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ARTICLE INFO ABSTRACT

Handling Editor: Zhifu Mi The consumption of meat and dairy products raise enormous environmental concerns. Circa 80% of global
greenhouse gas emissions (GHG) from the livestock industry originate from beef, milk and pork production.
Changing the production and consumption of meat and dairy products is considered to offer an important
contribution to achieving the Paris Agreement climate targets (UNFCCC, 2015), and could reduce the import of
soybean meal to Europe from countries where it is linked with deforestation. However, individual diet sub-
stitutions may have indirect and unintended environmental consequences across interlinked livestock systems —
hence a wider assessment of impacts of consumption changes is required using consequential life cycle assess-
ment (LCA). In this study, we investigated the environmental consequences of two independent yet inter-
connected diet choices in a German context: (i) replacing dairy milk with soy milk, and; (ii) replacing beef
meatballs with pea protein balls. We related commodity demand to detailed agricultural rotations and land use
changes via farm scale economic modelling coupled with consequential LCA. The substitution of beef meatballs
with pea-derived protein balls can result in GHG savings of 2.4 kg COze per 100 g serving, and up to 7.3 kg COze
per 100 g serving if spared land is afforested. Environmental problems related to nutrient leakage such as
acidification and eutrophication are also mitigated. Meanwhile, unless accompanied by dramatic reductions in
beef consumption, the substitution of cow milk with soy-based milk does not lead to significant GHG mitigation
owing to the displacement of dairy-beef production to less efficient suckler-beef systems. Nonetheless, land
sparing by cow milk substitution could support overall GHG mitigation if combined with afforestation. This study
confirms that legumes can play an important role in diet transitions towards climate neutrality, especially via
substitution of meat (as opposed to dairy) products.

Keywords:

Legumes

Life cycle analysis
Carbon opportunity cost
Carbon footprint
Plant-based

1. Introduction sustainability concerns being a key factor in the European market

(AHDB, 2021). Livestock production brings enormous environmental

Demand for animal-products, such as meat and milk, continues to
increase. According to FAO (2018), the global dairy herd increased by
11%, and milk yields by 17%, in the preceding ten years. Global meat
consumption is expected to increase by 1.1% per year (AHDB, 2021).
However, annual beef consumption in Europe is expected to decline
from 10.6 kg to 9.7 kg per capita by 2030. The European suckler herd is
forecast to follow this trend and contract. This reduction is partly due to

* Corresponding author.
E-mail address: cmarcelaporto@gmail.com (M. Porto Costa).
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pressures (Poore and Nemecek, 2018; Willett et al., 2019), and
animal-based foods such as meat and dairy products are major con-
tributors to environmental damage (Chai et al., 2019; Choudhary and
Kumar, 2017; Notarnicola et al., 2017). Beef, milk and pork account for
80% of greenhouse gas emissions (GHG) from the livestock industry
(Weiss and Leip, 2012). According to Godfray et al. (2018), a consid-
erable part of these emissions is related to bovine enteric fermentation
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(Beauchemin et al., 2009; Nguyen et al., 2010a,b). Chadwick (2005a,b)
also highlights the significance of ammonia and nitrous oxide emissions
from manure management and fertilisation, and GHG emissions arise
from other life cycle stages of livestock systems, such as from manu-
facture of fertilisers, combustion of fossil fuels, and feed-crop production
(Soteriades et al., 2018).

Reducing the production and consumption of meat is seen as an
important strategy to achieve ambitious emission reductions, and to free
up land for carbon dioxide removal (CDR) targets established by the
Paris agreement (UNFCCC, 2015). In a European context, reduced meat
demand may be associated with a reduction in the demand for imported
soybean feed, avoiding the environmental degradation arising from land
clearing to produce this crop in Latin America (Lienhardt et al., 2019;
Zander et al., 2016). The use of legume plant alternatives in human diets
could lead to a reduction of 62% in meat consumption across Europe, as
suggested by (Hallstrom and Borjesson, 2012; Zander et al., 2016).
Western diets are known to contain foods that are energy-rich and
nutrient-poor, leading to health problems such as obesity (Saarinen
et al., 2017). Additionally, Dyer et a.l (2020) showed that reducing red
meat can lead to reduced GHG emissions alongside health benefits, such
as a lower incidence of cardio-related diseases and cancers. Falcone et al.
(2020) argues that there is already a consensus that plant-based diets
can reduce problems caused by poor nutrition such as obesity, type 2
diabetes, and cardiovascular diseases (Joyce et al., 2012; Lynch et al.,
2018; Rosi et al., 2017; Springmann et al., 2016) while also reducing
pressure on the environment.

Nevertheless, with just a few exceptions (e.g. the Danish food data-
base (Goldstein et al., 2016; Schmidt et al., 2021)), most of the carbon or
environmental footprint studies of meat substitutes and vegetarian and
vegan diets have applied an attributional Life Cycle Assessment (aLCA)
approach (Chaudhary et al., 2018; Davis et al., 2010; Saget et al., 2021a,
2021b; 2021c¢). This means that these studies consider current or his-
torical market averages for production factors, and environmental bur-
dens are quantified by taking into account inputs and outputs at all
stages of the product life cycle, from the extraction of raw materials to
manufacturing, transport, use, and final disposal (ISO 14040, 2006).
Allocation of burdens across co-products is performed in alL.CA when a
production system is associated with co-products — across which pro-
duction inputs and outputs cannot be biophysically separately (Dalgaard
et al., 2014). For instance, the environmental pollution caused by dairy
systems is typically split between milk (main product), meat and surplus
calves (co-products). The allocation rules are defined by the LCA prac-
titioner and can vary. For example, they can be based on physical ratios
(e.g. respective masses of co-products), energy flows (respective energy
contents of co-products), economic characteristics (respective monetary
values of co-products), or other relations. The choice of allocation pro-
cedures can generate biased results, and the final interpretation can vary
substantially according to the allocation rule chosen.

