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Abstract: Curbing emissions from agriculture, and especially from livestock production, is essential in
order to fulfil the Paris Agreement. Shifting to a diet lower in meat consumption has been emphasized
in several studies. Based on the Planetary Health Diet developed by the EAT-Lancet Commission,
this study investigates the effect on agricultural greenhouse gas emissions of transitioning the Danish
agricultural system, which currently relies mainly on meat and dairy production, towards increased
focus on plant-based foods, combined with replacement or reduction of imported feed and carbon
sequestration on previous agricultural land. The study finds a large potential for reducing emissions
from Danish agriculture through implementation of the Planetary Health Diet, with reductions of up
to 20.2 Mt CO2e (CO2 equivalents) (86.5%) under the most ambitious conditions. This demonstrates
the potentially large benefits from transitioning towards a more plant-based European agricultural
sector and underscores the need for European and national policies incentivizing this transition.

Keywords: sustainable food systems; agriculture; livestock; greenhouse gas emissions; climate
change; meat; plant-based; diet; scenarios; policy

1. Introduction

Tackling the climate impact of agriculture is receiving increased attention, because achieving the
goals of the Paris Agreement will not be possible without a substantial transformation of the global food
system and the agricultural sector [1–3]. Currently, 21–37% of global greenhouse gas (GHG) emissions
can be attributed to the food system [4]. Previous estimates have found that livestock alone accounts
for about 14.5% of global GHG emissions when including emissions from ruminants, feed production,
and land use change [5]. Numerous studies have argued for the need to reduce meat consumption and
livestock production [2,6–8]. The European Green Deal, focusing on making the EU climate neutral by
2050 [9], features a Farm to Fork Strategy aimed at accelerating the transition to a sustainable food
system and mitigating climate change [10]. In the communication and action plan for this strategy,
a transition towards healthy, sustainable, and more plant-based diets is emphasized. Such a shift will
require downscaling of livestock production, and there is a need for research to identify opportunities
and barriers for the conversion of animal feed production to plant-based food production. In Denmark,
the agricultural sector is responsible for about 23% of national emissions, with production of cattle
and pigs being the dominant source [11]. The Danish government has pledged to reduce national
emissions by 70% in 2030 relative to 1990 levels [12], corresponding to a reduction from the current
51.3 Mt CO2e (2018) [11] to 21.8 Mt CO2e. In a recent report the Danish Climate Partnership for the
Food and Agriculture Sector suggests that a reduction of 5.1 Mt CO2e by 2030 is possible through
already known measures, with an additional 2.5 Mt CO2e from forestry, food processing, and food
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waste, and 2.2 Mt CO2e through research and development of new technologies. These potential
reductions come at an estimated cost of €3.43 billion [13]. Measures to facilitate a shift towards more
plant-based food production are not included, but different options for promoting plant-based food
are mentioned. The agricultural sector has expressed readiness to meet an increasing demand for
more plant-based food [14,15], already evident in both Denmark and Europe [16–19]. Additionally,
the National Danish Council on Climate Change advising the Danish Government considers a transition
towards a more plant-based food production system vital for achieving the national climate target
and achieving a sustainable Danish food system [20,21]. A starting point for such a transition could
potentially be the Planetary Health Diet (PHD) suggested by the EAT-Lancet Commission [1]. The PHD
is primarily plant-based and features dietary recommendations that contribute to keeping global
warming below 2 ◦C and promote human health. It thereby exploits the significant health and climate
co-benefits of plant-based food on human health and climate change mitigation documented in several
studies [1,22,23]. Taking departure from the current baseline agricultural GHG emissions, the aim of
this study is to analyze the potential for reducing the climate impact of Danish agriculture. The study
develops transition scenarios for a sustainable conversion from animal-based to plant-based food
production, associated with a projected increasing global implementation of the PHD. Based on this
analysis it can be concluded that there is significant potential for reducing the GHG emissions from
agriculture by transitioning from being primarily based on livestock and animal feed production,
towards focusing on providing more plant-based food for human consumption. In the case of Denmark,
emission reductions in the range of 13.6–20.2 Mt CO2e (58.2–86.5%) will be possible with full global
implementation of the PHD in a scenario where domestic cattle, pig, and chicken production is
downscaled to 76.2%, 21.1%, and 88.2% of current production.

2. Methods

2.1. Assessment of Baseline Agricultural GHG Emissions

Emission sources included in this study were: all direct agricultural emissions and indirect
emissions from LULUCF (land use, land use change and forestry) (scope 1), emissions from energy use
in the agricultural sector (scope 2), as well as LULUCF emissions from the production of imported soy
(scope 3). Scope 3 emissions from the import of soy for feed have been included because they contribute
significantly to the overall emissions from the agricultural sector. Scope 1 and scope 2 emissions were
sourced from the most recent National Inventory report for Denmark [11]. Emissions from 2018 were
used. Emissions from energy use in agriculture and forestry were grouped in the national inventory.
The distribution calculated by the agricultural sector’s climate partnership [13] was used to exclude
forestry-related emissions from the total. Data on scope 3 emissions from soy imported to Denmark
as feed for livestock were sourced from a recent report estimating that total emissions amount to
6.18 Mt CO2e, based on imports of approximately 1.7 Mt soy (2018). This includes emissions due to
land use change, mainly afforestation in South America, as well as emissions directly from production
of the crop [24]. Total baseline emissions were thus estimated as 23.33 Mt CO2e, including scope 1
emissions from agricultural production (11.04 Mt CO2e), scope 1 LULUCF emissions from organic
soils (5.10 Mt CO2e), scope 2 emissions from energy use in agriculture (1.01 Mt CO2e), and scope 3
LULUCF emissions from production of soy imported to Denmark (6.18 Mt CO2e).

