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Spatial economic modelling of greenhouse
gas abatement on agricultural land

Abstract

This thesis investigates how agricultural land can be used for cost-effective
abatement of greenhouse gas (GHG) emissions. The impacts of spatial relationships
and characteristics of land on the costs of producing biofuel for the purpose of
emissions abatement, and on global emissions caused by agricultural policies, are
evaluated using spatial economic models.

The first paper in the thesis examines the cost-effective spatial configuration of
production of second-generation biofuel on agricultural land in Sweden. To this end,
a spatial economic biofuel localization model is developed. The results show that the
localization of the few high-capacity biofuel production facilities is mainly
determined by the opportunity costs for feedstock.

In the second paper, the focus is on the role of second-generation biofuel for cost-
effective GHG emissions abatement in the transport sector. The biofuel model is
expanded to incorporate transport fuel consumption and GHG emissions. Findings
indicate that domestic biofuel is a cost-effective abatement measure, with high
potential for reducing overall costs, particularly at low emissions targets.

The third paper investigates how the use of abandoned agricultural land affects the
role of biofuel as a cost-effective GHG emissions abatement option in the transport
sector. Abandoned agricultural land is found to reduce costs of emissions abatement
substantially, primarily attributed to carbon sequestration and low feedstock costs.

In the fourth paper, the focus is shifted to the agricultural sector. This paper assesses
the impact of coupled production subsidies under the EU Common Agricultural
Policy on agricultural GHG emissions in the EU and globally, utilizing an
agricultural sector model. The removal of the coupled subsidies is found to decrease
EU GHG emissions, but there is a 75 per cent global emissions leakage.

Key words: Abandoned agricultural land, agricultural land, agricultural subsidies,
biofuel, emissions leakage, greenhouse gas emissions, spatial models.



Spatial ekonomisk modellering av
utslappsminskningar pa jordbruksmark

Sammanfattning

Den hér avhandlingen utforskar hur jordbruksmark kan anvindas for att minska
vixthusgasutsldpp pa ett kostnadseffektivt sdtt. Spatiala ekonomiska modeller
anvédnds for att analysera hur relationer mellan regioner och markens egenskaper
paverkar kostnaden for att producera biobrénslen som syftar till att reducera utslépp,
och hur de paverkar globala utslapp som orsakats av jordbrukspolitiken.

Den forsta artikeln i avhandlingen underséker hur produktion av andra generationens
biobrinslen pa jordbruksmark i Sverige kan organiseras kostnadseffektivt. For att
gora detta utvecklas en spatial ekonomisk modell for lokaliseringsbeslut av
biobrénsleproduktion. Resultaten indikerar att lokaliseringen av biobranslefabriker i
huvudsak paverkas av ravarans alternativkostnader.

Den andra artikeln fokuserar pé vilken roll andra generationens biobrénslen kan ha
for kostnadseffektiv utslappsminskning inom transportsektorn. Biobranslemodellen
utvecklas till att inkludera konsumtion av transportbrénslen och viaxthusgasutslépp.
Resultaten tyder pa att inhemsk biobrénsleproduktion dr en kostnadseffektiv atgard
for utslappsminskning, med storst potential vid 1dga utslappsmal.

Den tredje artikeln analyserar hur anvidndningen av Overgiven jordbruksmark
paverkar biobrinslets roll for kostnadseffektiv minskning av utslipp inom
transportsektorn. Overgiven jordbruksmark reducerar kostnaderna avsevirt, frimst
pa grund av 6kad kolinlagring och lagre ravarukostnader.

I den fjérde artikeln skiftar fokus till jordbrukssektorn. Artikeln undersdker paverkan
av ett kopplat produktionsstdd inom EU:s jordbrukspolitik pa véxthusgasutslépp
fran jordbruket bade i EU och globalt, med hjélp av en modell for jordbrukssektorn.
Resultaten visar att om det kopplade stddet avlagsnas minskar utsldppen i EU men
leder till en lackageeffekt dédr 75 procent av utsldppen dverfors till resten av vérlden.

Nyckelord: biobrinsle, jordbrukssubventioner, jordbruksmarkspatiala modeller,
utsléppsliackage, vaxthusgasutslédpp, overgiven jordbruksmark.
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1. Introduction

Under the Paris Agreement most of the countries in the world have agreed to
substantially reduce greenhouse gas emissions, as a means to reduce the
negative impact climate change has on societies (UNFCCC, 2023). The
transport sector covers 17 per cent of global greenhouse gas emissions, while
the agricultural sector covers about 12 percent (Climate Watch, 2022). This
implies that both sectors can be important for the overall reduction in
greenhouse gas emissions. The Paris Agreement is implemented through
policies in the signatory countries. The EU has an emissions reduction target
of 55 per cent until 2030 relative to 1999 levels, and a target to be carbon
neutral by 2050 (European Commission, 2021). Both the transport sector and
the agricultural sector are expected to contribute to these targets. The
emissions in these sectors are affected by sector specific climate policies that
directly incentivize reductions in greenhouse gas emissions, or policies that
have an indirect impact on greenhouse gas emissions.

Land use for the purpose of economics activity can both have negative
and positive impact on climate change. The land use in a certain region is
determined by regional natural and cultural characteristics. A limited share
of the global land area is suitable for agricultural production. Climate, soil
characteristics, demographics, technology, culture, etc., influence which
crops are grown, which livestock is held and may graze the land, or if the
land is not used for agricultural production at all. There is a large spatial
variation in agricultural land use, as shown in Figure 1, which shows
agricultural land use intensity in the EU. For example, the agricultural land
use is intense in the north of France, but almost absent in the north of Finland.
Food and fodder production have long been the main use of agricultural land,
to secure food availability and provide income. However, the demand for
agricultural land to produce feedstock for bioenergy can change this. The
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purpose of bioenergy production is to supply energy with lower greenhouse
gas emissions than fossil fuels, and/or to secure domestic energy production.
In this way, the energy sector and the agricultural sector become increasingly
connected. Agricultural land used for the production of food and transport
biofuel, the impact of land heterogeneity on these uses, the spatial
configuration of these different land uses, and the resulting greenhouse gas
emissions, are the focuses of this thesis.

Agricultural land use
intensity

] Extensive used arable
land

:] Moderately intensive
used arable land

I Intensive used arable
land

[1 Non agricultural land

|:| No data

|:| Outside coverage

0 500 ok~ 1000 1500,k
N} 1

Figure 1 Agricultural land use intensity in the EU. Source: European Environment
Agency (EEA).

1.1 Biofuel production for greenhouse gas emissions
abatement

One of the main options for greenhouse gas emissions abatement in the
transport sector is to use transport biofuels instead of fossil fuels, as biofuels
generally have much lower emissions (Creutzig et al., 2015). Biofuels are
convenient as in many cases they can be blended with fossil fuels for use in
existing vehicles (Sims et al., 2014). For biofuel to significantly contribute
to the ambitious emissions target in the Paris Agreement, more feedstock for
biofuel production is needed. To increase feedstock production for this aim,
the main land types to use are agricultural land and forests (Creutzig et al.,
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2015). Therefore, there is a need to assess the potential of biofuel production
from agricultural land, which is the focus of this thesis.

First generation biofuel technologies use first generation bioenergy crops
as feedstock to produce biofuels, mainly food crops such as corn, cereals and
rapeseed. The process of converting these crops to biofuel is relatively
simple and cheap. However, the first generation bioenergy crops compete
directly with food production, and can pose a threat to food security (Jeswani
et al., 2020). They give rise to the same level of greenhouse gas emissions as
food crops during the cultivation, and can cause emissions from indirect land
use changes if cropland is extended to compensate for land taken from food
production (Berndes et al., 2011). This reduces the potential of emissions
reduction by replacing fossil fuels with biofuels.

To lessen these problems, second generation, i.e. non-food, bioenergy
feedstock can be used. By-products from agriculture form one stream of
second generation feedstock that does not require additional land, but for
larger increases in production, the production of dedicated bioenergy crops
has to increase, by intensification, or by using more land (Prade et al., 2017).
Perennial bioenergy crops are one type of second generation bioenergy crops
and consist of lignocellulosic material that have a high energy yield and can
grow with good results on low productive land. This implies that these crops
compete less with food production than first generation bioenergy crops.
They have relatively low production costs and little environmental impact in
terms of, e.g., nutrient leakage, and the cultivation process give rise to less
greenhouse gas emissions than food crops (Borjesson et al., 2013). The
potential to produce the feedstock differs across space (Creutzig, et al.,
2015).

The perennial bioenergy crops can be used as feedstock to process to
biofuel by different so-called advanced biofuel technologies. However, the
process of converting perennial bioenergy crops to biofuel is not as
developed as that for first generation biofuel technologies. The production is
still relatively expensive, but the cost is expected to decrease (Brown et al.,
2020).

In the EU, biofuels are affected by the targets in the Renewable Energy
Directive. These targets require 32 percent renewable energy as a share of
final energy consumption by 2030, with national targets for each country
(European Parliament, 2018). The specific target for transport fuels is that at
least 14 per cent of consumed transport fuels in the EU should come from
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renewable sources by 2030 (European Parliament, 2018). Further, there are
biofuel quotas, mandatory blending, and tax exemptions for biofuels in the
EU (Banja et al., 2019). National climate polices affect biofuels, such as the
greenhouse gas emissions reduction target for the transport sector in Sweden:
a 70 per cent reduction by 2030 compared with 2010 (Government Offices
of Sweden, 2017). The existence of these policies implies a need for more
biofuel production in the EU, or imports, to fulfil specific biofuel targets. It
also shows that there is a need to determine the role of biofuel for emissions
abatement to be able to fulfil more general targets in a cost-effective manner.

1.2 Agriculture and greenhouse gas emissions leakage

As the agricultural greenhouse gas emissions constitute a large share of total
global emissions there is a potential for the sector to contribute to emissions
reductions (Allen and Maréchal, 2017; Grosjean et al., 2016). Livestock, and
ruminants in particular, emits the largest share of agricultural greenhouse gas
emissions. Meat and dairy that are produced from ruminants, have the
highest greenhouse gas emission intensities per unit of product among
agricultural products, but emission intensities differ across regions (Lesschen
etal., 2011).

One of the key motivations for the EU’s Common Agricultural Policy
(CAP) is to provide income support to farmers to secure food production in
the EU (Treaty Establishing the European Economic Community, 1957),
while environmental sustainability has been added as an objective in later
policy reforms (Brady et al., 2017). The current CAP has a large budget and
consists mostly of direct per hectare payments for all qualifying agricultural
land, other direct subsidies, and to a lesser extent specific subsidies to, e.g.,
rural development and environmental measures (European Commission,
2023a). Specific climate measures are rare in the CAP. However, the
European Commission has stressed a need for more climate friendly
agricultural practices (European Commission, 2017).

While carbon pricing is viewed as the most efficient way to incentivise
emissions reductions, another option is to remove subsidies to polluting
industries. Such subsidies increase production of a polluting good, where
carbon pricing would have reduced it (van Beers and van den Bergh, 2001).
In the agricultural sector, the CAP includes production subsidies mainly
given to ruminant production. As ruminants have high greenhouse gas
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emissions, this can be seen as subsidies to a polluting industry, and it could
be beneficial for the climate if it were removed.

A concern regarding implementation of unilateral climate polices is
whether these policies cause emissions leakage. Emissions leakage is a
phenomenon that can arise following a unilateral policy that decreases
production and associated emissions in a country, or region such as the EU
(Markusen, 1975; Zhang, 2012). The decrease in EU production leads to an
increase in net imports to the EU and, hence, an increase in world market
prices. This gives an incentive for non-EU producers to increase their
production. Consequently, the EU production is “moved abroad”, along with
its emissions, and this is the so-called emissions leakage. The degree of
leakage depends both on the magnitude of production changes made abroad,
and on the difference in emissions per unit of product across countries.
Characteristics of the agricultural sector, with considerable trade in
agricultural products globally and differences in emission intensities across
regions imply that there is a considerable risk for emissions leakage.