Consequential Life Cycle Assessments (cLCA) can provide different
results and interpretation compared with aLCA (Schaubroeck et al.,
2021). cLCA tackles a specific change in demand of a product under
study, which changes the supply according to cause—effect relationships
where co-product activities are dealt with using substitution instead of
allocation (Dalgaard et al., 2014), and the modelling of co-products
entails substitution by including only unconstrained market suppliers
(Schmidt, 2008a). Therefore, if there is an improvement in efficiency in
dairy systems via higher milk yields per cow, the market demand for
milk would be satisfied with a lower number of cows (Styles et al.,
2018). This lower number of cows would consequently provide less
meat, at the end of their life via slaughter, and via surplus calf pro-
duction. The shortfall in beef production would have to be compensated
by dedicated beef systems (even if overall beef consumption in Europe is
falling, because dairy-beef accounts for less than half of total beef in
Europe), with considerably higher emission intensity per kg of beef
produced (Baldini et al., 2017; Mazzetto et al., 2020). This consequential
approach is followed through the entire value chain in a cLCA. Similarly,
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a change in the demand for soybean meal for feed affects the production
of soybean oil and other grain crops and their straw residues, affecting,
inter alia, the oil market and possibly the energy market, depending on
the type of straw and whether it is used for energy generation (Dalgaard
et al., 2014; Schmidt and Weidema, 2008). There remains a need to
comprehensively assess the wider implications of changes in demand for
milk and meat products, accounting for complex “teleconnections”
across systems (Styles et al., 2018), and the sensitivity of GHG simula-
tions for country level diet change (Dyer et al., 2020).

In this study, we investigate the environmental consequences of
replacing dairy milk and beef meatballs with legume-based options,
namely soy milk and pea protein balls respectively, in a German context.
These products were chosen owing to the increasing popularity of
alternative milk products and high potential for environmental impact
reduction via beef substitution (Eshel et al., 2014). Our analysis includes
agricultural crop rotation changes and land use implications, estimated
from economic viability in farm modelling. As far as we are aware, these
product substitutions were never investigated through cLCA to simul-
taneously account for dairy-beef displacement, crop rotation changes
and land carbon opportunity costs.

2. Methods
2.1. Goal and Scope

A consequential LCA was conducted to understand the environ-
mental impact and land use implications of simple diet change based on
direct substitution of animal-based products with plant-based products
in Germany, specifically replacing dairy milk with soy milk and meat-
balls with pea protein balls. The target audience for this study comprises
researchers and policymakers with an interest in the transition to more
sustainable food systems. Two functional units were addressed: (i) the
production of 1 L of soy milk (ii) the production of a 100 g portion of
pea-balls. It was considered that soy milk replaces semi skimmed milk,
while pea protein balls replace beef meatballs on a 1:1 mass basis.
Despite possible differences in nutrition arising from these substiutions,
functionality was considered on a mass basis assuming that consumers
would replace a single serving of milk or beef, measured on a mass basis
in meals, with a single serving of the plant-based alternative. In other
words, a meal with rice and meat balls would be replaced by a meal of
the same size (mass) of rice and pea-protein balls; and a glass of milk, or
milk used in coffee or tea, would be replaced by an equal volume of
soymilk. The pea protein balls evaluated in this study contain more
protein per 100 g serving than meat balls (22.33 g against 17.5g
respectively) (Saget et al., 2021c), while soymilk contains considerably
less protein per litre than cow’s milk. Nevertheless, across Europe and
other industrialised regions, the population consumes on average 70%
more protein than recommended by nutritional guidelines (Westhoek
et al., 2015). Correcting for protein content was not deemed relevant in
this context, where most food intake is clearly determined by factors
other than basic nutrition. Such substitutions are also justified when
following the EAT Lancet recommended diet for more healthy and
environmentally respectful intakes, pointing to a reduction in beef and
dairy products and an increase in legume products when compared to
the European average diet (Willett et al., 2019).

Modelling was undertaken in Open LCA v1.9 (GreenDelta, 2006),
using the Ecoinvent v.3.7 consequential database for background data
(Moreno-Ruiz et al., 2018). Life Cycle Impact Assessment (LCIA) used
the method recommended by the European Commission Product Envi-
ronmental Footprint (PEF) guidelines (European Environmental Bureau
et al., 2018). This was selected because it is comprehensive and aligns
with the aim to harmonise European environmental footprint studies.
The method recommends the calculation of 16 environmental impact
categories and in this paper we focus interpretation on five categories
which span the dominant environmental impacts incurred by agricul-
tural systems in relation to planetary boundary exceedances (Steffen
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et al., 2015): Acidification, Climate Change, Freshwater Eutrophication,
Resource use - fossil, and Water Scarcity. Land occupation was calcu-
lated in the respective life cycle inventories, and carbon opportunity
costs expressed in terms of possible Climate Change effects (described
later).

Legume crops necessary for soy milk and pea protein ball production
were assumed to be integrated into existing German crop rotations,
consistent with recent efforts to increase legume production and con-
sumption in Europe (TRUE legumes, 2021). Modified agricultural crop
rotations were simulated by an Economic Farm Emission Model (EFEM)
developed at Hohenheim University (Petig et al., 2018, 2019), described
in detail in Section 2.2. This model identifies the conventional crop
rotations likely to be replaced by legume-modified rotations incorpo-
rating soybean and pea, as well as livestock production data including
feed rations. Modelling was based on typical farms representing
different structural and natural conditions in Germany. Crop rotation
modelling was based on typical arable farms located in Southern Ger-
many (Bavaria) and Eastern Germany (Brandenburg) (Petig et al., 2018,
2019). Dairy and beef system modelling was based on typical farms from
the Baden-Wiirttemberg region in Southern Germany (Petig et al.,
2019). Farm level data are further described in sections 2.2 and 2.3. Milk
(soybean and dairy) processing data assumptions are described in Sec-
tion 2.4 and beef/protein ball processing assumptions are described in
section 2.5.

Fertiliser application rates were based on agronomic practices
embedded in the EFEM model, and partitioned across specific com-
pounds using German consumption data for different fertiliser types
from the International Fertilizer Association (IFASTAT, 2021). Germany
consumes 52% of nitrogen (N) in the form of calcium ammonium nitrate
(CAN), 32% in the form of urea, 8% as ammonium sulphate (AS) and 5%
as monoammonium phosphate (MAP). In this study, ammonia (NH3),
nitrous oxide (N20), and carbon dioxide (CO») emissions arising from
fertiliser application were calculated according to Intergovernmental
Panel on Climate Change (IPCC, 2019a; 2006) emission factors, whilst
phosphorus (P) runoff was calculated by assuming a 1% loss factor
applied in a previous crop LCA study (Styles et al., 2015).

2.2. Economic farm emission model (EFEM)

EFEM is a comparative static linear optimisation model based on a
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bottom-up approach and can be applied at farm- or regional-level.
(Krimly et al., 2016; Petig et al. 2018, 2019). It analyses farm man-
agement decisions and optimises the farm organisation with the aim of
maximising the total gross margin (objective function) of the farm.
Regionally typical conditions, such as climate, yields in arable farming,
grassland and animal production are taken into account. The factor
endowment of the farm models and regional typical crop rotation limits
serve as constraints for the optimisation process. Producer and factor
prices as well as the agricultural and environmental policy framework
conditions are exogenous parameters.