2.2. Construction of Transition Scenarios

To determine the potential for reducing the GHG emissions from Danish agriculture by shifting
towards more plant-based food production for human consumption, different transition scenarios
have been constructed. The scenarios feature the following levels: (i) level of global implementation
of the PHD recommended by the EAT-Lancet Commission (0–100%), (ii) level of imported soy
replaced by locally produced protein crops (0%, 50%, or 100%), (iii) level of restoration of drained
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organic soils (0–100%), and iv) level and type of afforestation on surplus agricultural land (area and
sequestration potential).

2.3. Implementation of the Planetary Health Diet

Since its publication in 2019 the EAT-Lancet report has already had a big impact on food policies,
and is explicitly mentioned in the recent Good Food Cities declaration signed by 14 mayors [25]. In a
Danish context, the diet has been found to be nutritionally sound, showing a potential direction for
development of sustainable dietary guidelines [26]. The diet sets recommended boundaries for food
groups important for human health and the level of sustainability of food systems. In this study the PHD is
used as a blueprint. Production is adjusted based on average consumption levels of different food groups
recommended in the PHD. It is assumed that the transition to the PHD will be global for two reasons:
(i) The PHD is constructed as a global diet. If consumption of individual food groups is kept within the
boundaries of the PHD, it is ensured that a healthy diet will be available to everyone without overstepping
the planetary boundaries. If a large part of the global population maintains its current diet high in animal
products, a sustainable level for animal production will not be reached [1]; (ii) It is necessary to assume a
global transition in order to avoid leakage of production-related emissions. The risk of leakage in the
Danish agricultural sector is considered high [27], meaning that there is significant risk that production
will shift to other countries if a transition only occurs in Denmark. The effect on Danish agriculture and its
emissions will be assessed for implementation levels of the PHD up to 100%. The average consumption
levels of individual food groups presented in the diet will be used for calculations.

2.4. Assumptions and Calculations for Animal Commodities

Denmark’s annual livestock production was assessed using data on the number of slaughters per
year for production animals with a lifespan shorter than one year (such as pigs), and statistics on the
average population of animals with a lifespan longer than one year (such as dairy cows) (Table 1). Based
on the necessary supply required to meet the demand by 2030, assuming a global shift in diets to adhere
to the PHD, production of animal commodities and the resulting animal population were adjusted
(Table 1). In order to include export in a way feasible within the scope of this study, the calculated
future Danish animal production was based directly on its current size relative to global production.
Denmark will continue to produce its current fraction of global supply, and production will therefore
decrease with global adoption of the PHD. Production levels were calculated for implementation of the
PHD between 0% and 100%, with a simple projection of current production as the lower boundary (0%
implementation by 2030) (Table 2). The projection accounts for an expected increase in population [28].

Table 1. Population or production of relevant domestic animals [29–32].

Animal Species Number of Animals (2018)
(millions)

Number of Animals (PHD implementation
100%) (millions)

Beef cattle * 0.534 0.190
Dairy cattle ** 0.575 0.650

Pigs *** 19.3 4.077
Broiler chickens * 159.5 141.71
Egg-laying hens ** 5.48 2.951

Notes: * Slaughtered in Denmark or exported for slaughter after rearing, during the year 2018. ** The average total
population at any given time in 2018. *** Includes both slaughtered finishers and the average population of sows,
excludes piglets exported for rearing.

Due to the expected increase in global population, this method for calculating Denmark’s future
production will in some cases lead to an increase in production of commodities presently produced at
levels close to the amounts needed for 100% implementation of the PHD. Larger amounts of dairy,
in particular, will be needed with the increasing global population, even when implementing the PHD,
because the current global production is lower than what will be needed if the entire global population
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by 2030 consumes the average amount of dairy recommended in the PHD (Table 2). It was assumed
that the size of the animal population, and its feed consumption, is directly related to the level of
production. The number of animals and the amount of feed consumed was thus adjusted with the
same percentage as the production, expecting no changes in the animals themselves with regards to
feed efficiency, size, or edible fraction of the animal. See supplementary Table S1 for a list of animal
commodities included in the analysis.

Table 2. Necessary supply of animal products in live weight if the entire Danish and global population
in 2030 eat according to the Planetary Health Diet (PHD), compared to the current production averaged
over five years (2013–2017) [33].

Product
Necessary Supply by 2030 Current Production

Danish/Global (%)
Danish (t) Global (t) Danish (t) Global (t)

Beef, lamb 32,496 45,848,056 219,263 128,682,416 0.17
Pork 23,585 33,276,815 2,105,515 157,513,381 1.34

Poultry 100,968 142,456,458 225,527 160,339,814 0.14
Fish 58,492 82,526,500 2,355,150 431,646,185 0.55
Eggs 28,586 40,332,500 84,459 74,908,148 0.11
Dairy 527,525 744,286,616 5,332,842 658,467,548 0.81

Necessary supply by 2030 is based on the PHD recommendations. The recommended amounts in the PHD are
valid for adults. Individuals over 15 years of age have been considered as adults, and it is assumed that they will
comprise 80% of the population by 2030. It is assumed that 20% of the population will be below 15 years of age
and will consume on average 75% of the amounts recommended in the PHD. Only animal products mentioned
in the PHD have been included. Other types of meat comprise only about 5% of total global consumption [33].
Calculations between edible yield, live weight, and carcass weight of different animal species based on Lesschen et
al. (2011) and Nijdam et al. (2012) [34,35].