1.3 Aim and research questions

The aim of this thesis is to provide insights on the cost effectiveness of using
agricultural land for abatement of greenhouse gas emissions. To this end,
spatial economic models are used.
The aim is concretized in the following research questions:
e What is the cost and the spatial configuration of cost-effective
production of second generation biofuel on agricultural land? (Paper
D
e What is the role of second generation biofuel for cost effective
greenhouse gas emissions abatement in the transport sector? (Paper
1)
e How can abandoned agricultural land contribute to, and alter, cost
effective greenhouse gas emissions abatement in the transport
sector? (Paper III)
e How does the coupled subsidies to animal production under the EU’s
Common Agricultural Policy affect agricultural greenhouse gas
emissions in the EU and globally? (Paper IV)
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1.4 Literature review

The relevant economics literature for the first three papers in the thesis
includes literature on how biofuel production is organized spatially, literature
on biofuels’ role for emissions abatement, and literature investigating how
marginal land and abandoned agricultural land contribute to biofuel
production.

To develop strategies for biofuel production, it is important to take
localization choices into account. The decisions for a single production
facility can focus on the optimal land use choices around a facility, which is
studied by, e.g., Lankoski and Ollikainen (2008). They use the von Thiinen
model and explore how crops should be produced around the facility.
Rentizelas and Tatsiopoulos (2010) optimize the design and location of one
facility within a specific region to minimize total costs. Rozakis et al. (2013)
study the localization of one facility when feedstock supply is endogenous.

When the studied area is large enough, the localization of multiple
production facilities and adjacent feedstock production become relevant.
Leduc (2009) uses a localization model to minimise the total cost of the
whole biofuel supply chain, with feedstock from the forestry sector. The
optimal location and the optimal number of biofuel production facilities are
decided simultaneously, to meet a national production target. De Jong et al.
(2017), minimise the cost of locating biofuel production facilities using
forest feedstock, and compare the role of different cost-reduction strategies
to reduce costs for the whole forestry sector. Wetterlund et al. (2013)
investigate the role of an explicit choice between different biofuel
technologies for achieving production targets at least cost. Bai, Ouyang and
Pang (2012) investigate the role of market power for the biofuel feedstock
costs. They model this with a Stackelberg game where biofuel production
facilities are modelled as leaders and the farmers as followers. The literature
lacks spatial localization models for biofuel on agricultural land for many
forest dominated regions. Further, modelling of the increasing opportunity
costs that can occur due to competition over land is often missing. These
gaps in the literature are addressed in the first paper of the thesis.

A range of studies focus on the role biofuel can have for greenhouse gas
emissions abatement. For example, Mercure et al. (2018) show that biofuels
can contribute the transport sector’s contribution to reaching the Paris
Agreement. They find that a mix of policies that lead to a decrease in travel
distance, more fuel-efficient combustion engines, more electric vehicles, and
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the replacement of fossil fuel with biofuels could be sufficient to realize
required emissions reductions in the EU. To this end they use a global
dynamic least-cost simulation model for bioenergy and transportation. Chen
et al. (2014) study the choice between biofuels and other transport related
abatement measures with an integrated fuel and agricultural model. They
find that the optimal response to a carbon tax would be a relatively low use
of biofuel. Further, they find a biofuel blend-in requirement to be inefficient,
because of a rebound effect on fossil fuel use arising due to decreases in
world gasoline prices. Haasz et al. (2018) study the role of the transport
sector for total greenhouse gas emissions reductions. They use an economy
wide model and find that the transport sector’s role should be rather small in
the near future, due to high marginal abatement costs. In the long run,
lowered costs for electric vehicles implies that the transport sector could
contribute more. Millinger et al. (2018) show how different biofuel
technologies should be mixed over time to achieve emission reductions at
least cost by using biofuels.

While the role of biofuel for greenhouse gas emissions abatement have
been investigated in various ways, the role of spatial configuration of biofuel
production for emissions abatement have not been studied. The second paper
of the thesis addresses this gap.

Land use for biofuel has been debated as it could cause competition with
agricultural production (Jeswani et al., 2020). One alternative that has been
proposed is the use of marginal land, which is low productivity land of little
use for agricultural production. Abandoned agricultural land can be of
particular interest as the competition over land with food production is small
(Creutzig, et al., 2015). However, Bryngelsson and Lindgren (2013) find that
to reach bioenergy production targets, production of feedstock for bioenergy
would be more efficient on productive agricultural land than on low
productivity land. Choi et al. (2019) model how different land types could be
used to produce biofuels to reach greenhouse gas emissions abatement
targets at least cost using an energy model linked to an agricultural land
model, finding that some of the marginal land is used. Havlik et al. (2011)
find a larger use of marginal land, modelled with a global economic partial
equilibrium model for different land uses. Lee et al. (2023) model the
possibility to use marginal land for biofuel feedstock production with a
model that covers both agricultural production and the fuel market in the US,
including impacts on the world market. They find that marginal land should
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be used for cost effective biofuel production, but that large areas of arable
land also would be needed.

The literature mainly focuses on marginal land, while studies of the
economic potential of abandoned agricultural land is scarce. The focus of
similar studies has mainly been on how using abandoned land can reduce
competition, but not addressing the potential for abandoned agricultural land
to reduce costs for emissions abatement. Further, the impact of abandoned
agricultural land on the spatial organization of biofuel production is missing.
These issues are addressed in the third paper of the thesis.

For the fourth research question the relevant literature concerns the
literature on environmentally harmful subsidies, and literature on the
emissions leakage of regional policies in the agricultural sector.

van Beers and van den Bergh (2001) show that environmentally harmful
subsidies can have a large impact on environmental outcomes. They argue
that the large number of subsides in the agricultural sector can also cause a
lock-in effect, where the subsidies are difficult to remove. Brady et al. (2017)
simulate net global greenhouse emission reductions from removing the direct
payments in the EU, which are environmentally harmful subsidies as
agriculture causes greenhouse gas emissions. They find a net decrease in
global emissions, but considerable emissions leakage. Moreover, the impact
of unilateral policies on agricultural emissions are studied by Fellmann et al.
(2012) and Fellmann et al. (2018), who simulate consequences of reducing
greenhouse gas emissions in the agricultural sector in the EU, to comply with
global climate agreements. Both studies find that trade in agricultural
products lead to considerable increases in emissions in the rest of the world.
Van Doorslaer et al. (2015) study different ways of implementing climate
polices in the agricultural sector in the EU, and conclude that the leakage
effect is dependent on policy design. Lee et al. (2007) use the greenhouse gas
version of the US Agricultural Sector Model (ASMGHG) to study the impact
on welfare and emissions leakage of implementing climate policies on
different geographical scales.

The above-mentioned studies put focus on emissions leakage, which has
been raised as a big concern in the agricultural sector. They do not, however,
give an answer to how leakage arises due to changes in agricultural policies,
and what the consequences are of specific polices under the EU’s Common
Agricultural Policy. Paper four of the thesis aim to fills this knowledge gap.
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2. Method

To answer the research questions, two spatial models are used: a model of
biofuel production on agricultural land and transport fuel consumption,
which is successively developed in the first three papers of the thesis; and
the agricultural sector model CAPRI which is used for the fourth paper.

2.1 Spatial optimization model for biofuel production
localization (Paper I)

To be able to answer the research question in the first paper, a spatial cost
minimization model for biofuel production is developed. Biofuel
technologies are generally most efficient in large facilities and thus exhibits
economies of scale (Leduc, 2009). Feedstock for biofuel, in particular
second-generation bioenergy crops, has high transport costs as it is
distributed over a large area and generally has low energy content per mass
unit (Lundmark et al., 2018). This leads to a trade-off between agglomeration
forces and dispersion forces that characterizes localization problems, that
was first discussed using the von Thiinen model approach (see e.g., Wood
and Roberts, 2010, pp. 16-19). Due to these forces, and regionally
heterogeneous conditions for feedstock production, it is not straightforward
to see how cost-effective production of biofuel should be achieved. The
model aims to capture these forces, and to locate feedstock production on
arable land, biofuel production facilities, and deliveries of biofuel to end-
users.

The model covers one country divided into heterogencous regions.
Distances between regions are included to be able to account for spatial
relationships such as the trade-off between economies-of-scale of production
facilities and transport costs. The model’s decision problem is that of a social

21



planner, whose objective is to meet a policy target to increase domestic
biofuel production in a least cost way. This is achieved by choosing the
optimal number and locations of biofuel production facilities, the quantities
of biofuel production at each facility, the location and level of feedstock
production, transport flows of feedstock to production facilities, and
deliveries of biofuel from facilities to end users. Investment in a biofuel
production facility of high or low capacity is a discrete choice, and the
investment cost are characterized by economies of scale. Feedstock can be
converted to biofuel with a linear technology in the production facility, and
the operation costs are assumed to be linearly related to the production. The
costs for feedstock are modelled with increasing opportunity costs that arise
due to competition over land with other types of agricultural production.
Further, there are restrictions on the areas of arable land available to produce
feedstock on in each region. The cost for transport of feedstock and biofuel
depends on quantities and distance. As the focus is on the potential of
domestic biofuel production, imports of biofuel are not included in the
model. Emissions are calculated as linearly related to feedstock cultivation,
biofuel processing, and transport of feedstock and biofuel, respectively.
Further, biofuel is assumed to replace the energy equivalent of gasoline
consumption, which lead to a reduction in gasoline emissions. The model is
parametrized with Swedish data.

2.2 Spatial optimization model for transport fuel
consumption and biofuel production (Paper II)

For the second paper, the biofuel model from the first paper is included as a
part in a spatial model for transport fuel consumption. The objective of this
model is to minimize the cost of reaching a greenhouse gas emissions
reduction target, where the reductions in greenhouse gas emissions can be
achieved by decreasing fossil fuel use. To reduce fossil fuel use, one option
is to reduce transport fuel consumption. Alternatively, biofuel can be blended
into transport fuel and replace fossil fuel. Biofuel production is modelled as
in the first paper, but the produced biofuel must now be blended into
transport fuel in some region. There is a blend-in cap for biofuel in each
region due to technological limits to blending. This restriction creates a
spatial relationship between biofuel production and transport fuel
consumption.
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The cost for transport fuel reductions is measured in reduced consumer
welfare. This implicitly includes changes in vehicle kilometres travelled, but
also adjustments in the vehicle fleet and changes in transport mode.
Empirically this is captured by using long run fuel demand functions that
covers all these adjustments implicitly. For biofuel production, the same
costs accrue as in the first paper, but the net cost of biofuel are lower due to
savings from reduced fossil fuel purchases when fossil fuel is replaced.

2.3 Extension of the spatial optimization model to
abandoned agricultural land (Paper lll)

Abandoned agricultural land is modelled explicitly in the third paper. It
extends the initial area for feedstock production with the area of abandoned
agricultural land. Productivity on this land differs from arable land, but the
quality of the feedstock is assumed equivalent. Feedstock costs on
abandoned agricultural land increase the more abandoned land is taken into
production due to increasing costs of converting the land to perennial
bioenergy crops plantation. However, as there is no competition for
abandoned land, the opportunity costs for arable land are excluded, and
therefore total feedstock costs are on average lower than for arable land.
Finally, use of abandoned agricultural land is assumed to lead to emissions
reductions through carbon sequestration, implying that feedstock from
abandoned agricultural land leads to larger net emissions reductions than
feedstock from arable land.

2.4 Agricultural sector model CAPRI (Paper V)

Another spatial model, the agricultural sector model CAPRI, is used for the
fourth paper in the thesis. CAPRI is a partial equilibrium simulation model
that covers the agricultural sector (Britz and Witzke, 2014). This is also a
model with heterogeneous regions, with lower geographical resolution in
Sweden than the model depicted above, but covering the whole world.
CAPRI does not account for spatial relationships in production, but includes
trade between regions. The model simulates land use and herd levels in detail
for agricultural activities and at regional level for most European countries
(EU+, EU countries plus Norway, the United Kingdom, Turkey and the
Balkan countries). This gives results for production levels in EU+, while
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production outside EU+ is modelled in a simplified way. CAPRI covers trade
with regions in the rest of the world, which are aggregated to about forty
trade blocks. Trade flows are modelled based on the Armington assumption
that products are treated as different based on origin. The demand for
agricultural products is modelled with demand functions in each country or
trade block. Prices are allowed to change in response to changes in
production and demand, and are transmitted via trade.

Similar to the biofuel model developed in the first paper, CAPRI is a
comparative static model, meaning that a policy scenario is compared to a
baseline scenario. In the baseline scenario, the world is assumed to continue
as business as usual, based on current trends. In contrast to the biofuels
model, the CAPRI baseline is calibrated to follow the projected
developments of agricultural production.

CAPRI covers the main agricultural greenhouse gas emissions of
methane (CHas) and nitrous oxide (N2O). For the EU+ countries the emissions
are computed bottom-up based on the production technologies. For the rest
of the world, the emissions are modelled by multiplying output quantities
with estimated emission intensities.

