated using ReCiPe 2016 (H) endpoint impact assessment method and
the (h/a) weighing set, including five different results, representing
the different LUC methods

Functional unit=100 FU;,,

Functional unit =1 kg*LW

Impact Feed type* noLUC* dLUC,* dLUC* COC* noLUC* dLUC,* dLUC* COC*
Single score Baseline 2350 2820 2380 6860 83.4 98.5 84.4 206
Units: pPE Optimized 2210 2380 2210 6170 79.9 90.1 80.9 191

% change -6.0% —-16% -7.5% - 10% -4.1% —-8.5% -4.2% -72%
Human health Baseline 133 159 135 376 4.47 5.02 4.52 10.5
Units: mDALY Optimized 123 136 125 340 4.67 5.48 4.73 11.3

% change -7.5% —15% —7.4% -9% 4.4% 9.1% 4.6% 7.6%
Ecosystem Baseline 172 250 266 916 7.64 9.19 10.3 25.1
Units: nSpecies.y Optimized 158 189 258 778 7.93 10.4 10.5 279

% change -8.1% -25% -2.3% —-16% 3.7% 13.0% 1.4% 10.9%
Resources Baseline 1580 1580 1580 1580 46.2 46.2 46.2 46.2
Units: USD 2013 Optimized 1550 1660 1530 1550 45.7 479 45.3 45.6

% change -1.9% 52% -2.9% -1.9% -1.3% 3.5% -1.9% -1.3%

applying dLUC,, and contributing 74% to the baseline sys-
tem and 64% to the optimized system when applying COC.
Detailed results of the impact assessment are available in the
supplementary information (Online resource 2).

3.3 Sensitivity analysis
3.3.1 Ingredient constraints and the origin of production

This section investigates the influence of feed ingredient
constraints applied during feed formulation, and the influ-
ence of the ingredient origin of production by specifying
source regions. For assessing the sensitivity of nutritional
constraints, feed ingredient constraints were removed from
the optimization entirely; therefore, no specific feed ingre-
dients were defined in terms of their minimal or maximum
contents. To reiterate, the removal of ingredient constraints
only applied to specific feed ingredient minimum and maxi-
mum contents and does not influence any nutrients defined
by the feed unit, since these constraints are only introduced
to avoid potential digestive issues that reduce animal per-
formance. For assessing the sensitivity of feed ingredients’
production origins, the Danish market mix was replaced by
macro-regional ingredient processes on a continental scale
(see Sect. 2.4, online resource 2). Figure 6 provides a visual
representation of the resulting cost and GWP impacts of
both ingredient changes in a side-by-side comparison of the
original results, although at differing scales depending on
the LUC assessment method.

Removing feed ingredient constraints resulted in an eco-
nomically optimal feed mixture cost of 143.2 DKK per 100
FU,;,, composed of approximately 80% rye and 17% meal
content split between rapeseed and soybean meal, with the
remaining ~ 3% consisting of mineral supplements and free
amino acids. The preference for rye can be attributed to its
nutritional content combined with the price data utilized for
the optimization. Removal of ingredient constraints resulted
in substantial changes to the cost and GWP impact for all
applied LUC assessment methods. No feed mixture could
be formulated at the baseline cost when applying the dLUC,
assessment method, as the cost of the GWP optimal feed
mixture was below this point. The economically optimal
diet composition exhibited a greatly increased GWP impact
when applying the COC assessment method, although a
substantial reduction was observed when comparing GWP
impacts relative to cost. Differences in feed mixtures were
primarily observed through the complete absence of oils as
ingredients, combined with rye and rapeseed meal content
exceeding the original constraints. The low preference for
oils and high preference for meal is likely to be influenced
by sensitivities in applying economic allocations for cal-
culation of the different ingredients’ GWP impacts, since
prices of oils are considerably higher than the prices of
meals. Therefore, applying economical allocation results in
a twofold sensitivity depending on the cost ratio of the oil
and meal of specific crops, resulting in both optimization
objectives (GWP and cost) being determined by cost. This
highlights the sensitivity of cost when applying economic
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Fig.5 Contribution analysis of sources to GWP impacts of the pig
life cycle, applying all LUC assessment methods. A The contribu-
tion of the baseline pig production system for each LUC assessment
method. B The pig production system including slaughter pig feed

allocations in optimization studies minimizing both cost and
environmental impacts, since cost influences both optimiza-
tion objectives that is highly relevant for oil crop ingredients.