2.5. Assumptions and Calculations for Production of Vegetable Commodities

Calculations of the impact on GHG emissions of an adjusted production of both vegetables for
human consumption and animal feed essentially come down to changes in the total agricultural area
and its use. The estimate used for the total area affected by implementation of the transition scenarios
was 2,055,801 ha (Table 3).

Table 3. Areas seed as baseline for production of selected crops.

Crop Total Current Area (ha)

Vegetables 9216
Fruits 5758

Legumes for human consumption (peas) 3197
Nuts ** 5
Grain 1,432,923

Grass and roughage 733,477
Legumes for animal feed * 19,227

Root vegetables 84,327
Rape seed 169,154

Notes: Statistics Denmark (2020) average 2015-2019 [36], Except *: average 2017–2019, because the area was not
included prior to 2017. **: Based on FAOstat (2020) [37]. Out of these, a total of 401,483 ha were not included in the
baseline area affected by the transition scenario. The excluded area is comprised of: areas used for production of
seeds, horticultural crops not for consumption, industry crops other than rape seed, and undefined crops, as well as
the area out of rotation at any given time, and the area of grains and potatoes not used for either feed or food, e.g.,
the significant area of grains used in industry, especially beer production.

2.5.1. Vegetable Production for Human Consumption

The necessary Danish supply of vegetable foods, assuming global adoption of the PHD,
was calculated (Table 4). Calculations for vegetable production were based on other assumptions than
animal production, due to the different roles these main food groups play in the Danish agricultural
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sector. A large proportion of animal production is exported, while the reverse is true for fruits and
vegetables. For vegetable commodities the Danish expected population increase was used for the
projections, rather than the global expected population increase. Additionally, starchy crops (potatoes)
and grains are both grown for human consumption and to a large degree for animal feed. Therefore,
separate methodological choices were made for the individual groups of vegetable commodities: (i) For
grains and starchy vegetables the point of departure was the current Danish total consumption, based
on a study of dietary habits [38]. It was assumed that the total consumption is or can be produced in
Denmark; (ii) For fruits, vegetables, and nuts the basis was in current production plus import, as it
was assumed that all produced and imported fruits, vegetables, and nuts are for human consumption;
(iii) For legumes, the production data used included only peas for human consumption, as it was
assumed that the modest Danish production of other legumes (such as broad beans) is for animal feed;
iv) No changes were made regarding consumption (and therefore production, export, or import) of
added fats and added sweeteners, as the current global consumption does not differ much from the
total allowed amount in the PHD. Adjustments in production were assumed to translate directly into
adjustments in land use, i.e., a reduction or increase in production of a crop directly affects the amount
of land used. No changes in yield or production practices were assumed. See supplementary Table S2
for a list of vegetable products included in the analysis.

Table 4. Necessary supply of vegetable foods by 2030 if the PHD is completely implemented, and current
supply based on data on production, import, and consumption [37–39].

Product Necessary Supply (Mt)
Current Supply (Mt)

Production Consumption Import

Whole grains 484.7 - 451.4 -
Starchy vegetables 124.3 - 209.6 -

Vegetables 794.3 286.7 - 330.3
Fruits 514.5 59.9 - 444.1

Legumes 264.8 35.0 - 17.4
Nuts 52.2 0.004 - 24.8

Added fats 83.6 - 83.2 -
Added sweeteners 64.8 - 76.4 -

Production and import were averaged over the years 2013–2017. Edible fraction of vegetable products was
determined using De Laurentiis et al. (2018) [40] supplemented by FAO (1994) [41] for the assessment of the edible
fraction of nuts.

2.5.2. Vegetable Production for Animal Feed

Crops for animal feed included in this study were grains, pulses, root vegetables, and roughage
(Table 5). Roughage includes grass, fresh and silage, as well as maize silage. Pulses, which are used
in the form of oil cake and meal, are mainly imported soy. The available data on the distribution of
feed between animal species do not specify other individual feed ingredients besides grain, roughage,
and imported feed, which is mainly soy, so assumptions were made about root vegetables, rape seed,
and pulses.

Table 5. Total production of selected crops relevant with regards to animal feed and the amount of the
crop used for feed in Denmark. Both averaged over the years 2015–2019 [42,43].