The CAPRI model is well suited to model consequences of agricultural
policy changes as the Common Agricultural Policy in the EU is modelled in
detail. In particular, the coupled subsidies to certain production activities
(named the Voluntary Coupled Support under the budget periods up until
2023) is added for all member states. Thus, it can be used to simulate the
impact of the coupled subsidies on global greenhouse gas emissions such as
done in the fourth paper in this thesis. The modelling of trade makes it
suitable to analyse leakage problems.
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3. Summary of appended articles

3.1 Optimal Localization of Agricultural Biofuel
Production Facilities and Feedstock: A Swedish
Case Study

Climate and renewable energy targets in the EU could be reached, in part, by
increasing the use of biofuels. For this, it would be necessary to increase
biofuel production in the EU, or imports. A cost-effective development of
biofuel production capacity at such a large scale needs to consider spatial
characteristics of the area where the feedstock for biofuel comes from. In
particular, the choice of localization of feedstock production and production
facilities entails a trade-off between high transportation costs due to bulky
feedstock biomass and a biofuel technology characterized by economies of
scale.

In the first paper of the thesis, the cost-effective spatial configuration of
biofuel production is examined for a range of biofuel production targets in
Sweden. Biofuel is produced using perennial bioenergy crops grown on
agricultural land. The spatially explicit cost minimization model for biofuel
production, which was outlined in section 2.1, is used for this purpose. A
national biofuel supply curve is obtained from the results. Marginal costs of
biofuel production start at €1,030 per m* at the lowest target level, and
initially increase slowly with the stringency of the production targets. For a
range of low production targets, unit costs for feedstock increase, since larger
total feedstock outtake implies larger competition for land. At the same time,
unit costs for transport and investment decrease as the average distance from
feedstock production to facilities falls, which allows for larger facilities,
which are less expensive per unit of biofuel. At higher target levels, the
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marginal costs of biofuel production increases faster, mainly due to a larger
increase in feedstock costs, and less possibilities for low transport and
investment costs. For the highest target level, equal to using about 50 per
cent of arable land currently used for ley production for the purpose of
feedstock cultivation, the marginal cost is €1,420 per m®.

The feedstock uptake is centred to areas where the highest feedstock costs
can be avoided, but where there at the same time is a high density of
agricultural land (see Figure 2). This implies that production facilities and
feedstock catchment areas are in the south at low target levels. The catchment
areas increase with the target levels to cover the whole of Sweden, but
initially only using a small share of the agricultural land available for
feedstock production in each region, to avoid more expensive feedstock. At
the highest target levels, a larger outtake of feedstock from most regions is
needed despite high feedstock costs. The results show that the feedstock
costs are of great importance for the location, and more important than
transport costs. There are more high- than low-capacity facilities, which
shows that the lower investment cost per unit at these facilities are important.

Use of feedstock
1 None

U Price level 1
W Price level 2
W Price level 3

Facility size

= Low capacity
“ High capacity

5
d et g
30% %:” G 70%

Figure 2 Location of biofuel production facilities and feedstock catchment areas.
Triangles symbolise facilities of high capacity and squares low capacity. Shaded areas
surrounded by borders denote feedstock catchment areas of each facility. Darker areas
indicate larger uptake of feedstock. The percentages denote stringency of target levels
for each scenario.

In the main scenarios, the biofuel is distributed to regions for
consumption following road transport fuel consumption data. However, road
transport might be electrified in the long term, and use of biofuel shifted to
shipping and aviation. Two alternative scenarios show that if biofuel is
distributed as airport fuel demand and as fuel demand in harbours,
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respectively, the feedstock uptake and facility localization are similar to
those in the main scenario. There is an increase in the size of facilities close
to large ports and airports, and feedstock catchment areas are shifted to the
north. Total costs for these scenarios are slightly larger, due to increased
biofuel delivery costs.

Another concern is that policy targets tend to be strengthened over time.
In the case of biofuel production it could lead to sequential investments in
production capacity, and could risk incurring additional costs. A scenario
where capacity is first built for an intermediate target and then extended
shows that sequential implementation of targets results in more and smaller
facilities. Feedstock catchment areas remain quite similar, and costs are only
about one per cent higher. The relatively small difference in costs can be
explained by the feedstock costs being the main cost, and these remain
almost the same.

The potential of the production to decrease fossil fuel is limited — six per
cent of total liquid transport fuel use in 2018, and therefore there is limited
potential to decrease fossil emissions in the transport sector. Implementing
high production targets were found to imply large marginal abatement costs
— up to €0.53 per kg CO., which can be compared to the Swedish tax on
fossil fuel - €0.12 per kg CO,. Another impact is that on fodder production.
A high target was found to decrease the number of hectares of ley per grazing
animal by as much as 30 per cent in the east of Sweden.

3.2 Cost-effective reductions in greenhouse gas
emissions: reducing fuel consumption or replacing
fossil fuels with biofuels

The second paper of the thesis focuses on cost-effective greenhouse gas
emissions abatement choices in the transport sector, and in particular the role
of second generation biofuel from agricultural land. Greenhouse gas
emissions from the transport sector can be reduced be replacing fossil fuels
by biofuels through blending in the current vehicle fleet, or by reducing fuel
use. The latter can be achieved by reducing transports, shifting to more fuel-
efficient vehicles, and by changing transport mode. The cost-effective
combination of these measures is determined by spatially varying
characteristics of fuel demand, feedstock production costs, greenhouse gas
emissions from feedstock production, and possibilities to blend biofuel into

27



fossil fuel. These choices are included in a spatial transport fuel consumption
and biofuel localisation optimisation model (see section 2.2), where the
model from the first paper is included to model biofuel production
endogenously. The objective of the model is to reduce greenhouse gas
emissions in the transport sector at least cost.

The model is used to analyse two main sets of scenarios with increasing
stringency of emissions reduction targets. The first set has two abatement
options: biofuel can be used for blending, or transport fuel consumption can
be reduced. In the second set the only abatement option is to reduce transport
fuel consumption. The results show that biofuel is cost-effective to use for
emissions abatement. The marginal abatement costs for emissions reduction
are up to 45 per cent lower per tonne CO; when biofuel replacement is an
option (see Figure 3). A large share of the emissions reduction can be
attributed to biofuel replacement for low and modestly stringent reduction
targets. For more stringent target levels, the reduction of transport fuel
consumption becomes increasingly important for emissions reduction. The
blend-in restriction decreases the marginal gains of having biofuel as an
abatement option at higher reduction targets, as there is too little gasoline to
blend the biofuel into. Investments in vehicles using pure biofuels would be
needed for larger employment of biofuel. The results imply that domestically
produced biofuel can be important for climate policies for the transport
sector. However, compared to greenhouse gas emissions abatement in other
sectors, the marginal abatement costs are relatively high (High-Level
Commission on Carbon Prices, 2017).
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Figure 3 Marginal abatement cost in € per tonne CO; at different emissions reduction
levels for scenarios with different abatement measures available. Blue line: Biofuel
replacement and reduction in fuel consumption. Red line: Only reduction in fuel
consumption. Yellow line: Only biofuel replacement, based on a production target.

An economic incentive structure could be constructed to realise the
biofuel production suggested by the results. While a carbon price on all
emissions, including biofuel emissions, could be efficient, this could be
difficult to communicate to stakeholders. Instead, a policy with
compensation to feedstock and biofuel producers could be set up,
complemented with a carbon tax on end fuel use. Marginal costs of the
optimal feedstock and production indicate the cost-efficient subsidies across
space. The highest subsidies for feedstock producers would be around
production facilities, and in the south. These areas should receive high
subsidies as they are important to include in the production, despite high
feedstock costs, to arrive at the optimal spatial configuration of biofuel
production. Moreover, the subsidies for feedstock would be higher for higher
targets. For production facilities, the subsidies should generally be lower at
higher target levels, since there are more high capacity facilities which have
lower investment costs at high target levels.

The targets for biofuel are often formulated in terms of biofuel quantities,
even if emissions reductions is the intended aim. With a production target,
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only biofuel replacement contributes to emissions abatement. The results
show that this makes the marginal abatement cost very high at large
abatement levels, as the most expensive feedstock is used. For an emissions
target, the less expensive choice of reducing fuel consumption is also used.
However, results show that given that the optimal biofuel production level
for a given emissions reduction level is known, a production based target can
lead to a cost effective spatial organization of biofuel production. The reason
is that the spatial differences in biofuel production related emissions have
little impact on the location.

3.3 Cost-effective use of abandoned agricultural land for
biofuel production

There is a risk for competition with food production when agricultural land
is used to produce feedstock for biofuel production (Jeswani et al., 2020). As
an alternative, using abandoned agricultural land has been proposed, since
there is no current food production (Valentine et al., 2012). The third paper
of the thesis examines whether using abandoned agricultural land for
perennial bioenergy crop feedstock production also can decrease the costs
for reducing greenhouse gas emissions in the transport sector. Further, it
examines how different attributes of abandoned agricultural land contribute
to the results. First, when abandoned agricultural land is included as a distinct
type of agricultural land that can be used to grow feedstock on, the total
available area for feedstock production increases. It also gives new
possibilities to organize biofuel production, as the spatial configuration can
be changed. Second, abandoned agricultural land has generally low
productivity, but has low opportunity costs from competition over land, and
therefore feedstock costs for perennial bioenergy crops on abandoned
agricultural land can be lower than on arable land. Third, cultivation of
perennial bioenergy crops leads to carbon sequestration on abandoned
cropland, while the corresponding effect on arable land is smaller or
negligible, due to risk of indirect land use change emissions.

In this study, the spatial optimization model from the two first studies is
extended with explicit modelling of abandoned agricultural land (see section
2.3). The results of the paper show that abandoned agricultural land could
reduce costs of greenhouse gas emissions abatement substantially. The
differences in costs compared to the case without abandoned agricultural
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land increases with the stringency of the target level. This happens even
though all abandoned agricultural land is used already at low target levels.
The reason is that feedstock transport can be better organized spatially when
abandoned agricultural land is considered. A larger share of emissions
reductions is attributable to biofuel that replaces fossil fuels when abandoned
agricultural land is included. However, the total quantity of biofuel could be
larger or smaller with abandoned agricultural land included, depending on
the target level and the trade-off between different underlying mechanisms.

Carbon sequestration on abandoned agricultural land is shown to be the
main driver of the positive results. With carbon sequestration, a smaller
volume of biofuel can result in the same, or even larger greenhouse gas
emissions reduction than without abandoned agricultural land. Conversely,
the expansion of land for feedstock production per se, and the lower
feedstock costs are of less importance. However, low feedstock costs and
expansion of land make the biofuel volume increase relative the case without
abandoned agricultural land. The results show that there are mechanisms that
can make costs for emissions reduction decrease both by reducing, and by
increasing biofuel production. Thus, the results imply that abandoned
agricultural land should be used for biofuel production, but it is uncertain
how large the total biofuel production levels should be.

3.4 Coupled Agricultural Subsidies in the EU Undermine
Climate Efforts

The fourth paper of the thesis investigates the impact of an agricultural policy
on greenhouse gas emissions, including both local and global impacts. A
decrease in production and related emission in one region, for example
caused by a climate policy, could cause increases in production and
emissions in another country, thereby diminishing the intended net decrease
in emissions or even reverse it. This is called emissions leakage (Markusen,
1975; Zhang, 2012).

It is debated if the Common Agricultural Policy (CAP) in the EU is
beneficial or damaging for the climate, as there is a risk for emissions
leakage. The largest share of the CAP measures is the per-hectare based
direct payments in the Basic Payment Scheme to agricultural land. Specific
subsidies for environmental measures and rural development receives a
smaller share of the total budget. In the fourth paper of the thesis, the impact
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on global greenhouse gas emissions of removing coupled subsidies to animal
production under the CAP, is studied. During the budget period of the study
the subsidies were named the Voluntary Coupled Support, which, with small
amendments are kept during the current budget period, renamed to Coupled
Income Support (European Commission, 2023b). The coupled subsidies
could use 14 percent of the CAP budget at the time of the study, and currently
13 percent (European Commission, 2023b). Member states can chose to
provide the subsidies to different agricultural activities. In practice, most
member states use it to support ruminant production: beef and dairy cattle,
sheep and goat (European Commission, 2022). This is of specific interest in
a climate perspective as these activities are also the most emitting, and the
coupled subsidies could therefore increase production and agricultural
emissions in the EU. However, this might in turn lead to increased
production and emissions outside the EU. As emissions intensities for
agricultural products differ greatly across regions and products, with in
general higher emission intensities outside the EU, the net impact on global
emissions of the coupled subsidies is not obvious.