Replacing the market mix datasets with macro-regional
datasets of feed ingredients resulted in an economically opti-
mal feed mixture cost of 148.6 DKK per 100 FU,;,, com-
posed of approximately 40% rye, 39% barley, 10% rapeseed
meal, 7.5% soybean meal, and 1% soybean oil satisfying the
oil requirement. The rye and soy products originated from
Europe and South America, respectively, while the barley
and rapeseed meal originated from a mix between North
America and Denmark. Applying the noLUC and dLUC,
assessment methods resulted in a higher GWP impact at
the economic optimum, with relatively lower GWP impacts
observed at higher cost ranges when compared to the main
results. Applying the dLUC, assessment method resulted
in a consistently lower GWP impact relative to cost when
compared to the main results, although minimal differences
are observed at approximately 155 DKK per 100 FU,.

@ Springer

mixtures optimized for the applied LUC method, presented relative to
the correspondent baseline scenario. GWP impacts are expressed in
kg*CO,-eq per kg*LW, and they are provided on top of the bars, for
each LUC assessment method, and for both A and B

Applying the COC assessment method provided a consist-
ent reduction in the GWP impact relative to cost, with a 25%
reduction to the economical-optimal GWP impact possible
with a 1% increase in cost. This indicates that, for certain
applied LUC methods, the selection of a feed ingredient’s
origin may enable a greater overall reduction in GWP,
although possibly at greater cost. Ingredient changes rela-
tive to GWP impact changes for both ingredient sensitiv-
ity analyses are provided in the supplementary information
(Online resource 1 & 2).

3.3.2 LUC assessment methods

Inclusion of the iLUC assessment method was performed
identically to the other methods (see Sect. 2.2), i.e., by
applying iLUC data acquired from the Bonsai database cur-
rently in development at Aalborg University (Schmidt et al.
2015, Aalborg University 2024). Figure 7 displays the rela-
tionship of cost, GWP impact, and ingredient changes for
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iLUC. The baseline feed mixture GWP impact was 88.1 kg
CO,-eq per 100 FU,;;,, while the optimized impact at the
same price point was 85.3 kg CO,-eq per 100 FU;,. This
results in a 3.2% reduction when compared to the baseline,
the lowest reduction achievable for all included LUC assess-
ment methods. The optimized feed mixture at the baseline
cost (152.2 DKK) contained 34% rye, 23% wheat, 15% bar-
ley, 10% rapeseed meal, 7.4% soybean meal, 6.7% oats, and
1% soybean oil content.

To investigate potential correlations between methods,
we included a second data collection exercise of GWP
impacts across LUC assessment methods to investigate
potential similarities (e.g., correlations) in results opti-
mization. Figure 8 displays the relative change in GWP
impact to the economic optimum (at 0%) and the GWP

optimum (at— 100%), where + 100% indicates that the
GWP impact has increased equal to the difference between
the economic optimum and the GWP optimum. Optimiz-
ing for GWP impacts applying the noLUC assessment
method resulted in relative GWP impact reductions for
dLUC, and iLUC, with increased GWP impacts for dLUC,
at high cost ranges. Optimizing for GWP impacts apply-
ing the dLUC, assessment method resulted in variable
results depending on the method in question, and exhibited
a 100% relative increase to iLUC at approximately 153
DKK per 100 FU,;,, followed by a 50% relative decrease
at 161 DKK per 100 FU;,. Optimizing for GWP impacts
applying the dLUC, assessment method resulted in rela-
tively linear reductions of GWP impacts when applying
the noLUC and iLUC methods. Additionally, optimizing
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Fig.7 A Potted data collected from the optimized iLUC feed mix-
tures, displaying the GWP impact (y-axis) and cost in DKK per 100

FU,;, (x-axis). The datapoints represent the optimal diet composi-

for dLUC,, had no influence on COC and a variable influ-
ence on dLUC, depending on cost range. Surprisingly,
optimizing for GWP impacts applying COC assessment
methods resulted in suboptimal formulations with all other
methods, plus a relative increase of GWP impacts to all
other methods of approximately 40% at the cost point of
151 DKK per 100 FU,;,. Optimizing for GWP impacts
applying the iLUC assessment method varied depending
on cost, although this method appears to result in a relative
reduction compared to all other methods regarding GWP
impact, with the exception of dLUC, at high cost range.
In some cases, a non-linear relationship was observed
through a GWP impact reduction at one point followed
by an increase at another, which is likely explained by
the introduction of a specific feed ingredient providing a
mutual reduction in GWP impacts. The non-linearity may
provide some insight into the best performing feed ingre-
dients at specific price points across multiple methods. A
prime example of this is the reduction of palm oil in favor
of soybean oil, a change that is apparently beneficial across
all applied LUC assessment methods.
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tion with the lowest cost at different ranges of maximally constrained
GWP impact. B Changes in the composition of optimal feed mixture
for iLUC relative to changes in GWP impact