Crop Danish Production (Mt) Used for Feed (Mt)

Grain 9.17 6.77
Grass and roughage 24.18 22.90

Pulses 0.074 0.047
Soy cake and meal - 1.59

Rape seed 0.66 0.46
Root vegetables 4.23 2.62
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Animals were grouped into three main categories: cattle, pigs, and poultry. The study
therefore did not take into account the different feed consumption of, e.g., dairy cows and beef
cattle. This generalization was necessary due to the lack of detail in available data on feed consumption,
which included the animal categories cattle, pigs, and poultry, along with the crop categories grains,
roughage, other crops, and imported crops [44]. Sheep were grouped together with cattle based on the
fact that beef and mutton are considered one single dietary component in the PHD. The following
methods were used for calculating the effect on production and use of agricultural area of different
crops for animal feed: (i) for grains, data were available on both production and consumption by
individual animal species, making it possible to calculate the effect of a decrease in the number of
different livestock species; (ii) for roughage, the entire harvest is used for cattle; (iii) for rape seed
and root vegetables, it is known how large a fraction is used for animal feed but not on a species
level, therefore the distribution between species for “other crops” was used; (iv) for pulses it was
assumed that the small amount (other than peas for human consumption) is used for feed production.
For pulses the distribution for “other crops” was used; v) for imported soy, the distribution between
species in the “imported feed” category was used, since this category is also almost entirely soy [42].
It is theoretically possible to completely replace soy in the diet of both cattle and pigs with other pulses,
such as broad beans or peas. In the following the possibility of replacing some or all imported soy with
broad beans is described.

2.5.3. Replacing or Reducing Imported Soy in Animal Diets

The protein content of soy is significantly higher than that of broad beans and the carbohydrate
content lower. Broad beans thus also replace some of the grain in the diet when they are substituted
for soy. Various studies have found that broad beans can replace a substantial part of the soy in pig as
well as cattle diets [45–47]. In this study, the calculation of substitution of soy with broad beans and its
effect on grain use was based solely on a feeding plan for pigs, as they consume the majority of soy
imported to Denmark. Calculation of replacement was based on the nutritional content of soy, broad
beans, and wheat, combined with a standard Danish feeding plan for a finisher pig (Table 6).

Table 6. Composition of two pig diets where soy is replaced with broad beans or reduced, compared to
a reference diet [48].

Content (%) Reference Diet Replacement Diet Reduction Diet

Grain 70.0 56.3 60.0
Soy 17.0 0 7.5

Broad beans 0 31.8 20.0

Protein 16.6 15.9 16.7
Carbohydrate 66.0 68.3 66.7

The diets have been constructed so as to come as close as possible (less than 5% divergence) to the macro nutrient
composition of the reference diet. In the reduction diet it was taken into account that the maximum recommended
percentage of broad beans in pig diets should be 20% [47]. The reduction diet results in a reduction in soy use of
more than 50%. When soy is entirely replaced by broad beans, approximately 19.6% of the grain is also replaced.

The conditions used for further calculations were 0%, 50%, and 100% replacement of soy with
broad beans. Danish yield averages specifically for broad beans were not available, as they are sorted
within legumes in general in statistics. The average yield for 2017 of 5.5 t/ha [49] was used to estimate
the necessary additional agricultural area for broad beans. Replacement of grain from the diet by
the introduction of broad beans was based on the nutritional content of wheat. It is recognized that
replacing all of imported soy with just one crop is not likely. In reality, if and when this replacement is
undertaken, it will most likely be with a combination of multiple crops [50].
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2.6. Options for Utilization of Surplus Agricultural Area

As the production of animal products and therefore the production of feed decreases, areas are
freed up for other purposes. The size of the surplus area is affected by the implementation level of the
PHD and of the level of replacement of imported soy. Increasing implementation of the PHD results
in a decreasing area used for feed production, while replacing an increasing amount of imported
soy with locally produced protein crops (broad beans) results in an increasing area used for feed
production. Options included for utilization of the surplus area are restoration of drained organic soils
and afforestation. See supplementary Table S3 for land use in all scenarios.

2.6.1. Restoration of Drained Organic Soils

Cultivation of the current 178,700 ha with organic soils is the source of 5.1 Mt CO2e according
to the most recent National Inventory report for Denmark [11]. Ceasing cultivation of the areas will
therefore contribute significantly to reducing emissions from Danish agriculture. The approach is
included in the sector’s current strategy [13]. When cultivation is ceased and the drained areas are
restored to wetlands, the emissions of methane increase, offsetting some of the reduction in CO2

emissions [51]. Based on calculations of the net effect on emissions of this land use change [51], it has
been estimated that restoring the entire area of drained organic soils can result in net reductions of
approximately 3.7 Mt CO2e in scope 1 LULUCF emissions (Table 7).

Table 7. Calculation of possible reduction in net emissions from restoration of drained organic soils.

Calculation Element
>12% OC 6–12% OC

Total
Rotation Grass Rotation Grass

Reduction in CO2 (t ha−1) * 42.17 30.8 21.08 15.4 -
Increase in CH4 (t CO2e ha−1) * 7.2 6.8 7.2 6.8 -

Net reduction (t CO2e ha−1) 34.97 24.00 13.88 8.60 -
Area (ha) ** 50394 27838 77009 23493 178734

Total reduction (Mt CO2e) 1.762 0.668 1.069 0.202 3.701

Notes: * Olesen et al. (2018) [51]. ** Nielsen et al. (2020) [11].

2.6.2. Afforestation of Surplus Agricultural Land

Forests can sequester large amounts of carbon in biomass and soil, making afforestation relevant
as a land use option for mitigating climate change [52,53]. In this study it was assumed that drained
organic soils will be restored before any land is afforested. Afforestation will begin when the total
surplus area is larger than 178,700 ha. Three estimates for the mitigating effect of afforestation per
ha in a 10-year period under Danish conditions were used, representing a high (11.0 t CO2e ha−1),
medium (5.3 t CO2e ha−1), and low (2.5 t CO2e ha−1) sequestration forest. The low estimate represented
the average effect of afforestation with various deciduous trees, the high estimate was an average of
afforestation with fast-growing cultures, such as spruce or poplar, and the medium estimate was the
average of both types of afforestation [54]. The effect of afforestation through natural succession was
not included.