The agricultural sector model CAPRI is used for the paper (see section
2.4). CAPRI is well suited to model consequences of agricultural policy
changes as the CAP in the EU is modelled in detail. In particular, the coupled
subsidies are added for all member states. The modelling of trade in
agricultural products makes the model particularly well suited to study
emissions leakage. Greenhouse gas emissions in the EU countries plus
Norway, the United Kingdom, Turkey and the Balkan countries are
calculated bottom up based on production technologies. For the less detailed
production in the rest of the world, new trends of emissions intensities are
estimated for this paper, for all commodities covered in CAPRI. The trends
are estimated to match total agricultural emissions reported in FAOSTAT
greenhouse gas emissions inventories as closely as possible over time, given
trends of agricultural production quantities. The trends are estimated in a
Bayesian estimation framework, where prior distributions for the emission
intensities are included, to improve the robustness of the results, given the
many variables.

The simulated emissions of two scenarios are compared: one baseline
scenario where the CAP, including the coupled subsidies, is implemented,
and one scenario where the coupled subsidies to ruminants are removed from
the CAP. The budget for the coupled subsidies is reallocated to the Basic
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Payment Scheme in the respective member states. The results show that
removing the coupled subsidies reduce greenhouse gas emissions in the EU
by 2,354 kt CO; equivalents annually, corresponding to —0.5 percent of total
agricultural greenhouse gas emissions in the EU. However, emissions
increase in the rest of the world (ROW) by 1,738 kt CO, equivalents, hence
causing about 75 percent emissions leakage, as shown in the left bar of Figure
4. The net impact of removing the policy is a net decrease globally by 616 kt
CO; equivalents.
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Figure 4 Global changes in greenhouse gas emissions in 1000 CO, equivalents annually.
The geographical distribution indicates how the total global emissions changes are
divided into changes in the EU, and in the rest of the world (ROW), respectively. The
decomposition shows how the total global emissions changes are decomposed into those
caused by production changes and those caused by differences in emission intensities in
the producing countries.

The main part of the emissions reduction in the EU stems from a 1.1
percent decrease in beef production. For the dairy sector, the reduction in
production, and thus emissions, is much smaller. The difference is explained
by the importance of the coupled subsidies for the sectors: for beef producers
the coupled subsidies constitute a much larger share of income than they do
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for dairy farmers. Some of the reduction in beef production is replaced by
more pork and poultry production. This decreases net emissions, as pork and
poultry have much lower emission intensities than beef. The decrease in
production in regions with coupled subsidies partly shifts to EU countries
that have not implemented the coupled subsidies, such as Germany, with a
varying impact on emissions. There is also a large increase in beef production
outside the EU, which compensates decreased exports and increased imports
of beef to the EU. In addition, trade patterns outside the EU change, which
for example increases beef production in Brazil. This leads to increases in
emissions as beef production is relatively emission intensive in Brazil. Crop
production changes too, but has little impact on emissions. The reduction in
EU sheep and goat meat production results in a net increase in emissions
globally, while the decrease in dairy production and emissions in the EU
results in a decrease in emissions also outside the EU. This indicates that
production subsidies can have very diverse impacts on emissions, depending
on the trade relations and differences in emission intensities.

The changes in global emissions due to removing the coupled subsidies
are also decomposed into changes caused by production changes, and
changes caused by reallocation of production. The first category, called the
production effect, includes the effect of decreasing global production, but
assumes that there are no differences in emissions intensities at the new
production locations. The production effect implies a decrease in global
emissions by 1,666 kt CO; equivalents, which is shown in the right bar of
Figure 4. The latter category is the additional change in emissions that arise
as the production has be reallocated to regions with other emission
intensities: an increase in global emissions by 1,050 kt CO; equivalents.

The overall welfare impact of removing the subsidies is positive,
disregarding monetization of the value of emissions reduction. This means
that this policy measure, removing the coupled subsidies, implies a net
economic gain per tonne avoided CO, equivalents. However, other benefits
of keeping the supported sectors are not included.
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4. Concluding discussion

The contribution of this thesis is discussed in the next section, and policy
recommendations are presented in the subsequent section. Limitations, and
ideas for future research are discussed in the last section.

4.1 Contribution

The main methodological contribution of this thesis is the development a
new model for cost-effective localization of biofuel production. The model
locates multiple biofuel production facilities, and primarily distinguishes
itself from other models by the regionally differentiated increasing
opportunity costs of agricultural land, motivated by competition with
alternative uses. This makes the modelling more realistic for large increases
in biofuel production. The application to Sweden is new, and of interest as it
represents a region that is to a varying degree dominated by forests, for
example similar to Latvia and Finland, but different from the Netherlands
and Italy. There are also large spatial variations in the agricultural landscape
and climate across the country. The results from the first paper contributes
with a quantification of a supply curve for biofuel based on perennial
bioenergy crops from agricultural land in Sweden. The trade-off between
agglomeration and dispersion forces are important for the results, while this
is overlooked in many earlier studies applied in the agricultural context.
The next methodological contribution is the extension of the biofuel
model in the second paper to incorporate biofuel production in a model over
fuel consumption choice. Whereas other models include the choice between
different greenhouse gas emissions abatement measures, this model
considers the spatial configuration of biofuel production and fuel
consumption as well as the restriction posed by the blending rate of biofuel
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into fossil fuel. The results show in detail how the technological restriction
can influence the abatement potential in the transport sector, at stringent
emissions reduction targets. The results also show that, given these
characteristics of the transport sector, greenhouse gas emissions abatement
costs can be significantly decreased with biofuel.

The third paper contributes by providing insights on how abandoned
agricultural land can contribute to cost-effective emission abatement. It
shows that carbon sequestration dominates the positive impact, while the
lower feedstock costs have some impact, and abandoned agricultural land
improves the conditions for an efficient spatial configuration of biofuel
production, thereby reducing costs. The joint impact shows that abandoned
agricultural land is valuable mainly due to the increased emissions
abatement. These results provide another rationale for using abandoned
agricultural land than to decrease competition for agricultural land.

The results from the three studies indicate that the possibility for carbon
sequestration on abandoned agricultural land dominates the impact of biofuel
on greenhouse gas emissions abatement. Spatially heterogeneous feedstock
costs are second most important, while transport and investment costs are of
less importance for total costs but have an impact on the spatial distribution
of high and low-capacity production facilities.

The fourth paper contributes with a quantification of the greenhouse gas
emissions leakage rate and the absolute global greenhouse gas emissions
reduction from removing the coupled subsidies to ruminants in the EU’s
Common Agricultural Policy. In more general terms, it contributes by
showing how emissions leakage arises from subsidies to a polluting industry.
It shows the specific impact on emissions leakage from the high diversity of
emission intensities that characterizes the agricultural sector. The
contribution of the newly updated emissions intensities for agricultural
products are highlighted by the decomposition of emissions. This shows that
a reallocation of production to regions with higher emissions intensities have
a large impact on global emissions.

4.2 Policy implications

The results from this thesis has several policy implications. For the first
paper, the focus is on the costs of biofuel production. The results show that
using feedstock with low feedstock costs is most important to minimize
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costs, which implies that areas with low competition for land with food
production should be given most attention for feedstock production. For the
localization of production facilities, it is also important to minimize transport
costs, resulting in optimal locations centred in feedstock dense areas. In areas
of low agricultural density, transport costs would be very high for high
capacity facilities. However, if the feedstock costs are low enough the more
expensive low capacity facilities could be considered in these areas, as these
facilities would imply lower transport costs.

Even though stepwise increases in production targets are shown to lead
to a suboptimal choice and localization of production facilities, the impact
on total costs is relatively small. Therefore, a possibility that biofuel polices
is implemented sequentially might not be worrisome. The reason for this is
that the cost for feedstock would not change much, and is more important
than transport and investment costs. Similarly, alternative spatial
distributions of biofuel demand has little impact on total costs and facility
localization. This implies that it could be sufficient to plan for road transport
consumption, even if the biofuel consumption could eventually change to be
used at airports for aviation or in harbours for shipping.

The estimated costs for biofuel production are currently not competitive
with forecasted gasoline or ethanol prices. However, this could change when
investment costs or operational costs for biofuel production facilities
decrease in the future, and/or if climate policies become more stringent
globally, which could cause higher world market prices for both fossil fuels
and biofuels in the future.

The second paper shows that biofuel can be a cost-effective greenhouse
gas emissions abatement measure in the transport sector, despite the
relatively high costs shown in the first paper. However, several factors limit
the potential of biofuel to reduce costs for emissions reductions at large scale
emissions reduction. Limited areas of arable land for feedstock production
and increasing feedstock costs implies large feedstock production becomes
costly. In addition, the fact that there is a technical restriction on how much
biofuel can be blended into fossil fuel, implies that the large reduction of
fossil fuel at high reduction targets limits the amount of biofuel that can be
used. Therefore, other abatement measures are needed at higher target levels.

The estimated marginal abatement costs associated with abatement in the
transport sector for most of the studied emissions reduction targets are higher
than, e.g., the carbon price suggested by The High-Level Commission on
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Carbon Prices (2017) and suggests that the role of the transport sector should
be limited. The marginal abatement costs in the studies in this thesis are
higher than the current Swedish tax on greenhouse gas emissions from fossil
fuels. However, they are lower than marginal abatement costs for some other
Swedish policies for transport fuel substitution (NIER, 2017).

The results from the third paper show that abandoned agricultural land
should be used for cost effective greenhouse gas abatement. A high carbon
sequestration rate was the main driver behind the result. The importance of
carbon sequestration also indicates that the use of detailed local information
on sequestration rate would be valuable to choose the best areas of
abandoned agricultural land. An obstacle for using abandoned agricultural
land is that there are no premium entitlements for reintroduced abandoned
agricultural land under the Common Agricultural Policy in the EU. The
policy would need to be changed to ease the use of abandoned agricultural
land for environmentally motivated purposes.

The second paper shows that a production-based policy and an emissions-
based policy both imply a similar localization of production facilities and
feedstock catchment areas. However, when abandoned agricultural land is
included, with highly diverging implications for emissions, redirecting the
localization of feedstock production from arable land to the abandoned
agricultural land becomes very important.

A widely raised concern about biofuel is its impact on food production.
The results shows that large scale biofuel production can have a large impact
on livestock production, as it leads to reduction in fodder production, in
particular in the eastern part of Sweden. The results in the third paper show
that when abandoned agricultural land can be used for biofuel production,
the use of arable land is reduced. However, the results also show that use of
abandoned agricultural land implies that biofuel production for emissions
abatement becomes more cost-effective. This can lead to an increase in
biofuel production, and even in an increase in the use of arable land for
biofuel production. Therefore, the impact on livestock production is not
obvious when abandoned land is used.

The fourth paper shows that removing the coupled subsidies to ruminants
under the EU’s Common Agricultural Policy could be justified due to its
effectiveness as a climate policy. Removing it would decrease global
agricultural greenhouse gas emissions and increase welfare from the
agricultural sector. However, the impact on total EU agricultural emissions
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is low, corresponding to 0.5 percent of total EU agricultural emissions. The
removal of the coupled subsidies is therefore not a crucial policy, and if other
benefits are large, they could outweigh the benefit for the climate. Removing
the coupled subsidies results in a high rate of emissions leakage, which is
mainly due to a reallocation of production to regions with high emissions
intensities. This implies that a policy to decrease the leakage should aim at
reducing these differences, or at avoiding products from high emitting
regions.

4.3 Future research

This thesis covers some questions regarding biofuel production and its use
as a greenhouse gas emissions abatement measure, and emissions leakage
from agricultural policies. The papers come with some limitations and leave
open questions to be handled in future research. One limitation of the studies
concerning biofuels it the level of detail of the data. With multiple types of
feedstock, production technologies, and feedstock transport modes, the
quantified results could become more accurate. This would also give the
possibility to investigate the importance of these choices, relative to
opportunity costs for feedstock which were important for the results in the
thesis. As these studies only cover domestically produced biofuel from
agriculture, they miss possible competition or synergies from supply of
biofuel from the forest sector. A spatial analysis where biofuel production
from forest biomass is represented could show to what degree they affect
each other.