In order to generate typical farms for different farm types and re-
gions, individual farm data from the Farm Accountancy Data Network
(FADN) of the EU Commission (EU-FADN - DG Agriculture, 2018) are
used. Typical farm models are built based on average farm data for
different farm types and NUTS2 regions. The classification of farm types
is based on the FADN farm typologies.

The main part of the model is the production module. It unites all
relevant agricultural production processes (Fig. 1). With respect to plant
production, EFEM distinguishes different food and feed production ac-
tivities on arable land and grassland. Production processes vary in fer-
tilisation and production intensities and soil management. In this study,
EFEM was extended by incorporating new legume cultivation and
legume feed systems (Zimmermann et al., 2020, TRUE final report).
Legumes are well known to provide many pre-crop effects on a crop
rotation (Costa et al., 2020a,b; Nemecek et al., 2008; Reckling et al.,
2016a,b). In EFEM, N-fixation by legumes is assumed depending on the
crop, and confers an average fertiliser-N saving of 30 kg of N per hectare
for the following crop. Further pre-crop-effects such as a
diversification-related yield enhancement of about 10% in the following
crop are assumed in model scenarios.

The input data derived from FADN include a wide range of structural
data such as farm operational capacities, land use and livestock, as well
as economic farm data on yields, product-specific outputs and farm in-
puts. The values of these input data were based on three-year averages to
compensate for year-to-year fluctuations. Gross margins were calculated
for all relevant crop production activities based on FADN data. This is
achieved through applying ARACOST, a programme developed by the
EU Commission (DG VI) (1999) for estimating variable costs of pro-
duction of arable crops. With respect to livestock production, the FADN
data were supplemented by production specific costs such as

/EFEM (Economic Farm Emission Mode\

Input

+ FADN-Data
Agricultural statistics
Prices and cost

Agricultural and
environmental policy
framework conditions

Crop production
Animal feeding modul
Animal husbandry

Manure module
N-Cycle / N-Yield module

o

« Data sets for typical farms

Mechanization techniques

Output

+ Economic parameters
(gross margin, cost)

* Production structures
and quantities

+ Input quantities
(e.q.fertiliser, energy)

/

Key facts:

« Based on comparative static linear optimization (supply side)

» Modelling on farm level

+ Optimization of farm gross margin
« Prices (input, producer) are exogenously

Fig. 1. Structure, data sources and output of the Economic Farm Emission Model (EFEM).
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performance related feed costs based on Petig et al. (2019).

The main results of the optimisation process are economic variables
such as farm total gross margin as well as production structures and
quantities and the associated input of means of production such as fer-
tilisers, pesticides and energy input. The latter are included in the LCA
inventories.

2.2.1. Arable systems data

Typical arable farms in Germany were investigated regarding the
economic viability of the inclusion of legume crops in the rotation
(Table 1). The regions were characterized by different agro-climatic
conditions and farm structures. Under a scenario where legume pre-
crop effects, such as nitrogen provision and yield enhancement in
following crops, the introduction of soybean and peas was considered,
accounting for the (cereal) grains those legumes would replace
(Table 1). Net grain displacement depends on the changed demand for
dairy and beef feed, and according to cLCA methodology, is compen-
sated by an unconstrained supply chain in the market. In order to
constrain scenario permutations and generate indicative results on land
balance associated with diet change, this compensation was considered
to arise within Germany. Therefore, conventional crop rotations
modelled in EFEM (pre legume incorporation) were used to model the
impact of any displaced production.

2.3. Beef and dairy systems data

The typical dairy farm is based on FADN data from Oberland/Donau,
an intensive livestock region in Southern Germany (Baden-Wiirttem-
berg), with a typical grass and maize feed regime (Table 2). The dairy
farm comprises 139 milking cows, 35 calves and 35 heifers for rearing,
and exports 8000 L of milk per milking cow per year, alongside 93
surplus calves. In addition to feed produced on the farm, 9 tonnes of
purchased soybean meal are consumed from external sources per year.
The dairy system was used to model the effects of avoided milk pro-
duction and LUC induced by soybean production.

The beef system represents a typical suckler beef farm in Baden-
Wiirttemberg (Table 3), and comprises 20 suckler cows, 9 fattening bulls
and 3 heifers. Six heifers were sold annually, and 16.5 t of cereal-based
feed was imported to the farm. The beef system was used to model the

Table 1

Crop rotations without and with legumes on typical arable farms located in
Eastern Germany (Brandenburg) and Southern Germany (Bavaria). In the third
column, the negative values show the crops subistituted by legume and catch
crops (positive values) in the rotations.

Eastern Germany (Brandenburg) Southern Germany (Bavaria)

Crop Yield Legume- Crop Yield Legume-
rotation (FM) modified rotation (FM) modified
without rotation without rotation
legumes legumes
ha t/ha ha ha t/ha ha
Winter 147 5.7 - 75 7.6 —-23.4
wheat
Spring 28 4.4 - 15 4.4 -
wheat
Winter 35 5.1 -27.9 - 7 -
barley
Rapeseed 105 4.4 - 15 4.4 -
Grain 31 8.0 -17.5 12 9.7 -12.0
maize
Silage 3 35.2 -35 2 49.2 -21
maize
Sugar - 60.1 - 31 83.9 -
beet
Soybean - 1.8 - - 2.2 37.5
Peas - 2.1 48.9 - 3.2 -
Catch 31 - 14.0 31 - 3.3

crops
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Table 2
Key characteristics of a typical German grass and maize based dairy farm located
in Baden-Wiirttemberg.

Arable land Cultivated N Use as yield
(total) area input feed
%
ha kg N/ o) t % Dry t
h FM, DM
4.00 a / mass /
ha ha

Winter cereals 1.20 160 100 6.3 0.86 5.4

(wheat)
Spring cereals 0.75 100 0 5.4 0.86 4.6
Grain Maize 0.20 186 0 10.6 0.86 9.1
Silage maize 0.50 180 100 39.2 0.35 13.7
Clover Grass (on  1.25 180 100 65 0.14 9.1

arable land)
Rapeseed 0.10 220 0 3.9 0.91 3.5
Catch crops 1.00
Permanent 26.00 100 100 4.8

grassland

(total)

Table 3

Key characteristics of a typical German suckler-beef farm located in Baden-
Wiirttemberg.

Arable land Cultivated N Use as yield
(total) input feed
T (%)
ha kg N/ tFM/ % Dry t DM/
4.00 ha ha mass ha
Winter cereals 1.20 160 100 6.3 0.86 5.418
Spring cereals 0.75 100 0 5.4 0.86 4.644
Corn 0.20 186 0 10.6 0.86 9.116
Silage maize 0.50 180 100 39.2 0.35 13.72
Clover Grass (on 1.25 180 100 65 0.14 9.1
arable land)
Rapeseed 0.10 220 0 3.9 0.91 3.549
Catch crops 1.00
Permanent 26.00 100 100 4.8
grassland
(total)

effects of avoided beef production.