2.7. Calculation of Reduction in GHG Emissions from Agriculture

An estimated distribution of baseline agricultural emissions between individual animal species
and emissions from arable land was used to assess the effect of a change in production (Table 8).

Baseline emissions were projected to 2030, taking into account effects of an increasing population.
Reductions from implementing the transition to more plant-based food production for human
consumption were calculated from the resulting 2030 baseline. Percent reductions were calculated
relative to the current baseline. It was assumed that emissions from animals will be reduced with the
same percentage as the reduction in the animal population. Emissions per individual animal are thus
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not expected to change. The data on which the baseline distribution was based included the animal
groups “cattle”, “pigs”, and “other” [55], while the PHD diet includes “cattle”, “pig”, and “poultry” [1].
The overall group “other” was used for calculating the reduction related to the development in the
poultry population. Emissions from fertilization of cropland were assumed to be reduced by the same
percentage as the overall area of cropland. It was not possible to take into account that different types
of vegetable production can give rise to different levels of emissions. Calculations of reductions were
simply based on the reduction in total area cultivated. Possible changes in average emissions per ha
due to changes in agricultural practices were not included in the scenarios.

Table 8. Estimated distribution of baseline scope 1 emissions from agricultural production. Developed
from SEGES (2019) [55].

Emissions Source Category Fraction of Production Emissions (%)

Direct emissions
Cattle 32.4
Pigs 3.3

Other 1.2

Fertilizer handling and storage
Cattle 9.4
Pigs 13.4

Other 0.7

Arable land 39.7

2.8. Economic Implications of the Transition

The economic implications of implementing the transition scenarios were estimated by applying
a simplified but rigorous and standardized approach, to be achievable within the scope of this study.
Contribution margins for different sub-sectors within agriculture were used to assess the effect of
decreasing some forms of production, while increasing others. The contribution margin used was
defined as: production value subtracted variable expenses and semi-variable expenses but including
non-variable expenses. It does not account for income from agricultural subsidies. For details on
contribution margins used for individual commodities, see supplementary Table S4 [56,57]. Based on
these data, a current total contribution margin for the selected sub-sectors was calculated and was
adjusted to the change in production. There were significant uncertainties with regards to applying
this method for calculating the economic effect of the transition. These were: (i) data from only one
year were available for calculating yield and contribution margin of broad beans, and it conveniently
appeared to be the absolute most profitable crop based on these margins. There is thus a risk that the
revenue generated from the increased area with broad beans was overestimated; (ii) the scope of this
study did not allow for accounting for other economic effects a transition to a reduction of soy import
could cause, such as possible price and yield changes in crops; (iii) a number of additional expenses
related to the transition itself can be imagined, such as expenses related to changes in buildings
and machinery, additional education for farmers, and other single investments that have to be made
in the transition period. These were not included. However, just as there are additional expenses,
there is also potential for additional savings. The Danish import of soy is currently (2019) valued at
€546.8 million [58], so replacing this with locally produced protein crops could result in significant
savings for the sector. These were not included in the calculation.

3. Results

3.1. Downscaling of Livestock Production

The Danish production of livestock is downscaled corresponding to the reduced consumption
of animal products from implementing the PHD (Figure 1). As previously mentioned, the total
dairy allowance in the PHD is in fact larger than the current global per capita production, so 100%
implementation of the PHD will result in a small increase in the dairy cattle population. The total cattle



Sustainability 2020, 12, 8228 9 of 20

population will, however, be reduced (76.2% of current baseline) due to large reductions in the beef
cattle population (35.8% of current baseline). Total poultry production will be reduced to 88.2% of
current baseline, with broiler chicken production reduced to 89.4% and the egg-laying hen population
reduced to 54.2% of current baseline. Correspondingly, pig production is reduced to 21.1% of current
baseline production with 100% implementation of the PHD.

Figure 1. Size of the livestock production in % of current baseline production. See Table 1 for
current baseline livestock production and adjusted production at 100% implementation of the PHD.
At 0% implementation of the PHD, production represents current baseline production levels upscaled
corresponding to expected global population increase.

3.2. Reduction in GHG Emissions

The reduction in emissions possible through adoption of the transition scenarios depends to a
large degree on four main parameters previously described: (i) level of implementation of the PHD,
(ii) level of replacement of imported soy, (iii) restoration of drained organic soils, and (iv) estimate
used for the carbon sequestration per ha of afforested area (Figure 2).
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Figure 2. Possible reduction from implementation of the elements in the scenarios. Maximum effect
is reached at 100% implementation of the PHD, 100% replacement of imported soy, restoration of all
drained organic soils, and afforestation of surplus land with fast-growing species. Potential emissions
by 2030 refer to a scenario where all elements have been implemented in full.