The opportunity costs for feedstock production were modelled based on
own price elasticities. As they are point estimates, this could be an issue for
large scale use of agricultural land for feedstock production. In future studies,
the competition for land could be modelled with explicit representation of
other agricultural activities, for example with a sector model. This would
also give the possibility to study the impact on agricultural land use and food
production, which was calculated in a simple fashion in this thesis. The
approach could also be used to investigate if opportunity costs would arise
on abandoned agricultural land, which could happen if the demand for land
becomes high enough. In the third paper, the opportunity cost for abandoned
agricultural land was assumed to be zero, an assumption which might be too
strong. Market power could pose a problem when there are a few large
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production facilities, in particular in light of the importance of feedstock
prices. This is not considered in this thesis but could be modelled in a game
theoretical framework for investors in biofuel production facilities or
feedstock producers.

The modelling of emissions abatement through reduced transport fuel
consumption is limited by the fact that it builds on demand elasticities for
transport fuel consumption calculated based on historical data. The transport
sector is facing many changes, e.g., rapid increases in electric vehicles. The
costs of shifting to electric vehicles is to some extent reflected in the demand
for fossil fuels, but to study long run changes in demand, technology shifts
would be important to incorporate in a more explicit manner.

Possible biofuel imports could be included in the model to examine the
potential of the domestic production in a global perspective. This should
include the possibility for global biofuel prices to increase considering global
changes in policies. Further, the omission of land use changes in other
countries due to biofuel expansion was identified as an important cause of
uncertainty in the third paper of the thesis. Including the impact on global
changes in land use and agricultural production would make it possible to
quantify the net increase or decrease in global carbon sequestration due land
use changes, stemming from increased biofuel production in Sweden. This
could also be used to study the trade-off of using land for biofuel or food
production, which could be a serious concern (Searchinger et al., 2008).

The thesis focuses on greenhouse gas emissions, while there are other
impacts of biofuel production and agricultural production. Future research
could therefore examine the impact on, e.g., biodiversity caused by
implementing the biofuel production quantities suggested in the thesis.
Likewise, this could be analysed for removing the coupled subsidies to
ruminants. Alternatively, the optimal localization of biofuel production
given other environmental targets could be assessed.

The problem of emissions leakage in the fourth paper suggests that future
research should examine polices that could decrease the degree of leakage.
These could be policies that aim at avoiding production in regions with high
emissions intensities, for example border carbon mechanisms. It could also
be policies that try to shift emissions intensities endogenously, which would
require modelling of non-EU emissions.
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Popular science summary

This thesis investigates how to reduce greenhouse gas emissions at least
costs, by changing production on agricultural land. The main part of the
thesis focuses on biofuels, such as ethanol, produced by biomass from
perennial energy grasses grown on agricultural land. One advantage with
energy grasses is that they compete less with food production over
agricultural land than traditional energy crops. Advanced biofuel
technologies are needed to process the energy grass to biofuels. Most of these
technologies are more costly than traditional technologies. The biofuels can
replace fossil transport fuels in cars, ships, and airplanes, and thereby reduce
greenhouse gas emissions.

Regional variations in energy grass yield, costs for production, and costs
for agricultural land, among other things, determine the suitability of regions
for energy grass production. The costs for producing biofuels depend on
costs for transporting the energy grass to biofuel production facilities. Large
production facilities are more efficient, but require biomass from a large area.
This implies large distances between the fields where the feedstock is
produced and the production facilities, which increases transport costs. This
regional perspective is crucial in understanding how biofuel can be used to
reduce greenhouse gas emissions.

The first study examines how biofuel should be produced to meet national
targets for biofuel production volumes at least costs. An economic model for
biofuel production, divided into the 290 municipalities of Sweden, is
developed. The model determines how biofuel production can be organized
in Sweden at least cost. The results show how up to four biofuel production
facilities with high production capacity, and one with low production
capacity, are distributed in the country. The production facilities and the
biomass production should be located where the costs for biomass are low,
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and where agricultural land is abundant. At low production volumes,
production should be located in the south of Sweden, but at higher volumes
parts of the agricultural land in the whole country should be used. The overall
cost for producing the biofuel increases rapidly with the biofuel volume.

In the second study, the focus is on reducing greenhouse gas emissions in
the transport sector. The biofuel model is extended to model two options to
reduce emissions: reductions in transport fuel use, and replacement of fossil
fuels by blending them with biofuel. Both lead to a reduction in greenhouse
gas emissions from fossil fuels, but the costs differ. Reduced transport fuel
use can for example be achieved by travelling less, and this is negative for
the consumers, implying a cost to society. The cost for producing biofuel
depend on biomass costs, operations costs, transport costs, investment costs,
and costs for distributing the biofuel. The results show that both options
should be used to minimize the costs of reducing emissions, and that
applying biofuel blending reduces costs relative to only reducing fuel use.

Abandoned agricultural land has been proposed to be used for biofuel
production, as using this land will not create competition with food
production. The third study investigates the potential of abandoned
agricultural land to also lower the costs for reducing greenhouse gas
emissions. The reduction in costs is substantial, mainly due to large uptake
of carbon dioxide, so called carbon sequestration, when perennial energy
grasses are grown on abandoned agricultural land.

In the fourth study, the focus is shifted to the emissions in the agricultural
sector. There are subsidies in the EU’s Common Agricultural Policy is
primarily directed to cattle, dairy, sheep and goat production. Since these
farm animals are the largest sources of greenhouse gas emissions in the
agricultural sector, the subsidies might increase the emissions. An
agricultural sector model is used to examine what would happen if the
subsidies were removed. Results show that removing the subsidies decreases
EU production and greenhouse gas emissions. However, there is a so-called
emissions leakage by 75 per cent - when one tonne of greenhouse gases is
removed in the EU, emission increase by 0.75 tonne outside the EU. The
reason is that when production decrease in the EU, production increase
somewhat outside the EU to meet the demand for these products. This leads
to an increase in emissions outside the EU. The increase in emissions is large
as the new producing regions emits more greenhouse gases per kilo of
product than in the EU.
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Popularvetenskaplig sammanfattning

Den hér avhandlingen granskar hur vixthusgasutslapp kan minskas till sé lag
kostnad som mdjligt genom anvindning av jordbruksmark. Huvuddelen av
avhandlingen handlar om biobrédnslen, sdsom etanol, framstillda av
biomassa fran perenna energigrds som odlas pa jordbruksmark. En fordel
med energigrisen dr att de konkurrerar mindre med matproduktion om
jordbruksmarken &n traditionella bioenergigrodor. For att omvandla
energigrds  till  biobrdnslen  krdvs s&  kallade  avancerade
biobrinsleteknologier. De flesta av dessa teknologier ar dyrare é&n
traditionella teknologier. Biobrédnslen kan ersétta fossila bridnslen i bilar,
fartyg och flygplan, vilket minskar vixthusgasutsléppen.

Regionala variationer i bland annat skordenivder for energigris,
produktionskostnader och markkostnader paverkar var det 4r mest lampligt
att producera energigrds. Kostnaden for biobrinsleproduktion beror av
kostnader for att transportera biomassa till biobrinslefabriker.
Biobrinslefabrikerna dr mest effektiva om de 4r stora, men krdver stora
markomraden for att leverera de volymer av biomassa som behovs. Det leder
till stora avstdnd mellan biomassaproduktion och fabrik, med hoga
transportkostnader som foljd. Detta regionala perspektiv ér viktigt for att
forsta hur biobransle kan anvédndas for att minska vaxthusgasutslappen.

I den forsta studien undersoks hur biobrinsle bor produceras for att na
nationella mal for biobrénsleproduktion till ldgsta kostnad. En ekonomisk
modell for biobransleproduktion i Sverige, indelad i 290 kommuner,
utvecklas for att besvara fragestéllningen. Modellen kan berdkna hur
biobréansleproduktion ska organiseras i landet till ldgsta mojliga kostnad.
Resultaten visar hur upp till fyra stora biobranslefabriker, och en mindre
fabrik, fordelas i landet. Biobranslefabrikerna och biomassaproduktionen
bor placeras i regioner dir kostnaderna for biomassa ér lag, och dér andelen
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jordbruksmark &r hoég. Vid de ldgre produktionsmélen betyder det att
produktionen bor forlaggas till sodra Sverige, men for hogre mal bor delar
av jordbruksmarken i hela landet anvindas. Den totala kostnaden for att
producera biobrénsle dkar snabbt for 6kande produktionsvolymer.

Den andra studien fokuserar pa att minska véxthusgasutslipp inom
transportsektorn. Biobrinslemodellen utvidgas till att modellera tva
strategier att minska utslédppen: minska briansleanvéndning i transporter och
ersitta fossila branslen genom att blanda in biobrénslen. Bada alternativen
leder till minskade utsldpp frén fossila branslen, men med olika kostnader.
Att minska brénsleanvindningen, till exempel genom att resa mindre, medfor
en samhillsekonomisk kostnad for konsumenten. Kostnaden for att
producera  biobrdnslen = beror pad  kostnader for  biomassa,
investeringskostnader,  driftskostnader, och  distributionskostnader.
Resultaten visar att bada strategierna bor anvindas for att minimera den
totala kostnaden for att minska vaxthusgasutslépp. Dessutom visar resultaten
att inblandning av biobrénslen minskar den totala kostnaden jaimfort med att
bara minska brénsleanvéndningen.

Overgiven &kermark foreslds anvindas for biomassaproduktion till
biobrinslen for att undvika konkurrens med livsmedelsproduktion. Den
tredje studien analyserar vilken potential den 6vergivna dkermarken har att
dven minska kostnaderna for att minska véxthusgasutsldppen.
Kostnadsminskningen dr pétaglig, framforallt p& grund av Okat
koldioxidupptag och -lagring nér perenna energigris odlas pa denna mark.

I den fjérde studien skiftar fokus till véxthusgasutsldpp fran
jordbrukssektorn. I EU:s gemensamma jordbrukspolitik finns subventioner
till produktion av notkétt, mjolk, far och get. Eftersom dessa husdjur utgor
de storsta kéllorna till vixthusgasutsldpp inom jordbrukssektorn s& kan
subventionen leda till att utsléppen okar. En jordbruksmodell anvéinds for att
undersdka vad som hdander om subventionerna tas bort. Det visar sig att EU:s
produktion och utsldpp minskar om subventionerna tas bort. Globalt blir det
dock ett sé kallat utslappslidckage pa 75 % - nér ett ton véxthusgaser tas bort
1 EU sa okar utslappen med 0,75 ton utanfér EU. Anledningen till detta ar att
nér produktionen minskar i EU sa okar produktionen utanfér EU nagot for
att kunna mota efterfrdgan pa dessa produkter. Det gor att utsldppen Okar
utanfér EU. Okningen i utsldpp ér stor eftersom de nya producentregionerna
slapper ut mer véxthusgaser per kilo produkt &n vad EU gor.
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Abstract

Policies for investment in biofuel production facilities and feedstock may be necessary
in order to meet climate and renewable energy targets. These policies entail a trade-off
between high transportation costs of biomass and economies of scale of production
facilities. We develop a spatial optimisation model and investigate the cost-effective
localization of production facilities for ethanol from agricultural land in Sweden. Feed-
stock costs are found to be most important in determining the location, although high
feedstock density motivates locating large facilities in areas with high feedstock costs.
At higher production, feedstock from the whole country is preferred despite high
transport costs.

Keywords: Agricultural land use, biofuel, climate policy, cost-effectiveness,
localisation, spatial optimisation

JEL classification: Q10, Q18, Q20, Q42, Q54

1. Introduction

The substitution of agricultural biofuels for fossil fuels has been suggested as
a tool to reduce the impact of the transport sector on greenhouse gas emis-
sions. To help achieve this, production of biofuels on agricultural land could
be increased (Creutzig et al., 2015). For increased production, investments in
production facilities and increased feedstock uptake are needed. However, the
introduction of biofuel production on agricultural land is associated with two
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major challenges relating to policy design: (i) the choice of location for produc-
tion facilities and (ii) the competition between feedstock production and food
production. Moreover, the biofuel supply chain is characterised by a technol-
ogy which is generally most efficient when working at large quantities and thus
exhibits economies of scale (Leduc, 2009). Costs could therefore be saved by
concentrating production to a few facilities. The raw material, which mostly
comes from forest or agricultural land, is distributed over a large area and
is generally low in energy content, with potentially high transport costs as a
result (Lundmark er al., 2018). In particular, this is true if there are only a
few, large production facilities in a given area. Therefore, the relation between
transportation costs and facility investment costs is important (Yue, You and
Snyder, 2014), and the choice of facility location and capacity becomes a first
important step towards a cost-efficient production system. Large-scale biofuel
production would compete with other types of production on agricultural land,
although there is some room for using by-products from agriculture such as
straw and food waste (Prade et al., 2017).