Animal emissions were modelled using a modified version of the
cattle system LCA tool developed by Styles et al. (2015), largely based on
an IPCC Tier 2 methodology (IPCC, 2006, 2019a) and activity-specific
NHj3 excretion-related emissions (Misselbrook et al., 2015). Parameters
pertinent to emissions were: (i) German dairy cows grazed outdoors on
average for 10% of the year, and suckler-beef cows for 55% of the year;
(ii) slurry stored in tanks with natural crust covers; (iii) animal housing
had open stalls with concrete floors; (iv) slurry was broadcast spread,
with incorporation within 24 h on arable land; (v) male and female
animals were sold for slaughter at circa 20 months, at 680 kg and 610 kg
live weight (LW) per animal, respectively.

The cLCA requires that co-products of a system need to be replaced
by the market. The dairy system produces milk as a main product, and
surplus calves and meat from cow slaughter as co-products. When the
production of the main product (milk) is avoided by the soy milk sub-
istitution, the co-products are also avoided. Since it is assumed that there
is no reduction in the market demand for those co-products, meat and
calf production (for beef rearing) need to be compensated by the un-
constrained market. Data from the ecoinvent v3.7 consequential data-
base (Wernet et al., 2016) were used to assess the impact of the market
for weaned calves and for cattle for slaughtered LW.

For the soymilk land balance calculations, two scenarios were
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modelled to reflect different displacement possibilities for the wheat
crop: (i) some wheat cultivation displacement occurs on the farm’s spare
arable land, while the rest is compensated by the German market; (ii)
some wheat displacement occurs on the farm’s spare arable land, while
the rest occurs on spared dairy grassland (avoided land on the Cattle
Farm (Table 1)). Land use change (LUC) is an important source/sink of
emissions and occurs in the modelling if grassland is considered to be
converted to cropland, or when there is potential for afforestation on (a
fraction of) spared land — whether directly, or on more marginal land
potentially freed up because of a migration of agricultural production on
to the better quality spared land (Styles et al., 2018). Modelling of these
potentially important “what if” LUC effects for scenarios of soymilk and
pea protein ball production is based on a simple average carbon loss
(positive emission) or gain (carbon sequestration) in temperate systems
— based on the “carbon opportunity cost” approach proposed by
Searchinger et al. (2018). This approach was intended to indicate the
biophysical potential for net GHG emission fluxes associated with diet
transitions, in response to possible future climate action, and is therefore
not constrained by current economics or laws around land management.
It is not a “prediction”; rather an indication of total climate mitigation
potential if (spared) land is used for carbon doxide removal (CDR) in the
future.

The avoidance of animal production also avoids the animal wastes
and by-products (so-called C1, C2 and C3 category materials). These
materials could be processed into pet food/animal feed, fat, biofuels,
and fertilisers (Schmidt et al., 2021). In this study, we assumed that the
demand for hides and skins is lower than the remaining production from
cattle after pea protein ball substitution, so that hides, and skins were
considered as a waste and no compensation was necessary. The waste
treatment assumption is incineration with energy recovery; therefore,
electricity from the national grid is avoided. However, according to the
ecoinvent v.3.7.1 consequential database (Wernet et al., 2016), meat
and bone meal are used partially as feed for animals, thus traded on the
generic feed market with other protein. In the same database, the tallow
displaces esterquats, quaternary ammonium compounds with two long
fatty acid chains with weak ester linkages, commonly found in a new
generation of fabric softening agents. The marginal market to replace
this compound is palm kernel and oil. All these assumptions are con-
tained in the ecoinvent v3.7.1 consequential database, and therefore
fully accounted for in calculations. Associated land balances (relevant to
LUC) are reflected in the final results.

2.4. Soybean and dairy milk processing data

Data for soymilk processing were taken from (Birgersson et al.,
2009), including steaming, grinding, pasteurisation and homogenisa-
tion, modification and centrifugation, and sterilisation. During the
modification and centrifugation stage, okara is generated. This
co-product can be designated to livestock feed. Therefore, the conse-
quence is that marginal feed is avoided i.e. barley (marginal feed for
energy) and soybean meal (marginal feed for protein) (Schmidt and
Weidema, 2008). To identify the quantity of soymeal and barley avoi-
ded, linear optimisation was used to balance out metabolisable energy
and crude protein (Lienhardt et al., 2019). The values of energy and
protein from Okara were taken from (Lopez, 2018), while the soymeal
and barley values were extracted from Feedpedia (Heuzé et al., 2017).

Data for the pasteurisation from raw milk was taken from the Agri-
balyse database (ADEME, 2020) and adapted to the Ecoinvent v. 3.7.1
consequential database (Wernet et al., 2016). Since the baseline scenario
considers semi-skimmed milk, when semi-skimmed milk consumption is
avoided (substituted) by soymilk, production of the co-product (fat) is
also avoided and needs to be replaced by the market alternative, as the
demand of fat remains unaltered. According to trends in FAO statistics,
milk fat is most likely to be replaced by vegetable oil i.e., palm oil from
Malaysia, a determining product (Schmidt, 2008b).
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2.5. Beef meatballs and pea proteins balls processing data

Life cycle activities associated with processing of pea protein balls
and beef meatballs were taken from Saget et al. (2021a), with transport
from farm to processing adapted to the German context. The cattle
slaughtering process was also taken from Saget et al. (2021a) based on
an inventory from Agri-footprint 4.0 (Durlinger et al., 2017) adapted to
processes found in ecoinvent v3.7.1 consequential database (Wernet
et al., 2016). The packaging, transportation, refrigeration and distribu-
tion of both pea protein balls and meatballs were not included in this
study, as they were assumed to be the same, with no significant envi-
ronmental consequences associated with the substitutions. However,
environmental consequences during the cooking phase were considered
as pea protein balls need less time in the oven, compared with meatballs
(Saget et al., 2021a).

2.6. Uncertainty analysis

Uncertainty analysis was conducted by error propagation. Uncer-
tainty for specific process data extracted from LCA databases and for
German farm systems (described above) was assumed to be + 15%.
Much higher levels of uncertainty ( = 50%) were applied to global
average production data for beef systems, weaned calves, and affores-
tation. Aggregate errors were calculated as the square root of the sum of
squared errors across major contributory processes.