Figure 3 shows implementation of the PHD combined with different estimates of sequestration
per ha afforested area and levels of soy replacement. Evidently the largest reduction is possible
from a high level of implementation, combined with a high level of soy replacement (50% or 100%)
and surplus agricultural areas afforested with fast-growing species (high estimate for afforestation).
Under these very optimistic conditions, emissions can be as low as 3.16 Mt CO2e by 2030. However,
at implementation levels of about 25–50% the picture less clear, showing how important it is to the total
effect on emissions that surplus land becomes available for carbon sequestration. Potential agricultural
emissions by 2030 are 3.16–9.75 Mt CO2e (13.5–41.8% of current baseline) at 100% implementation of
the PHD, depending on assumptions used for soy replacement and afforestation.
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levels of replacement of imported soy (0%, 50%, and 100% replacement) and estimates for the carbon
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3.2.1. Effect on Emissions of Replacing Imported Soy

In general, emissions appear higher than the current baseline of 23.33 Mt CO2e at low
implementation levels with no soy replaced (Figure 3). At 0% PHD implementation, the setting
where no soy is replaced, is a business-as-usual projection of the current baseline to 2030. It assumes
that the expected increase in population will lead to a corresponding increase in animal production,
if the PHD is not implemented. At lower levels of implementation (approximately 25–50%), emissions
are reduced more per incremental increase in implementation of the diet under conditions where 0%
or 50% of imported soy is replaced than when 100% of soy is replaced. This is caused by the significant
drop in emissions occurring when surplus agricultural land becomes available for alternative uses
that sequester carbon. Replacing imported soy with locally produced protein sources means that
higher levels of implementation of the PHD, and the resulting larger reduction in animal production,
are necessary to free up areas for other uses.

3.2.2. Effect on GHG Emissions of Types of Afforestation

Expected emissions at different implementation levels are also dependent on the estimate used
for how much carbon can be sequestered per ha through afforestation. With 50% of imported soy
replaced the high afforestation estimate leads to a reduction of 86.5%, whereas if assuming a low
effect of afforestation the estimated reduction is 66.0% (Figure 3). Using different estimates for the
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sequestration potential of the afforested area is only significant at higher levels of implementation,
as surplus area will first be used to restore drained organic agricultural soils. Thus, only when all
178,700 ha have been restored will afforestation begin (Figure 4). Afforestation starts contributing to
reductions at 30–55% implementation of the PHD, depending on the level of replacement of imported
soy. At 50% soy replacement, surplus land becomes available at about 35% implementation of the
diet (Figure 4). Until then it appears that more land will be needed, due to the assumption in the
scenarios that agricultural production will increase if the PHD is not implemented, corresponding to
the increasing global and Danish populations.

Figure 4. The effect of implementation of the PHD (0–100%) on land use with 50% replacement of
imported soy. When surplus land becomes available due to the reduction in animal production,
and therefore production of animal feed, it is assumed that drained organic soils will be restored.
When the total area of 178,700 ha has been restored, the additional surplus area will be afforested.
See supplementary Table S3 for land use in all scenarios.

3.3. Economic Implications

Economic impacts on the agricultural sector of implementing the PHD were calculated under
all three levels of soy replacement (Figure 5). At low levels of implementation there is a net gain
as vegetable production has been scaled up to fit the expected increase in population, and because
revenue is generated from the local production of broad beans. At all levels of implementation of
the PHD the highest contribution margin was found under the condition that soy is 100% replaced,
due to the income from broad beans. There are important uncertainties with regards to this result,
mainly due to the fact that the broad bean crop appears to be very profitable in the available statistical
data on contribution margins, to which the crop has only recently been added. However, even if the
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profitability of broad beans is exaggerated due to the limitations of the data, import of soy is currently a
significant expense for the sector, so replacing it with local protein sources is likely to result in savings.
As the Danish import of soy is currently valued at €546.8 million [58], reductions in this import would
mean significant savings for the sector. Even when considering the economic uncertainties with regards
to this replacement and the overall implementation of the transition, it appears likely that some of the
cost of a high implementation level of the PHD can be offset through savings on reduced import of soy.

Figure 5. Contribution margin by 2030 relative to implementation of the PHD (0–100% implementation),
under conditions where 0%, 50%, and 100% of imported soy is replaced with locally produced
broad beans.

4. Discussion

This study has shown that a 100% implementation of the PHD results in emissions reductions of
13.6–20.2 Mt CO2e for Danish agriculture, corresponding to 58.2–86.5%, depending on the assumptions
made for replacement of imported soy, restoration of drained organic soils, and afforestation. Reductions
on par with those currently pursued by the sector (9.8 Mt CO2e) are achievable through a 55%
implementation of the PHD, assuming a 50% reduction in soy imports and a medium effect of
afforestation. A PHD implementation level of 40% by 2030 has previously been presented as a realistic
target [59]. In the present study this would result in reductions of 5.8–6.6 Mt CO2e depending on
assumptions, which corresponds to 24.7–28.2% relative to the current baseline. Thus, it is evident
that there is much to gain from being more ambitious. The importance of utilization of the surplus
agricultural area is also apparent, especially at high implementation levels where more land is available.
Afforestation of the total surplus area with fast growing spruce (high estimate for effect of afforestation)
is perhaps not the most realistic outcome. Using a medium estimate for the effect of afforestation,
baseline emissions can be halved through 65–70% implementation of the PHD and 50% reduction in
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import of soy. If no soy is assumed to be replaced and a low estimate for afforestation is used, baseline
emissions are halved at 85% implementation of the PHD. Due to the specific factors included in this
study with regard to land use change and soy imports, as well as the specific focus on Denmark as a
case study, it is difficult to compare results directly to other studies. However, previous studies have
found similar reductions in GHG emissions on a global scale from the implementation of various diets,
including reduced meat consumption and lower livestock production. Findings from these studies
include a reduction in emissions of 56% from shifting to a flexitarian diet [2], 49% from shifting to a
vegetarian diet [7], and 29–70% from several different diet scenarios that include a reduced intake
of meat [22]. One LCA study done in a Danish context found reductions of 14–44% from shifting to
vegetarian and vegan diets [21]. These studies add to the results showing significant potential for
lowering emissions through a reduction in meat production.