The European Union (EU) has developed targets for renewable energy as
a means to reach climate targets, set out in the Renewable Energy Directive
IT (RED II). The common EU-wide target is to reach 32 per cent renewable
energy as a share of final energy consumption by 2030. However, targets dif-
fer between countries with different starting points and possibilities to increase
renewable energy use. With transport accounting for a large share of fossil fuel
use, a specific part of the target is that at least 14 per cent of transport fuels
should come from renewable sources by 2030 (European Parliament, 2018).
Due to concern over competition with food production, there are restrictions
in RED II limiting the possibilities for crediting biofuel production against
the targets for renewables. These limitations concern the use of agricultural
land otherwise used for food and feed production and contexts where biofuel
production negatively affects other sustainability factors such as biodiversity
(European Parliament, 2018; European Commission, 2020). At the same time,
biofuels for transport are supported by policies: in the EU mostly through bio-
fuel quotas and mandatory blending but also with financial measures such as
tax exemptions. Investment support directed towards production facilities is
also provided in many cases but has been more common in the bioenergy
heating sector (Banja et al., 2019).

In line with the EU’s aims, biofuel use in the transport sector increased from
1 per cent of total fuel consumption in 2005 to almost 6 per cent in 2018, but
with a large regional variation (Eurostat, 2020a). Globally, the share of biofu-
els in the transport sector is relatively small and equalled 3 per cent of energy
use in 2017 (World Bioenergy Association, 2020). To reach the current targets,
biofuel production in the EU, or imports, must increase. There is therefore a
need to understand how a policy for increased domestic biofuel production
should be designed when both the scale of production and the location of pro-
duction facilities and feedstock cultivation are still an open question, as well
as the associated costs.
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The purpose of this study is to identify a cost-effective supply chain of bio-
fuel from agricultural land, given a policy target for biofuel production. In
particular, we examine the trade-offs between economies-of-scale benefits of
production facilities and feedstock production and transport costs. We do this
using a spatial model that optimises the placement of investment in biofuel
production facilities and the location of feedstock production in Sweden. The
model is used to investigate how localisation choices are affected by the strin-
gency of a hypothetical biofuel production target and how those choices are
influenced by the geographical distribution of fuel demand. With this model
setting, we derive the optimal organisation of supply for different production
levels, thus obtaining a national supply curve. We compare estimated marginal
costs of domestic production to projected world market ethanol prices and
examine the cost-effectiveness of the resulting greenhouse gas emission reduc-
tions and consequences for the regional production of fodder and hence for
livestock production.

The field of location studies is broad, where non-economic location studies
often strive to distribute a given number of facilities in space by minimising the
distance to demand sites, e.g. Comber ef al. (2015). The best sites for location
can also be selected by a detailed suitability analysis, as in Sharma, Birrell and
Miguez (2017) that locates sites using a GIS suitability analysis.

Many economic studies on optimal localisation of biomass and biofuel
facilities have been published in recent years, of which most focus on long-
term strategic decisions (Zandi Atashbar, Labadie and Prins, 2018). Some
studies analyse decisions concerning a single production facility. Lankoski and
Ollikainen (2008) investigate the optimal use of land for feedstock around a
given facility, using a von Thiinen model. Rentizelas and Tatsiopoulos (2010)
consider the best location and design of a single facility in an area, given
available feedstock, while Rozakis et al. (2013) account for endogeneity of
feedstock supply using a sector model.

Several economic studies have analysed policies over larger regions, which
requires consideration of multiple production facilities. Such studies often
minimise the cost of the biofuel supply chain, by identification of both the
optimal location and the optimal number of facilities. The system boundary
can be the biofuel system or, as in De Jong et al. (2017), the whole forestry
sector. Most of the studies are static; however, there are some exceptions, such
as Santibafiez-Aguilar ef al. (2015) who apply a dynamic setting for facility
investment and production taking seasonality in feedstock supply into account.
Some studies analyse biofuel produced with feedstock from the forest sector
while others apply their analysis to the agricultural sector. The majority of
studies assume restrictions on the availability of feedstock for biofuels and
a regional but constant unit cost of feedstock. Bai, Ouyang and Pang (2012)
model competition over feedstock as a Stackelberg game where biofuel pro-
duction facilities are modelled as leaders and the farmers as followers. Britz
and Delzeit (2013) couple a sector model with market feedback to their local-
isation model to get feedstock prices. The regional level is often at the country
or state level including a few hundred regions or on e.g. the EU level but then
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with fewer regions within each country. Some studies are applied at the coun-
try or state level, with a lower spatial resolution, but allowing for other model
extensions. For example, Wetterlund e al. (2013) model choices between dif-
ferent technologies for the conversion of feedstock into biofuels, and de Jong
etal. (2017) study the impact on overall costs of different cost-reduction strate-
gies. Furthermore, some studies allow for different transport modes: train,
truck and ship. Meanwhile, others model the choice between alternative feed-
stock sources. In addition, some studies perform a suitability analysis that
favours factors such as proximity to cities, roads or power lines to choose a sub-
set of possible locations before the optimisation of the model (Wilson, 2009).
An overview of some relevant studies referred to in this section can be found
in Table Al.a in Appendix Al.

The focus on agricultural feedstock in this study is relevant in light of
the more stringent climate policies required by the Paris Agreement, as more
biomass must be used for biofuels if they are to be a significant part of the miti-
gation strategy. Further, the question has been raised whether forests should be
used as carbon sinks rather than for bioenergy production (Hedenus and Azar,
2009; Vass and Elofsson, 2016). This suggests that it is important to assess
the cost-effective potential of agriculture as an alternative source of biofuel
feedstock.

We contribute to the literature on the localisation of biofuel production
facilities by focusing on agricultural feedstock, using a model that takes into
account regionally increasing opportunity costs that arise due to competition
over land with other types of agricultural production. We highlight the trade-
off between forces that work in opposite directions: feedstock transport costs
motivate decentralised small-scale production facilities, while economies of
scale at the facilities have the opposite effect.

The empirical application to Sweden is of particular interest in this con-
text due to its large geographical heterogeneity. A higher feedstock production
potential in the south suggests it could be beneficial to locate production facil-
ities there. There could also be cost advantages associated with locating these
facilities in the vicinity of major demand centres, typically located where
population density is the highest. However, the potential for cheap feedstock
production in the north, due to the low opportunity cost of land, is an argument
in favour of locating the production facilities there.

The paper continues with a description of the case study in Section 2, the
model in Section 3 and the data used in Section 4. Thereafter, results are
presented in Section 5, and Section 6 identifies policy implications. Finally,
Section 7 provides a discussion and policy recommendations.

2. Case study area

We apply the model to biofuel production with agricultural feedstock in
Sweden. There are large geographical differences across the country. In the
northern parts, yields are lower and agricultural land scattered. In the south-
ern parts more fertile soils are found, mixed with areas of low-productive land.
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Agriculture is concentrated where fertile soils are more abundant. A large share
of the agricultural land is used for ley production (Statistics Sweden, 2019).
Sweden has a low population density, with most people living in the south
(Statistics Sweden, 2020a).

In Sweden, the share of renewables in total fuel consumption was
23 per cent in the year 2018 (Swedish Energy Agency, 2019), and hence the
target for renewable transport fuels has already been accomplished. How-
ever, Sweden also has a more ambitious target to reduce greenhouse gas
emissions in the transport sector by 70 per cent in 2030, compared to 2010
(Government Offices of Sweden, 2017), to which biofuels could contribute
(Swedish Climate Policy Council, 2020). Biodiesel, made from forest products
and imported oils, is the most produced biofuel in Sweden (Swedish Energy
Agency, 2019). Cereals have hitherto been the most used agricultural crops
for producing biofuel (ethanol), but the feedstock is mostly imported (Swedish
Energy Agency, 2019).

There are several different biofuel technologies which are capable of pro-
ducing a range of biofuels such as ethanol, biodiesel and biogas. Further,
different types of biomass can be used as feedstock in production: for example,
forest residues, oil crops, cereals and energy grasses. In this study, we con-
sider one type of second-generation biofuel' technology: the production of
bioethanol from lignocellulosic material, in this case reed canary grass grown
on agricultural land. Although there is no consensus on which is the superior
biofuel technology, Borjesson ef al. (2013) argue that the largest quantita-
tive potential lies in such lignocellulosic-based biofuels where ethanol is one
option; this technology could also perform well in an environmental and cost
perspective. Moreover, ethanol is easier to use (Prade ef al., 2017). So far, the
production technology used to produce ethanol from lignocellulosic material
has only been developed to industrial scale in a few places in the world, but its
large potential motivates our choice to consider this technology. The choice of
reed canary grass is also made because it is possible to grow in most parts of
Sweden and on most types of arable lands (Borjesson, 2007).

3. Model description

We develop a static linear programming optimisation model to find the cost-
effective number, capacity and location of biofuel facilities, as well as the
associated spatial distribution of feedstock production and biofuel consump-
tion, given a national biofuel production target. The model takes regional
heterogeneity in feedstock production costs and biofuel demand into account.
We assume that the social planner’s objective is to minimise the total supply
chain cost to meet a certain production target, and that farmers and produc-
tion facilities are price takers and strive to maximise profits. In the following
sections, the modelling of production, feedstock supply, biofuel demand

1 According to RED Il (European Parliament, 2018), second-generation biofuel includes, for
example, non-food crops.
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and transport, investment and operational costs are described along with the
optimisation problem.

3.1. Feedstock supply

Feedstock can be produced in all regions g, with g=1,...,G. Within each
region, the opportunity cost for producing feedstock can vary. To represent
increasing costs for the feedstock, the supply in each region is divided into
three cost categories f, with f = 1,2, 3, with different costs as described below.
The quantity of feedstock supply for a particular category f is denoted x;,. The
quantity available for each category f in each region g is limited to X,

Xrg < Xpg (1)

The total sales of feedstock of a given category f from a given production
region g, i.e. xy,,, equals the sum of amounts supplied to production facilities
R .

ie.

in all regions 7, with x/
Xe=) xi ViEg )

1,87

where the superscript 7R indicates ‘transportation’.

3.2. Biofuel production

Production of biofuel in region i is indicated by y;. Similar to Wetterlund et al.
(2012), Lin et al. (2013) and Bai, Ouyang and Pang (2012), we assume a con-
stant linear conversion factor «, expressing the volume of biofuel obtained per
ton of processed feedstock, equal for all facilities. This assumption is reason-
able when we consider only a single type of technology and single feedstock.
Other inputs such as labour and energy are assumed to follow the feedstock
use and are not modelled. We assume that the total feedstock input to a facil-
ity in region i is the sum of purchased feedstock from all regions. Thus, the
production of biofuel y; in region i is obtained by

yi=ay Y it (3)
g f

For production to occur, investment in a production facility is necessary.
The variable 1, ; € {0, 1} indicates investment in a production facility at loca-
tion i, taking the value 1 in the case of an investment and 0 otherwise. Facilities
can be of different capacities v={L, H}, where L indicates low capacity and
H indicates high capacity. The production at a facility is restricted by capacity
constraints Y, and y, specific for the capacity types:’

Xv 'Iv,i S yi S)_/v 'Iv,ia fOI' all V= {L)H}a XH :yL (4)

2 Alower capacity constraint on low-capacity facilities is needed to rule out facilities with too small
capacities, which would need even higher marginal investment costs. The restriction Y=L is
used to have two distinct capacity size choices.
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In addition, to facilitate computation, we add the restriction that only one
production facility can be built in each region®:

1< )

v

3.3. Biofuel demand

Total production of biofuel Y from all production facilities is

The produced biofuel is distributed from the production facilities to demand
points. The variable y7;*™ denotes the sales of biofuel from the facility in
region i to meet demand in region 4. All produced biofuel must be distributed

to demand points 4 located in the regions of the model, i.e.
S R =y, Vheg. ™)
h

We assume that biofuel prices are fixed and equal across the country and
thus omit them in the model. This assumption is reasonable as the large fuel
companies do not differentiate biofuel prices across space. We assume that in
each region there is a maximum demand for biofuel based on possibilities to
blend in biofuel in fossil fuel. The lower level is assumed to be zero.