3. Results
3.1. Soymilk replacing dairy milk

3.1.1. Land balance

According to the EFEM model, the introduction of 1 kg of fresh
matter (FM) of soybean production into an arable crop rotation displaces
2.2 kg FM of wheat, 1.4 kg FM of grain maize and 1.3 kg FM of silage
maize. For the soybean milk production, two scenarios of farm
displacement were considered. In the first scenario (Fig. 2), the crops
displaced from the arable rotation need to be compensated. Ceasing
dairy farm production spares grassland and avoids emissions related to
cows, but also reduces demand for the following feed crops: clover-grass,
silage maize, and wheat. Avoided silage requirements were larger than
the amount of silage displaced from the crop rotation, and the net spared
area was converted to grain maize and wheat production (to compensate
for their displacement from the arable rotation). Additional wheat
displacement was compensated from the German market (data from
EFEM model of arable farms without legumes), along with milk co-
products i.e., beef live weight (LW) from culled cows and calves (Wer-
net et al., 2016). Those secondary data from ecoinvent 3.7.1 conse-
quential were not represented in the foreground land balance results
displayed here, however, they were presented in the final impact cate-
gory results, accounting for any emissions related to that land. The
spared dairy grassland available was considered for afforestation,
varying from O to 100% of the area spared — as mentioned, such affor-
estation may ultimately arise on land spared elsewhere after production
has migrated from less favourable areas on to the newly spared land.

In the second scenario (Fig. 3), on the foreground land balance, the
additional wheat displaced was not compensated by the average German
market; instead part of the spared dairy grassland was considered to be
converted into wheat cultivation (considering emissions from LUC) and
the remainder modelled for afforestation, of which 0-100% is affor-
ested. There remains the necessity to compensate LW and calves with
market alternatives from the ecoinvent consequential database, v3.7.1
(Wernet et al., 2016).

3.1.2. Consequential life cycle assessment results
The results of five impact categories for both scenarios, expressed per
1 L of dairy milk replaced, are presented below in Table 4. Under
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Fig. 2. Scenario 1. Soybean cultivation displaces grain cultivation on the arable farms and on the spared dairy farmland. Some of the wheat, culled cattle live weight

and calves need to be compensated by market alternatives.

Scenario 02, three categories displayed an environmental improvement
when dairy milk is replaced by soymilk, while two categories displayed
an environmental deterioration. For Scenario 01, environmental im-
provements were recorded only in two categories out of five. For
freshwater eutrophication, water scarcity and climate change under
Scenario 02, the uncertainty was high enough to vary the results be-
tween positive (burden) or negative (environment improvement).

Details about the processes in Scenarios 01 and 02 that contribute
most to the climate change category, either positively or negatively,
were recorded (Fig. 4). The process that contributes the most to reducing
net GWP burden is the conversion of 100% of spared land to forest,
representing a saving of 0.89 kg COze (Scenario 01) and 0.23 kg COge
(Scenario 02) per litre of milk replaced. The second most important
process was the avoidance of cows (saving 0.82 kg COze per litre of milk
replaced), largely reversed by the compensation of weaned calves,
which adds emissions of 0.69 kg CO.e per litre of dairy milk replaced in
Scenarios 01 and 02.

For both Scenarios, afforestation of the spared grassland area can
lead to significant net GWP savings overall (Table 5). We highlight that
displacement of surplus calf production from dairy systems means that a
larger suckler herd is needed than would otherwise be the case (even
with slowly declining beef consumption), generating substantial addi-
tional emissions (than would otherwise be the case). Thus, excluding
potential afforestation of spared grassland, displacing cow milk with
soymilk results in almost no overall change in GHG emissions (Table 5).
This emission “leakage” effect, of dairy-calf displacement reducing dairy
system emissions but increasing beef system emissions, has previously
been shown for dairy intensification transitions (Styles et al., 2018), but
not, as far as we are aware, for diet transitions. This effect also explains
increases in eutrophication, resource depletion and water use burdens

that are influenced by compensatory beef-calf production in dedicated
beef breeding systems. Such leakage could be avoided if beef demand
was dramatically (>50%) reduced to a level that could be satisfied
exclusively by dairy-beef production.

There were no benefits from afforestation across other impact cate-
gories assessed in this paper. For freshwater eutrophication and acidi-
fication, wheat displacement was the main visible difference when the
scenarios were compared, despite the wheat related values being
considerably smaller than weaned calves compensation or avoided cows
in the farm. Even when wheat is displaced in the same country (Ger-
many) (Scenario 01, Fig. 2), there were some adaptations regarding the
yields and fertilisation where wheat is produced on avoided animal feed
areas. The national average wheat yield in Germany was represented in
the EFEM model while the yield of wheat cultivated on the spared dairy
farmland was taken from the typical dairy farm as described in Section
2.2. The wheat yield from the dairy farm was higher than the national
average, supporting a better environmental performance for Scenario 2,
where most of the wheat is produced on the land spared from dairy
production.

There was a detrimental impact for freshwater eutrophication po-
tential, meaning that there is an additional burden when dairy milk is
replaced by soymilk. However, this interpretation is linked to a high
uncertainty, and mainly arises from the compensatory market produc-
tion of weaned calves. The second most contributing process to the re-
sults is the avoidance of (imported) soybean meal due to the co-
production of Okara feed from soymilk (Fig. 5).

Acidification potential, measured in mol H" eq, demonstrated an
environmental improvement from replacing cow milk. The benefit can
be inferred even with the high uncertainty. The process that most
contributed to this result was the avoidance of dairy cattle emissions,
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Fig. 3. Scenario 2. Soybean cultivation displaces grain cultivation on the arable farms and on the spared dairy farmland. Some of the wheat production is displaced
onto spared dairy grassland, whilst culled cattle live weight and calves need to be compensated by market alternatives.

Table 4

Net environmental balance and associated uncertainty ranges across five environmental categories for the
replacement of 1 L of dairy milk with soymilk under two land balance scenarios analysed. Red shaded cells
(positive values) represent environmental deterioration while the green shaded cells (negative values)
represent environmental improvement.

Impact Category Scenario 01 Scenario 02 Unit
Acidification -1.74E-02 + 4.17E-03 -1.71E-02 +4.18E-03 mol H' eq
Climate change -9.05E-01 +5.78E-01 -2.34E-01+ 3.86E-01 kg CO2¢eq
Eutrophication, freshwater 1.18E-05 + 9.18E-05 1.10E-05 = 9.19E-05 kgPeq

Resource use, fossils

9.98E-01 + 1.83E-01

9.86E-01 + 1.83E-01 MJ

Water scarcity

3.9E-03 + 3.21E-02

-2.4E-03 + 3.22E-02 m? deprived.

somewhat offset by a burden from compensatory weaned beef calves
(Fig. 6).

Resource depletion (fossil fuels), measured in MJ eq, demonstrated a
deterioration under both scenarios. i.e. there was an environmental
disadvantage of replacing cow milk. The process that most contributed
to this result was the displaced wheat cultivation. The market for diesel
burned in agricultural machines is the main factor that contributes to
this category, as shown in Fig. 7.