A transformation of the entire food production system of a country with a strong agricultural sector
like Denmark could be viewed as a pipe dream, an unattainable and unrealistic goal for a country whose
agricultural production is based on public demand for large amounts of animal products. However,
there is no arguing with the fact that a change is necessary [1–3]. Consumers are already displaying an
increasing interest in and demand for plant-based food commodities [17–19,59], and recently it has
been suggested that research focusing on the transition to an increasingly plant-based agricultural
sector should be prioritized over further research into improvements in animal agriculture [60].
Furthermore, the agricultural sector itself has expressed interest in moving towards more focus on
plant-based foods to meet an increasing demand from consumers [14,15]. It can also be argued that
a transition from animal-based to plant-based food production is actually not more complicated or
inaccessible than the approaches currently planned by the sector. Reduction of 9.8 Mt CO2e across
the entire agriculture and food sector is the current goal, to be achieved through various adjustments
to practices and technologies [13]. These include an expected reduction of 2.2 Mt CO2e from future
technologies, featuring a method for producing jet fuel and biochar from agricultural by-products,
biorefinery of grass, biofilters, and methane-reducing feed additives for cattle. Aspects of the sector’s
current recommendations for climate mitigation measures carry the risk of technological and financial
lock-ins, resulting in less sustainable overall development. This phenomenon has previously been
described for various agricultural development pathways, e.g., agricultural policies that hinder
crop diversification and technologies that necessitate pesticide use by smallholder farmers [61–64].
In particular, the current recommendation for large investments in biorefinery of perennial grass to
replace soy as feed for pigs coupled with investments in biogas plants requiring degassed pig slurry,
should be critically reviewed. It may become a barrier for a more sustainable long-term solution
featuring a transition to more plant-based food production for human consumption. The transition
scenarios presented here require large-scale transformations at every level, from policymaking down
to the individual farmer. However, at its core the transition is quite simple: reduce the animal
population and replace some of the production of animal feed with production of food crops for human
consumption. Additionally, it is possible to combine the measures in the present scenarios with some of
the technological measures already planned by the sector, e.g., use of methane-reducing feed additives
and nitrification inhibitors in fertilizer or changed slurry handling practices and technology [13].
Combining these measures would reduce emissions further and could potentially lead to net zero
emissions, or even net negative emissions.

Implementation of the transition scenarios will of course result in costs for both the sector and the
wider society. However, the estimates in this study suggest that they will be low compared to the costs
of other suggested approaches. At 100% implementation of the PHD, the deficit relative to the sector’s
current contribution margin is between €158.5 and €217.0 million, depending on assumptions for soy
replacement. This does not include expenses related directly to the transition, such as replacement of
machinery, but also does not include savings resulting from the replacement of imported soy. Further
research into the economic aspects of this type of transition would yield a more precise estimate
of the costs and benefits, making it more directly comparable with the economic impact of other
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mitigation strategies for the agricultural sector. Importantly, the costs of the transition should not rest
on the sector alone. For society, there are potential co-benefits from facilitating a transition towards
an agricultural sector that can supply the population with more plant-based foods. Besides obvious
savings on climate change adaptation that will result from investing in mitigation, a healthier diet
can also result in savings on healthcare. The PHD used in this study is a healthier diet than the one
currently consumed in Denmark and in Europe in general [1,26,33], and is specifically designed to be
optimal for both human and planetary health [1]. A recent report reviewed the potential economic
benefits for the Danish society if the population followed the current dietary guidelines. It was found
that if Danes reduced their intake of red and processed meat to 500 g per person per week, society
would save €657.1–764.5 million, depending on the method of calculation [65]. The reduction in meat
intake implicit in the PHD can thus in itself contribute significantly to offsetting societal expenses
related to an ambitious transformation of the agricultural sector.

Since the publication of the PHD, it has been criticized by actors from the agricultural sector
because of the significant and difficult changes implementation of the diet would necessitate in the
sector [66,67], and has also been targeted by consumers in a social media campaign [68]. Another
criticism has centered around the PHD being economically unattainable for a major part of the global
population [69]. These are valid concerns which deserve to be addressed. Firstly, the PHD is a reference
diet estimating the consumption of individual food groups averaged over the total global population,
and it is one of the first attempts at quantifying a transition to a more climate-friendly diet. Local
interpretations and adaptations of the diet will of course be necessary, to ensure that the diet is feasible
and can be integrated into local food systems and cultures. Additionally, while the diet is global in its
scope, there is no doubt that for the sake of planetary health, it is mainly diets high in animal products
that need to be addressed [2,6–8]. One aspect of the PHD that mainly addresses developed countries’
consumption of animal products is the recommended intake of dairy in the diet. The recommended
average intake in the PHD is on par with the current global per capita production [1,33], but significantly
lower than, e.g., the Danish average consumption [38]. The EAT-Lancet Commission cites several
studies in their report finding that the existing very low consumption of dairy in many cultures does not
correlate with negative health effects [1]. Thus, it is possible to make locally adapted recommendations
for, e.g., dairy. Populations with a lower average consumption of dairy than recommended in the
PHD can be encouraged to maintain their low level, while populations that consume high amounts
of dairy can be encouraged to reduce. This is the case for all the food groups presented in the PHD.
In every case there is a recommended range, enabling the diet to be adapted both on a population
and individual level. Regardless of how the diet is adapted, it stands to reason that there will be
significant changes in the agricultural sector. These will have to be tackled politically to address
farmers’ and consumers’ concerns for what this transition would mean for farmers’ livelihoods and
consumers’ preferred eating habits. Incentives and support for farmers and workers in the meat
industry transitioning to production of other crops and alternative employment would be necessary.