0< ) W< B, ®)

3.4. Costs

The main costs associated with biofuel production are costs of investment in
the production facility, operational costs, costs for purchase of feedstock and
costs for transport of feedstock from the supplier to the facility and from the
facility to the end user. These costs are assumed to be additive.

Investment in building a new facility comes at a fixed cost, increasing with
higher capacity levels. Further, investment costs per unit of capacity can be
assumed to be lower for larger facilities, see, for example, Akgul, Shah and
Papageorgiou (2012). We model the annualised investment cost ¢/'V with a
fixed part §,, depending on the size of the facility, and assuming that 5 > J;.
In addition, we follow Lin ef al. (2013) by including a variable investment cost
p, per unit of increase in the production capacity level, with p; > py:

Cll'xv =PvYi- Iv,i + 6\) : Iv,i (9)

The formulation in equation (9) implies that we have a linearised represen-
tation of a non-linear concave investment cost function, reflecting economies

3 A positioning of two facilities in the same region would be economically unreasonable in our
case, given the small regions and hence small feedstock supply in each region. Further, we never
find facilities located in neighbouring regions in the empirical simulations.
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of scale. This is illustrated in Figure 1, where the solid and dashed black
line depicts the cost of the low-capacity facility, which has a low intercept
and a steep slope, compared to the grey line, which depicts a high-capacity
facility. The solid parts of the lines show the capacity ranges where each facil-
ity type is superior to the other, and in the cost minimisation context they
form the piecewise linear and (in this case almost) continuous investment cost
function.

-

7 Low High

Investment cost

Production capacity

Fig. 1. Investment cost as a function of the production capacity level. The black solid and dashed line
represents the cost for low-capacity facilities; the grey solid and dashed line represents the cost for
high-capacity facilities. Solid lines indicate the minimum investment cost for a given capacity, and
capacity spans are indicated by dotted lines.

The operational cost of the production process, %", is assumed to depend

only on the output level. Most earlier studies assume either a linear cost func-
tion which varies across facilities (e.g. Wetterlund ef al., 2012) or an identical
linear cost function for all production facilities, where instead the economies
of scale are modelled in the investment costs (Lin ef al., 2013). The latter
approach is applied here, and o, the cost per unit of produced biofuel, is
assumed equal for all facilities:

=0y (10)

1

Earlier studies have made varying assumptions about feedstock costs.
Sometimes the feedstock cost is assumed to be a fixed regional unit cost, as in
Wetterlund ez al. (2012). Alternatively, a supply function with increasing costs
is included, as in Apland and Andersson (1996). Here, we take an intermediate
approach, where we account for the fact that a larger feedstock production in
a region will increase the opportunity cost of production in this region. The
profit maximising farmer is assumed to only produce feedstock for biofuel
production if the economic gain is equal to or exceeds the opportunity costs.
We assume that the marginal cost of feedstock production is stepwise linear.
Each category f = 1,2,3 represents taking more land into use for feedstock
use. Feedstock of each category f is associated with a different unit cost ¥,.
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Consequently, in each region g, feedstock of the lowest cost level is chosen
until its maximum capacity, given by the land available for the category, is
exhausted. The total cost for feedstock of all categories f across all regions g
for a given facility in region i is

FEED Zzﬂf:gxf R (11)

As feedstock for producing biofuel can be bulky, transport brings important
costs. We assume one transport mode (truck) while others, e.g. Akgul, Shah
and Papageorgiou (2012), allow for different transport modes: train, truck and
ship. The costs include loading and unloading as well as the time and fuel
required for transportation. Therefore, transport costs ¢/¥ increase with the
feedstock used and the transport distance d,; between the supplier at loca-
tion g and facility at location i, given the unit feedstock transport cost o/ *EP,
The cost function also has a fixed element w/*#P per unit transported, reflecting
the cost of loading and unloading, similar as in, e.g. Wetterlund et al. (2012)
and Akgul, Shah and Papageorgiou (2012):

TR _ ZZ (wFEED + SOFEEDng) X;ﬁg (12)
g f

Similarly, the cost c”S™® for transporting biofuel from the facility at i to
demand points / is determined by the unit transport cost ¢/YEL and the unit
cost of loading and unloading, w’VEE:

CPISTR — Z ( wWFUEL | ,FUEL dh,i) y%STR (13)
h

3.5. Production target

Finally, we assume that there is a policy target for biofuel production at

the national level that should be reached, defined as an annual production

target Y*:

y>v (14)

3.6. Objective of the model

The objective of the model is to minimise the costs for meeting the produc-
tion target Y™, subject to the constraints in equations (1)—(8). The decision
to invest in a production facility at a given location will depend on the spa-
tial allocation of all facilities, feedstock production and biofuel demand. The
problem includes agglomeration forces, due to the benefit of concentration that
follow from economies of scale (equation 9), and dispersion forces from trans-
port costs and increasing costs of feedstock production (equations 11-13). The
problem can be described as follows:

; INV oP FEED TR DISTR
argmin, R Ly, T E E (Ci,v + ¢+ ¢ )—|— E ¢, + E len
i i i
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S.t.
Equations (1)—(14), and

xﬁg,ngg,yi7,yif’,f >0andl,; € {0,1}

In the following, the model is simulated numerically using data relevant for our
case study.

4. Data

This section gives a brief overview of the data; more details are given in
Appendix A2.

4.1. Spatial structure

In the calculations below, the regional unit used for feedstock supply, location of
production facilities and demand for biofuel is the municipality. The regional units
are indicated by g, i and &, when related to feedstock production, biofuel facility
location and location of final demand, respectively. We include all municipalities
in Sweden, 290 in total. For these, the median total land area is 670 km?2.

To calculate the transport distances d,; and dj,; between municipalities, we
follow Leduc (2009) and Akgul, Shah and Papageorgiou (2012) by multiplying
Euclidean distances between regions with a tortuosity factor (Zamboni, Shah and
Bezzo, 2009) that accounts for the irregularities of the road network (Zamboni,
Shah and Bezzo, 2009).

4.2. Feedstock

We assume that up to 50 percent of the total agricultural land area in Sweden
currently used for ley, and land classified as fallow or other unused land, can
be used for the purpose of feedstock (reed canary grass) production. Of this,
we assume half can be classified as cost category 1 and half as cost category 2.
Moreover, we assume that up to 10 per cent of arable land used for crop produc-
tion can be used for the same purpose and can be classified into cost category
3. The yield of reed canary grass is assumed to be 5.85 tons dry weight per
hectare in Umea municipality in the northeast of Sweden and differentiated across
Sweden in proportion to ley yields, thereby reflecting spatial variations in soil
quality and climate. This gives maximum regional supply quantities X, with a
total potential production of reed canary grass of 5.8 million tons per year in
Sweden. The density of the potential feedstock area in relation to the total land
area (also including non-agricultural land) is illustrated in panel A of Figure 2.
The conversion rate of biomass to ethanol is set to 0.3 m3 of ethanol per ton of
feedstock, which is the same as used by Lin ez al. (2013) for another type of bioen-
ergy grass, Miscanthus, for production facilities for ethanol from lignocellulosic
material.

4.3. Biofuel demand

Currently, blending of ethanol into gasoline, or E85, is done at fuel distribution ter-
minals, which are spread out at harbours in Sweden, in particular in the southwest.
It is also possible to blend in the ethanol in the pump at the retail station. In our
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Fig. 2. Panel A: Density of feedstock, ton per hectare total land area. Panel B: feedstock costs, EUR
per ton dry weight for cost category 1.

baseline scenario, we assume that the produced biofuel is both mixed with gaso-
line and used as bioethanol for ethanol vehicles, with blending at retail stations.
The upper limit 3, is assumed to be 38 per cent of current gasoline consumption
per region, in ethanol equivalents, and, when also considering ethanol as fuel, cor-
responds well to a proposed blending target for 2030 (Swedish Energy Agency) of
about 28 per cent. For a scenario where all biofuel is used for shipping the spatial
distribution of demand is calculated based on passenger and freight traffic at the
largest harbours. In a third scenario, it is assumed that all biofuel is used for avia-
tion and biofuel consumption distributed in proportion to the number of passengers
per airport. The lower bound on demand is zero. Figure A2.a in Appendix A2
shows the density of fuel use for each end use.

4.4. Costs

All costs are given in EUR 2019. Investment and production costs for biofuels
depend on the scale of the production facility, and the amount of biofuel produced.
We use cost estimates from Lin e al. (2013), who model production of ethanol
from Miscanthus grass in the USA. For our high- and low-capacity spans we
use their two low and medium capacity segments (15,000-180,000 and 180,000—
360,000 m? ethanol*), with variable and fixed investment costs p, and &, listed in
Table A2.a in Appendix A2.

The current scale of production of reed canary grass is small in Sweden, and
production-cost data are not available. Therefore, the production cost ¥; , for reed
canary grass for cost category 1 is calculated as the opportunity cost for silage
production. This is motivated because both crops are cultivated on similar types of

4 We can note that, thereby, the maximum capacity of the larger facilities exceeds the capacity of
the single existing Swedish ethanol production facility, which has a capacity of about 230,000
m?3 of ethanol per year (Agroetanol, 2020).
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land, using similar production processes. The costs for the second and third cost
categories are calculated using the price elasticities for forage products in Sweden
for the eight NUTS2 regions. This approach implies that the cost estimates take
into account adjustments in other parts of the agricultural sector. The resulting
feedstock opportunity costs for cost category 1 are shown in panel B of Figure 2.

Transport costs c/® and PR for feedstock and biofuel, respectively, are based
on the amount transported as well as the distance covered. These costs are based on
transport costs for wood chips and ethanol in Sweden from de Jong et al. (2017)
and are given in Table A1l.b.

4.5. Production target levels

We base the levels of ethanol in the hypothetical production targets in our scenar-
ios on the available feedstock. With a total of about 5.8 million tons of available
feedstock, which could produce 1.7 million m3 ethanol in Sweden, the highest tar-
get Y* is set a little lower, to 1.5 million m? ethanol. This gives about 5.8 TWh,
corresponding to 21 per cent of gasoline use in Sweden in the year 2018. This is in
the same range as was found by Prade et al. (2017) to be a sufficient contribution
of the agricultural sector to Sweden’s emission targets for the transport sector.

5. Results

The results obtained from the model consist of locations for production facili-
ties; production capacity levels of these facilities; flows of feedstock supply from
regions to facilities and the distribution of biofuel to end users. Further, associated
costs and transport distances can be studied. We analyse the effects of increased
biofuel production in different scenarios, which are detailed in the next section,
and describe the results of these in the subsequent sections and in the policy
implications section. Thereafter we perform a sensitivity analysis. The results are
calculated using a Mixed Integer Linear Programming model, programmed in the
GAMS software (see Appendix A3).

5.1. Scenarios

We examine three sets of scenarios: Target levels, Sequential and Demand
distribution.

The first set of scenarios (Target levels) are used to investigate how the location
and production of production facilities and the total costs change with the strin-
gency of the production target Y*. The target levels in the scenarios range from
10 to 100 per cent of the maximum target of 1.5 million m3 ethanol. For these sce-
narios, the regional biofuel demand is allowed to be within a span, as outlined
above.

For the remaining two sets of scenarios (Sequential and Demand distribution),
the Target level 70 per cent (1.05 million m3 ethanol) is used as a main reference
scenario to compare with. This level equals 60 per cent of potentially available
feedstock.

In the three Sequential scenarios, we investigate the effects of a sequen-
tial increase in the production target Y* They demonstrate a policy that is
gradually introduced, for example, because there is uncertainty about the scale
of final biofuel production that would be cost-efficient, given the overall tar-
get for renewables, or because the policy maker is budget constrained. Such
a sequential implementation could potentially lead to a suboptimal distribution
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Fig. 3. Panel A: Production of ethanol at each facility for Target-level scenarios. Blocks representing
low- and high-capacity facilities respectively, with production at each site shown by the size of the
block. Panel B: Marginal costs in EUR per m? for different production targets, divided into cost
categories.

of production facilities. In Sequential A, we use the result from Target level
30percent as the first step in the sequential policy. Holding facility capaci-
ties from Target level 30percent fixed, the 70 percent target is subsequently
optimised. For Sequential B, there is an additional step in the optimisation:
First the 50 percent target is optimised holding facility capacities from Target
level 30 per cent fixed, and then the 70 per cent target is optimised holding facil-
ity capacities from the previous step fixed. For Sequential C, we take the capacity
of the single existing facility in Sweden (with a capacity of 230,000 m? ethanol,
located in Norrkoping in the southeast) as the first (fixed) step in the policy,
subsequently optimising the system to achieve the 70 per cent target.