Water scarcity potential, measured in m” HyO deprived eq.,
demonstrated an environmental disadvantage for Scenario 1 and an
improvement for Scenario 2 (Fig. 8). The process that contributed the
most to water scarcity was the market for barley (marginal energy feed)
avoided once Oraka, the soymilk processing co-product, was designated

3

to cattle feed. The aspects that contributed the most to this category
within barley cultivation were the seed production and irrigation.
However, as in the aforementioned categories (acidification, freshwater
eutrophication and resource use, fossil fuels), it was the wheat cultiva-
tion that influenced differences between scenarios. Despite wheat
cultivation with no irrigation in Germany, the market for wheat seeds
incurs an irrigation burden. The industrial phase of soymilk production
has tap water as a main input, and this is reflected in results that indicate
a greater water scarcity burden than the credit from avoided cow
drinking water for dairy systems. There is a high uncertainty related to
the results for water scarcity, therefore it is not possible to assure that
there was a real benefit or burden under this category.
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Table 5

Summary (aggregate) results for climate change for milk scenarios and related
uncertainty values, based on different levels of afforestation on land spared from
food production.

% Spared area Scenario Uncertainty Scenario Uncertainty

converted to 1 Scenario 1 2 Scenario 2
fforestati

attorestation (kg COze) per 1 milk replaced

0% -0.01 +0.37 -0.01 +0.37

25% —-0.24 +0.39 - 0.06 +0.37

50% —0.46 +0.45 -0.12 +0.37

75% —0.68 +0.50 -0.18 +0.38

100% -0.90 +0.58 -0.23 +0.39

3.2. Pea protein balls replacing meatballs

3.2.1. Land balance

According to the EFEM model, the introduction of peas in the rota-
tion displaces 1.4 kg FM of barley, 1.4 kg FM of grain maize and 1.2 kg
FM of silage maize. For the pea protein balls, only one scenario was
considered (Fig. 9). The baseline before the pea protein balls was pro-
duced and consumed is represented by two main systems: (i) a suckler
beef farm associated with annual cropland for cattle feed production, as
well as a large area of permanent grassland; (ii) an arable cropping
system. The introduction of pea cultivation into the arable rotation
displaces barley, maize, and silage production previously used to pro-
duce cattle feed. The remaining spared arable land, and spared grass-
land, is available for other uses, such as afforestation (0-100%
afforested in sensitivity analysis).

3.2.2. Consequential life cycle assessment results

Results are more clear-cut for pea proteinballs substituting beef
meatballs than for the substation of dairy milk for soymilk, across most
of the categories, and uncertainties do not interfere in the final inter-
pretation (Table 6). There was an environmental disadvantage across
one of the five categories analysed (resource use, fossil fuels, in MJ).

Details about the processes that contributed the most to GWP miti-
gation can be observed in Fig. 10. The process that contributed the most

to the results is the afforestation of spared land, representing a saving of
up to 4.9 kg COze per 100 g of meatballs replaced by pea protein balls.
The second process that contributed to the results was the avoidance of
cattle production (—2.1 kg COze per 100g of pea protein balls). The
highest additional burden arose from the production of other ingredients
in the pea protein balls, which added emissions burdens of 0.2 kg COze
per 100 g of meatballs replaced.

Table 7 shows that, even before accounting for possible afforestation
of spared land, substitution of beef can avoid 2.42 kg COze per 100 g
serving of meatballs. In fact, in addition to sparing 3.4 m? yr of grassland
from beef production (per 100 g serving), pea cultivation occupies a
smaller area of arable land than would otherwise be required to produce
the cereal portion of the suckler-beef ration. Thus, up to 3.7 m? yr is
spared per 100 g serving of pea protein balls, resulting in a potential
GWP saving of up to 7.3 kg COze per portion (Table 6).

Similar to the soymilk replacement, there were no benefits from
afforestation across the non-GWP impact categories modelled for the
meatball substitution. Overall, there was an environmental improve-
ment across the freshwater eutrophication potential category, measured
in kg of P eq. (phosphorus equivalent released to freshwater) when the
meatballs were replaced (Fig. 10). This was mainly due to the avoided
nutrient emissions to water from cattle rearing. Most burdens to fresh-
water eutrophication arose from other ingredients for the meat and
protein-balls. On the meatball manufacturing, the impact arose from the
vegetable oil compensation for the avoided use of soybean, as soybean
protein is an ingredient to the meatball production. This resulted in
additional wastewater from oil refining which affected the results. For
pea protein balls, the eutrophication potential of other ingredients was
associated with the crop cultivation needed for the premix production,
which includes potatoes, sugar, onions, among others (Saget et al.,
2021c).

Acidification potential, measured in mol H' eq., demonstrated an
environmental improvement from replacing meatballs (Fig. 10). The
process that mostly contributed to this result was the avoidance of cattle
rearing ammonia emissions. There was an environmental deterioration
for resource depletion, fossil, from replacing meatballs (Fig. 10). The
processes that most contributed positively to this result (burden) were
other ingredients for the pea protein ball manufacturing followed by
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processing. The aspect that was responsible for this burden in other
ingredients was the use of energy to fabricate the premix of pea protein
balls. During the manufacturing phase, the energy used for the pea
protein isolate and dehulling were the main contributors to the envi-
ronmental impact. Looking at the environmental improvements, the
main processes were the avoided grassland production (avoiding need

for diesel burned in agriculture machines for fertilisation and cutting,
etc), followed by the cooking phase. The cooking phase represents a
direct saving in energy, as the pea protein balls need less time in the
oven to prepare, compared with meatballs.

In terms of water scarcity potential, there was an environmental
improvement from replacing 100 g of meatballs (Fig. 10). The process
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Table 6

Net environmental balance and related uncertainties across five environmental
categories for pea protein balls substituting beef meatballs. Red shaded cells
represent environmental deterioration while the green shaded cells represent
environmental improvement.