It has been argued that Danish animal production is so climate-friendly that no reduction is needed;
for example, in a recent report comparing the climate impact of Danish pork and dairy production
with other selected countries. This report found that Denmark’s production of those two commodities
is among the most climate-friendly in the world [70]. However, it is important to note that emissions
from animal production remain much higher than from plant production, and that experts agree that
a global transition to a more plant-based diet is necessary for sufficiently ambitious climate-change
mitigation [1–3]. Denmark is a relatively rich country in a relatively rich region, and consumers,
both in Denmark and Europe, are currently displaying increasing interest in plant-based foods [16–19].
Beginning a transition towards a more plant-based agricultural production could make European
farmers and companies important players in the market for plant-based foods, and would also set a
good example for inspiring other regions towards beginning the process.

Political action and dedicated support for the agricultural sector are required in order to incentivize
changes in both production and consumption. This should include: (i) providing guidelines and
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establishing pilots for efficient and sustainable conversion of livestock production to plant production
in collaboration with the farmer advisory services, (ii) targeting subsidies towards production of
plant-based food commodities [47], coupled with (iii) implementing measures for increasing the
capability, opportunity, and motivation of consumers that will make it easier and more acceptable for
them to make a primarily plant-based and healthy diet the preferred choice [71–73], and iv) considering
adopting a carbon tax on food, as suggested by the Danish Council on Climate Change [20]. New actors
in the market, such as producers of plant-based alternatives to meat and dairy, can potentially accelerate
this transition because they are not invested in maintaining the status quo as more established actors
are [74].

Most important in facilitating the transition within the European Union are the EU agricultural
policies. These need to incentivize a shift towards increased production of plant-based foods to replace
some of the animal production. The EU has recently presented its Farm to Fork Strategy as part of
the new European Green Deal [10]. This strategy is committed to promoting more environmentally
sustainable and healthy food consumption, specifically a more plant-based diet, and is also supporting
more sustainable food production. However, the consumption and production goals in the strategy
are not directly linked. None of the suggested measures for achieving a sustainable European food
production system include facilitating a shift towards more plant-based food production, even though
a downscaling of animal production and increase in plant production would fit well with the goal of
reducing consumption of red meat and increasing consumption of plant-based foods. Therefore, it will
be important to establish such a link in the proposal for a legislative framework for sustainable food
systems announced in the Farm to Fork Strategy Draft Action Plan and due in 2023 [10]. Additionally,
the upcoming revision of the EU Common Agricultural policy for 2021 to 2027 should provide economic
incentives for promoting a transition to more plant-based agricultural production. Furthermore, it is
necessary that all actors, from policymakers in the EU to national agricultural organizations, researchers,
consumers, and individual farmers, work together towards the same goal and remain aware of the
importance of making ambitious changes.

5. Conclusions

Based on the analysis in this study it can be concluded that there is significant potential for reducing
the GHG emissions from agriculture by transitioning from being primarily based on livestock and
animal feed production towards focusing on providing more plant-based food for human consumption.
In the case of Denmark, emission reductions of up to 20.2 Mt CO2e (86.5%) will be possible with full
global implementation of the EAT-Lancet Planetary Health Diet. This in a scenario where domestic
cattle, pig, and chicken production is downscaled to 76.2%, 21.1%, and 88.2% of current production,
coupled with replacement of imported soy, restoration of drained organic soils, and afforestation of
surplus agricultural land using fast-growing tree species. An estimate of the economic implications of
the transition scenarios suggests that the costs will be manageable (approximately €158.5 million for
the most ambitious scenario). Furthermore, there are significant climate and health co-benefits from
shifting to more plant-based production and consumption that may reduce societal healthcare costs.
The full economic implications should be investigated thoroughly. Increasing consumer interest and
demand for plant-based food commodities supports the feasibility of a food system transition, but there
is a need for efficient support measures. Within the European Union, most importantly through the
new legislative framework for sustainable food systems proposed in the draft action plan for the
Farm to Fork Strategy, and through a revision of the Common Agricultural Policy. Political action
and cross-sector collaboration at the national, supra-national, and global level are required in order to
incentivize the necessary transformative changes in production and consumption. Transitioning to
more plant-based food production is pivotal for making our food system more sustainable, and we
should therefore discourage large investments in technologies aiming to maintain an inherently less
sustainable animal-based food production system, that are resulting in technological and financial
lock-ins, which will significantly delay such a transition.
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