3.4 Implications of results and limitations

This study required handling multiple parameters that
exhibit natural variations, many of which could not be
investigated, mainly because of a lack of data combined
with technical limitations. The feed ingredient cost is a key
parameter with a substantial influence on the study’s results
that could not be subjected to sensitivity analysis, a param-
eter well known to be a fluctuating variable. Inclusion of
cost variations as a sensitivity scenario would have required
the determination of local prices at a given time point and
corrections for transport and storage. In practice, different
feed mixtures can result in differences in growth rates for
pigs (e.g., feed conversion ratios and growth rates), which
requires large and expensive trials for performance valida-
tions that were not conducted to validate the performance
of the hypothetical feed mixtures treated in this study. The
LCA results and inventory data used for optimization are
limited to average Danish production in 2021, and there-
fore represent a hypothetical improvement on the past. The
results should not be used for any decision-support context,
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Fig.8 Change in GWP impact A noLUC B dLUC,
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which would otherwise have required a consequential LCA. dLUC, assessment method resulted in the greatest reduc-
The findings provide further evidence that changes in pig  tions compared to the baseline of all the methods covered
feed may enable cost-effective reductions of the environ-  in this study, indicating that feed changes are likely to be
mental impacts of pig production, although a key limita-  a beneficial consideration when considering this assess-
tion of these results is that no evaluation was performed of =~ ment method. The achievable reduction may become
the feed mixtures influence towards animal performance  apparent in future accounting studies through a growing
metrics (e.g., feed conversion ratios, growth rates). A key = awareness of feed suppliers, resulting in the avoidance
finding is the substantial influence of the applied LUC  of importing soybeans cultivated in recently deforested
assessment method on the magnitude of reductions of  regions (DAKOFO 2021). It is important to consider the
GWP impacts, which are more pronounced when applying  result differences between dLUC, and dLUC, should not
methods resulting in high LUC contributions. Applying the  influence the selection of one dLUC assessment method to

@ Springer



2028

The International Journal of Life Cycle Assessment (2024) 29:2013-2031

another, but rather emphasize the need for further research
and consensus of the specific dLUC assessment method to
apply in agricultural LCAs. Although applying the COC
assessment method resulted in lower-than-expected reduc-
tions when compared to the baseline, considering the broad
range of the GWP impact for optimized feed mixtures for
this LUC assessment method, the broad range of the COC
assessment method indicates that greater reductions may
be achievable for this method when considering a different
baseline for comparison. However, we emphasize that the
selection of LUC assessment methods should be aligned
with the assessment’s goal and scope, as the inclusion of
these methods provides additional answers in relation to a
system’s GWP impact.

4 Conclusions

This study has provided an analysis of the environmen-
tal impacts of optimizing for cost and the GWP impacts
of slaughter pig feed mixtures by applying multiple LUC
assessment methods. Analysis of GWP and cost optima
revealed that initial reductions of GWP impacts will be very
cost-effective for non-optimized or cost-optimized feed mix-
tures, but costs will increase exponentially when approach-
ing the lowest GWP impact feed mixtures (GWP-optima).
The inclusion of GWP impacts in the cost optimizations of
slaughter pig feed can provide a substantial GWP impact
reduction at no additional cost, and we therefore encourage
its inclusion in future feed formulation practices. Two LCAs
were conducted for GWP optimized feed mixtures, gener-
ated at cost equal to the average feed mixture in Denmark
that additionally served at the baseline for LCA comparison.
The two LCAs compared the slaughter pig feed directly and
the feed included in a pig’s life cycle. Depending on the
LUC assessment method in question, GWP impacts ranged
from 5.6 to 27% for the feed unit and 2.4 to 13% for the
pig’s life cycle when compared to the baseline. Limiting
the environmental impact optimization to GWP alone may
result in increases in the impacts of other impact catego-
ries, demonstrated in this study to be up to 56%. Despite
the increase in other impact categories, the optimization
of GWP impacts resulted in a reduction in endpoints and
single-score environmental indicators. Although the results
of this study suggest that GWP impact is a promising deci-
sion variable in environmental feed optimization, future
feed optimization studies should consider the inclusion of
multiple impact categories, or alternatively apply endpoint
indicators. In addition to the findings, we emphasize that
the choice of LUC assessment method should be defined on
the basis of the LCA’s goal and scope, and therefore of the
intended use of the results.
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