Impact Category Impact result Unit
Acidification -5.38E-02 + 7.23E-03 mol H' eq
Climate change -7.30E+00 + 2.46E+00 kg COz eq
Eutrophication, freshwater -2.4E-04 + 6.27E-05 kg P eq
Resource use, fossils 6.74E-02 + 4.10E-01 MJ

Water use -1.3E+01 + 1.96E+00 m? depriv.

that most contributed towards this saving was the avoidance of cattle
rearing, avoiding 13 m® of water scarcity per portion of 100 g of
meatballs. This is mainly related to the dataset for the market for
wastewater in Europe (ecoinvent 3.7.1 consequential database) avoided
during the slaughtering process: in other words, the effluent is avoided.
Regarding the cattle drinking water, only 15% is considered consump-
tive, meaning that it is not returned to the farm system, as it is incor-
porated in the cattle products or lost through evapo-respiration of the
animals. This means that 85% of the water returns to the system through
urine and faeces, not impacting the water scarcity category. However,
animal excretion does affect water quality, addressed under the fresh-
water eutrophication impact category described above. The aspects that
most contributed towards water scarcity burdens for pea protein ball
production were irrigation and seed production of ingredients such as

potatoes, bell peppers, onions, etc.
4. Discussion
4.1. Consequential LCA approach

The consequential LCA described in this paper provides new and
detailed insight into the direct and indirect environmental effects asso-
ciated with dietary substitution of cow milk and beef with soymilk and
pea protein balls, including agronomic effects, dairy-beef interlinkages
and potentially critical land use change. Costa et al. (2021) demon-
strated the potential importance of agronomic benefits associated with
the integration of legumes into conventional rotations. Such effects are
not explicitly considered in most attributional LCA studies, which may
result in an underestimation of the environmental benefits that could be
attributed to wider legume production and consumption in Europe
(Costa et al., 2020a,b). Many sustainability evaluations and attribu-
tional footprint studies have been undertaken comparing legume alter-
natives with typical foods (Saget et al., 2020), or plant substitutes to
meat protein, pointing to high improvement potential for human
nutrition and sustainability in industrialised countries with excessive
calorie and protein intake (Jensen et al., 2011; Peoples et al., 2019;
Saget et al., 2021b). Saget et al. (2021a) performed an attributional life
cycle assessment of a 100 g serving of cooked pea protein balls with beef
meatballs made from Irish or Brazilian beef. The authors reported larger
GHG savings, including large avoided “carbon opportunity costs” (COC),
for legume substitutes of popular products. Total GHG savings were
almost double the values found in this study, in part because allocation
of burdens within the attributional approach can underestimate conse-
quences associated with replacing livestock co-products (Styles et al.,
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Fig. 10. Results for the substitution of 100g of meatball (MB) by 100 g of pea protein ball (PB), across five environmental categories, broken down into main incurred
or displaced processes accounting for more than 1% of positive or avoided emissions. Indicative maximum 100% afforestation of spared farmland is illustrated.

Table 7

Summary (aggregate) results and related uncertainties of climate change po-
tential of substituting 100g of beef meatball by pea protein balls, based on
different levels of afforestation on land spared from food production.

% Spared area afforested ~ Results ~ Uncertainty

(kg COe per 100 g of beef meatball replaced for pea
protein balls)

0% -2.42 +0.32
25% —3.64 +0.69
50% —4.86 +1.26
75% —6.08 +1.86
100% —7.30 +2.46

2018; Mazzetto et al., 2020). The consequential modelling proposed in
this paper represents both crop rotation, wider land COC effects and
co-product substitution effects as well as direct e.g. livestock production
emission avoidance, associated with diet change in Europe — and
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therefore offers a more complete and accurate estimate of achievable
environmental savings.

Consequential studies of some food and feed products have been
undertaken previously, but typically these only looked at climate change
burdens (Knudsen et al., 2014; Schmidt et al., 2021), or did not account
for the full suite of co-product substitutions, such as co-products from
the slaughter house (Goldstein et al., 2016). The only consequential
GWP results comparable to those in this study are consequential foot-
prints contained in the Climate Change Database (Schmidt et al., 2021).
In this database, comparable carbon footprints were: (i) 0.38 kg COqe for
1 kg soymilk; (ii) 0.61 kg COze per kg of milk, semi-skimmed (1.5%);
(iii) 0.61 kg COqe per kg of vegan mince (0.061 kg per 100g of
vegan/mince), pea-based; and (iv) 11.08 kg COze per kg of meatball
(1.1 kg COze per 100g of meatball), without the cooking phase. Values
for the meat/dairy alternatives are higher than the results encountered
in this study, because the reported footprints don’t account for substi-
tution of alternative products (e.g., beef and milk) at the point of con-
sumption. Without considering land sparing from cow milk substitution,
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the soymilk footprint calculated in this paper also has a positive carbon
footprint. But that changes when potential GHG mitigation associated
with land sparing is accounted for. Whilst we considered the cultivation
of soybeans in German crop rotations, the climate change database
considers cultivation across the main expanding source countries for
soybean globally, mainly across Latin America and the US, as a marginal
market composite.

4.2. Role of legumes in diet transitions

The modelling undertaken here demonstrates that a dietary shift
towards more legumes could result in substantial GHG emission savings
and reduce leakage of reactive nitrogen, also leading to smaller acidi-
fication, eutrophication, and resource depletion burdens where beef
consumption is reduced. Substitution of beef also spares large areas of
land, increasing opportunities for CDR activities such as afforestation,
potentially doubling net GHG mitigation, and supporting the climate
neutrality goal (Duffy et al., 2022; Huppmann et al., 2018).

When legumes replace dairy products, the picture includes more
trade-offs. Dairy systems produce milk, beef, and surplus calves for beef
fattening. Dairy-beef production is considerably more efficient than
suckler-beef production (Nguyen et al., 2010a,b). Thus, whilst milk
substitution can reduce emissions from dairy systems, it may also
displace beef production and calf production to less efficient suckler
systems, unless demand for beef can be dramatically reduced (by over
50%) — eutrophication and resource depletion burdens were actually
increased when soymilk replaced cow milk in our results. This suggests
that legume incorporation into European diets should prioritise substi-
tution of meat, rather than dairy products, in the first instance to achieve
maximum environmental savings. Dairy substitution may become more
important as diet transitions progress, and could still play an important
role in land sparing, and thus CDR deployment, in the medium term.
This paper highlights the importance of complementing diet change
strategies with land use planning to deliver effective CDR on spared
land, in line with IPCC recommendations (IPCC, 2019b). The develop-
ment of trading schemes in non-reversible, permanent carbon offsets
could play an important role (Carbon Offset Guide, 2021) as part of the
European Commission’s “carbon farming” initiative. Other studies have
recently demonstrated the importance of diet transitions in achieving
the Paris Agreement target of limiting global average temperature rise to
1.5 °C or 2 °C since the pre-industrial age (Clark et al., 2020). The Eu-
ropean Union and multiple countries, including the United Kingdom,
have committed to “net-zero” GHG emission targets by 2050 (SBTi,
2021), meaning huge reductions in emissions and scale up of CDR (Stark
et al., 2019).

Diet transitions are also about human health, and it has been shown
that there are a lot of complementarities between environmental and
health objectives in shifting towards a more plant-based diet (Gerber
et al., 2013; Richi et al., 2016). For example, the EAT-Lancet Commis-
sion proposed the ‘planetary healthy’ diet, which recommends limiting
the consumption of red meat to 28 g a day, equivalent to 10 kg of red
meat per person per year (Willett et al., 2019). In Europe, the intake of
processed meat is 90% higher than recommended (Afshin and Murray,
2019), and nearly four times more than in developing countries (FAO,
2019). The EAT Lancet diet (Willett et al., 2019) also specifically pro-
poses an increase in legume consumption, although Zander et al. (2016)
argue that there is little evidence of sufficient shifts in European diets to
significantly influence grain legume production. The two simple diet
substitutions considered in this study, using plant protein analogues for
popular animal-derived products, could represent scalable solutions to
drive food system transformation without the need for dramatic shifts in
food choices and preparation.

4.3. Limitations

According to FAO (McLaren et al., 2021), tools such as LCA have
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been extremely important to provide reliable information to policy-
makers seeking more sustainable food systems. However, they also
recognise the limitations of LCA methods and the lack of guidance for
researchers to use such tools. Furthermore, researchers have developed
different frameworks and approaches to address the sustainability
challenges and interlinkages across systems and economic sectors such
as agricultural production, processing, health, energy generation and
others. The consequential framework is complex, and requires a deep
knowledge of the economy and biophysical linkages across systems
(Dalgaard et al., 2014; Schmidt, 2008a). Such knowledge is required
across interlinked agri-food value chains, from grains and animal feed
production, through livestock systems, to fuel and energy production,
cosmetics and clothing, among others. Whilst consequential LCA
modelling can provide a more systemic view of global consequences,
many assumptions need to be made in order to model market responses
and co-product substitutions, even with consequential LCA databases
available for background modelling. Results can vary considerably
depending on assumptions made about background data and inter-
linkages, and should be interpreted carefully. This study is associated
with significant uncertainty as it uses a mix of data sources to represent
the manufacturing of pea protein balls and avoided meatballs (Saget
et al., 2021b), the manufacturing of soy milk (Birgersson et al., 2009),
weaned calf production from the ecoinvent cLCA database (IMoreno-R-
uiz et al., 2018), and German farm operations from the EFEM model,
among others. Considering the interlinkages, the substitution of cow
milk with soymilk involved many assumptions and secondary effects,
some of which were difficult to parameterise and therefore somewhat
uncertain. For example, this study does not consider the veal market
(which may mean calves are slaughtered earlier, rather than being
fattened for beef, thus resulting is less compensatory beef calf produc-
tion, and therefore a larger GHG mitigation effect from soy milk).
Additionally, suckler calf footprints were modelled based on a global
average secondary database - therefore this could offer a very different
impact when analysed specifically for the German context, but
German-specific data were lacking. Future studies could undertake
wider sensitivity analyses around these effects.

Another limitation of this study was the simplified assumption that
milk and beef products would be substituted on a simple mass (portion)
basis, disregarding possible consequences for human nutrition and
wider dietary choices. On the one hand, vegetarian and vegan diets
could necessitate a higher gross intake of protein (by 20% and 30%,
respectively) to satisfy human requirements, due to the lower protein
digestibility (Davis et al., 2010; The Health Council of the Netherlands,
2001). On the other hand, this factor may not be significant for simple
substitutions in typical Western diets associated with overconsumption
of protein (Nijdam et al., 2012). Legume alternatives such as pea protein
balls are known to have more fibre, but potentially less digestible pro-
tein, than the meat products they may replace (Saget et al., 2021a).
Those authors compared a 100 g cooked portion of meatballs (17.5 g of
protein) with pea protein balls (22.3g of protein), adjusting pea protein
down to 20.5 g of protein to account for 8% lower digestability (Gilani
and Lee, 2003). The nutritional value of the two products was then
compared using a nutrient density unit (NDU) that integrates fibre,
protein, fatty acids and calories, resulting in higher calculated nutri-
tional delivery for a portion of pea protein balls compared with meat-
balls (Saget et al., 2021a). Increasing emphasis is also being placed on
the quality of protein, in terms of amino acid profile, alongside much
longer lists of important constituents relevant to human nutririon
(Sonesson et al., 2017; Leinonen et al., 2019; Notarnicola et al., 2017).
Nevertheless, those same authors highlight that some products are
consumed more for social objectives than nutrition, which supports the
1:1 mass (simple portion) substitution, as the assumption in this paper.
In reality, would someone drink more plant based milk than cow’s milk
to ensure the same protein/nutritional intake, despite average protein
and fat consumption in excess of recommendations (in Germany or other
industrialised countries)? Or would someone eat less pea protein balls



M. Porto Costa et al.

than meatballs owing to a high nutrient density in pea balls? Our
analysis is predicated on the assumption that one portion of milk or beef
can be simply substituted by one portion of plant-based alternative,
based on product switching. Possibly there could be secondary effects
via degree of saiety, influencing consumption of other products. How-
ever, attempting to model such affects would require considerable sur-
vey and/or behaivoural data inputs. Attempting to correct for
nutritional delivery in the absence of more sophicated diet change
analysis is likely to introduce error, as hypothetical substitution ratios
could deviate from the most direct (likely) consumption shifts. Never-
theless, nutrition is an important aspect of diet transitions, and its
consequences should be analysed further.

5. Conclusion

The substitution of beef by pea-derived protein can result in large
direct GHG savings, of up to 2.42 kg COge per 100 g serving. The
associated land sparing of up to 3.7 m? yr per serving could support
further GHG mitigation via afforestation (as an effective climate action),
more than tripling total GHG mitigation to 7.3 kg COze per 100 g per
serving. On the other hand, the substitution of cow milk with soymilk
does not lead to significant direct GHG savings owing to the displace-
ment of dairy-beef production to less efficient suckler-beef herds.
Nonetheless, land sparing by cow milk substitution could lead to overall
GHG mitigation if spared grassland is afforested — and mitigation could
be considerably increased if beef consumption is dramatically reduced
(by over 50%) so that compensatory beef production is no longer dis-
placed to dedicated beef systems.

This study confirms that legumes can play an important role in the
realisation of the EAT-Lancet diet and support considerable land
sparing, livestock emission avoidance and synthetic fertiliser displace-
ment, promoting not only GHG mitigation, but also mitigation of other
environmental problems such as acidification. Diet substitution should
initially focus on replacing meat, rather than dairy products, due to
potential GHG gains and to avoid emissions “leakage” via displacement
of (dairy) beef calf production to less efficient, dedicated beef systems.
Maximum benefit could be derived by coordinating plant protein sub-
stitution of animal protein with a land use strategy to ramp up carbon
dioxide removal, e.g. via afforestation, in order to deliver climate
neutrality.
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