In the third set of scenarios (Demand distribution), we compare the role of the
geographical distribution of different types of end use of biofuel. There are two
scenarios: in Aviation demand, demand is distributed as airport fuel demand, and
in Shipping demand, demand is distributed as fuel demand per harbour.

5.2. Stringency of target levels

We illustrate the results for the Target-level scenarios in two figures. Figure 3 sum-
marises biofuel production and costs for the whole range of target levels (Panel A)
and shows the associated marginal costs (Panel B). Figure 4 shows the geograph-
ical location of facilities and feedstock supply. The blocks in Figure 3, panel A,
show the number of facilities of low and high capacity, respectively, as well as
the produced quantities at each of these facilities. At the lowest target level, there
is one low-capacity facility, while at the highest target levels there are four high-
capacity facilities and one of low capacity. The capacity for each facility generally
increases with target levels until one additional facility is needed for a higher pro-
duction level, only then with an increasing number of facilities as a result (see e.g.
between 70 and 80 per cent). There are more high- than low-capacity facilities,
illustrating the importance of the lower investment cost per unit at these facilities.
Thus, investment costs are more important than transport costs. Many low-capacity
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[Use of feedstock |
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= Low capacity
4 High capacity

Fig. 4. Location of production facilities. Triangles symbolise facilities of high capacity and squares
low capacity. Shaded areas surrounded by borders denote areas with supply to a facility. Darker areas
indicate larger uptake of feedstock.

facilities would instead have been optimal if the transport distances to the facilities
were most important.

Panel B shows the marginal cost at different production target levels, in EUR
per m3 ethanol, decomposed into cost items (see Section A2.4.1 in Appendix A2
for the calculations). Marginal costs are increasing, which is mainly due to high
and increasing feedstock costs, while there is a tendency towards a decreasing
share of transport costs of the total marginal costs when the number of facilities is
high. Due to the presence of investment costs, marginal costs are at some instances
decreasing locally when production increases.

The maps in Figure 4 show the results for the selected target levels 30, 40, 70
and 80 per cent, with the locations of high- and low-capacity facilities (blue trian-
gles and squares), their respective feedstock catchments areas (black lines) and the
highest cost category for feedstock supplied from aregion (light to dark green, with
a darker shade indicating a higher-cost category). At lower target levels, the facil-
ities are located in the south using feedstock of cost category 1 in the surrounding
area. With increasing target levels, the feedstock catchment area increases. Feed-
stock of cost category 1 is almost solely used across the whole country before using
some feedstock in higher-cost categories. This pattern of feedstock use shows that
the feedstock costs are of great importance for the location and more important
than transport costs. A consequence of the spread of the feedstock catchment area
is that transport distances initially increase but then decrease when feedstock of a
higher-cost category begin to be used.

The location differs between target levels, but persistently the low-capacity
facilities are located in the north and the high-capacity facilities in the south. Some
locations are quite stable, such as one high-capacity facility in the southwest and
one high-capacity in the east. The southwest region is a suitable location as it is
characterised by a relatively low feedstock price and high density of land available
for feedstock production (see Figure 2), which decreases the cost of transported
feedstock. Low-capacity facilities play a minor role in overall production, but they
make up the least-cost method of utilising the more spread out, but relatively cheap,
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feedstock in the northern part of the country. These differences affect the unit
cost structure for the different facilities, as shown in the 70 per cent scenario in
Figure A4.a in Appendix A4.

5.3. Sequential scenarios

In the Sequential scenarios, the facilities from a previous target (Target 30 per cent)
remain fixed. These are one low-capacity facility in the south and one high-
capacity facility in the southwest (see Figure 4). Figure A4.b in Appendix A4
shows the production for the different scenarios. An increase to 70 per cent
(Sequential A) results in a situation with more and smaller facilities than in the
direct optimisation at this level (Target 70 per cent). For Sequential B, there are
even more and smaller facilities. Consequently, the average distances from supply
regions to facilities are lower. In addition, a larger share of the total production
is in low-capacity facilities. The new locations are in both cases quite close to
those in Target 70 per cent but shift in Sequential A and Sequential B to use the
feedstock in the north rather than the south. For Sequential C, the initial facil-
ity is one high-capacity facility at a site close to one in Target 70 per cent, and
thus the difference between the scenarios is not that large. The total costs are
higher in all the sequential scenarios than in the Target 70 per cent scenario, but
the difference is less than 1 percent. One explanation for the small difference
is that the important feedstock costs are hardly affected by fixed locations and
capacities.

5.4. Spatial distribution of demand

In the Demand distribution scenarios, demand is concentrated to a few geograph-
ical points (see Figure A2.a in Appendix A2). However, the results show that the
location of facilities is very similar to the main scenario (Target 70 per cent), as
transport costs for ethanol are lower than those for feedstock. Nevertheless, the
capacity level at each facility is different; in Aviation demand, the facilities close
to the large airports, Arlanda in the east and Landvetter in the southwest, are at
the highest allowed capacity, and in Shipping demand, the capacities are high-
est to the south and east where there are a lot of passenger ferries. This shows
that the transport of fuel has some impact on the facilities. The less spread-out
demand in these scenarios increases the costs relative to the main scenario: for Avi-
ation demand, it is 1.3 per cent higher, while for Shipping demand it is 0.5 per cent
higher.

5.5. Sensitivity analyses

Finally, we carry out sensitivity analyses with respect to key parameters. All the
sensitivity analyses use the scenario Target 70 per cent and biofuel demand based
on current fuel consumption as a base. There are four sets of scenarios: first, vari-
able transport costs change by =20 per cent; second, feedstock prices change by
420 per cent; third, fixed investment costs change by +10 percent’ and fourth,

5 To change the investment costs, the fixed cost component of each of the two capacity levels
is changed so that the total investment cost at the intersection of the low- and high-capacity
increases (decreases) 10 percent, while variable costs are left unchanged. Thus, the relative
change in fixed investment cost actually differs for high and low capacities; the resulting change
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available feedstock changes by +20 percent, by changing feedstock of all cost
categories.

A reduction in the fixed investment cost has a large effect as it implies more low-
capacity facilities—three large and three small, which can be seen in Figure A4.c
in Appendix A4. Also, with higher transport costs or a higher feedstock price, there
are two rather than one small facility, meaning that these costs are quite important
when it comes to localising facilities in areas with lower feedstock availability. For
the other sensitivity analysis scenarios, the production per facility and locations are
quite stable and similar to the main scenario. However, with decreased transport
costs, the facilities are somewhat more spread out. At lower feedstock prices, the
catchment area is more to the south, requiring lower transport costs. The total
cost difference relative to the main scenario is largest for feedstock cost change as
this cost constitutes the largest share of total costs (12 per cent cost increase and
decrease, respectively).

6. Policy implications

As investments in biofuel production facilities can receive governmental support
(such as is the case for biogas facilities in Sweden (Government Offices of Sweden,
2020)), their capacity and localisation is of relevance for such policy schemes. In
addition to this, the results are relevant for the agricultural sector and for the devel-
opment of policies for more renewables in the transport sector and for mitigation of
greenhouse gases. These policy implications are further discussed in the following.

6.1. Animal fodder availability

The land assumed to be available for biofuel feedstock is currently mostly used
for ley production. Therefore, fodder production would be affected by increased
biofuel production. To measure the impact, we compare hectares of ley per graz-
ing animals (cattle, sheep and goat) measured in livestock units (LSUs), with and
without biofuel production The largest relative and absolute change in hectares per
LSU occurs in east Sweden with more than 30 per cent decrease in area per LSU
(see Figure A4.d in Appendix A4). In the north, the change is smaller in relative
terms but larger in absolute terms due to high initial levels. The decrease in the
south is smaller in absolute terms, but the effect is large in relative terms.

6.2. Policies for renewables

A first question is how the modelled biofuel production could contribute to exist-
ing targets for renewables. Our maximum target corresponds to 6 per cent of total
current (2018) liquid fuel and 21 per cent of gasoline use, which together with the
present use of renewables from other sources would be sufficient to comply with
the EU target for 2030, that requires 14 per cent renewable fuel for both total liquid
fuels and gasoline.

A second question is whether domestic production of biofuels or imports is a
cheaper way to meet blending targets. Our results show that the marginal cost of
domestic production ranges between 1030 and 1420 EUR per m3, see Figure 2.
This can be compared to the projected world ethanol prices of 290 EUR per m3

is greater for low-capacity facilities. The 10 percent level is chosen as we would otherwise get
negative investment costs for the very small facilities.
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in 2019 by OECD/FAO (2020) to increase to 360 EUR per m? in 2029.° This
suggests that domestic production is not competitive. However, the policy-driven
global demand for biofuels could increase beyond the OECD/FAO projections, for
example, if further policies put restrictions on the use of first-generation ethanol.
Moreover, technology development could lead to decreases in production and
investment costs by more than 50 per cent (Brown ef al., 2020).

6.3. Climate emissions and policy

The reductions in GHG emissions for reaching the 30 per cent and 70 per cent and
production targets in the Target levels scenarios are 0.5 and 1.1 Mt CO, eq, respec-
tively. These levels can be put in relation to the Swedish national target to decrease
GHG emissions from the transport sector by 70 per cent until 2030, corresponding
to a reduction by 11.2 Mt CO; eq. At the 30 and 70 per cent production targets in
our analysis, the marginal cost per kg CO, reduction are EUR 0.23 and EUR 0.26,
respectively (see Table A4.a in Appendix A4). This takes into account emissions
from the ethanol production process, feedstock production, transports and nega-
tive emissions from the replacement of gasoline. Thus, the abatement cost is higher
than the Swedish tax on GHG emissions for energy and transport, EUR 0.12 per
kg CO; in 2021 (Government Offices of Sweden, 2021). However, Sweden also
implements several abatement policies for which the marginal costs are higher. For
example, the Swedish government applies a combined subsidy-tax scheme for new
cars, which is judged to be highly cost inefficient (Brannlund, 2018; NAO (The
National Audit Office), 2020). The marginal cost is for a similar subsidy scheme
for electric cars in Norway is estimated to EUR 11.5 per kg of reduced CO, emis-
sions (Holtsmark and Skonhoft, 2014), where the Norwegian scheme is slightly
more ambitious. Moreover, NIER (2017) finds that current Swedish policies for
transport fuel substitution imply a cost of EUR 0.5-0.8 per kg CO, avoided. See
Appendix A2.5.2 for the calculations of the marginal abatement costs.

7. Discussion

This study provides insights regarding the optimal localisation of both facilities
and feedstock for biofuel production on agricultural land. We developed a cost-
effectiveness model for biofuel production, applied to Swedish data, with which
we computed feedstock use, facility location, end use, costs, and greenhouse gas
emissions. This enabled us to analyse trade-offs between scale benefits and trans-
port costs, taking into account regional supply and demand differences and derive
a national supply curve for biofuel production.

We found that the spatially differentiated opportunity costs of feedstock are
the most important for the choice of location. High-capacity production facilities
are located in areas combining relatively low feedstock cost and high feedstock
density. In Sweden, this was found in the southwest, where most of the facili-
ties would optimally be located. We saw that the significance of feedstock costs
made it important to also utilise the cheaper feedstock in the north despite the
higher transport costs when higher production targets need to be fulfilled. In that
case, some low-capacity facilities were located there. To some degree contrasting
with our results, Wetterlund ez al. (2013) found that transportation costs can be
of great importance for forest feedstock, especially when biomass availability is

6 World ethanol production is to the largest part first-generation ethanol.
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restricted, implying high transport distances. In our case, feedstock availability
played a smaller role, whereas transportation costs played a larger role at medium
production target levels and a smaller role at higher production targets, which
might be explained by a higher importance of increasing feedstock costs. Simi-
lar to Natarajan er al. (2014), who focus on the forest sector, we found that the
heterogeneous spatial distribution of feedstock played a large role in facility dis-
tribution; but contrary to that study, we found that the demand distribution was
of little importance. De Jong ef al. (2017), also focusing on the forestry sector in
Sweden, found that higher production implies a need for feedstock from further
afield, which is more costly; this was also true of our results, up to the point when
feedstock that was geographically closer but of a higher-cost category was cho-
sen. The producers, as modelled by De Jong et al. (2017), would take all available
feedstock from a region at once, as their marginal feedstock costs are constant.
This shows the importance of considering regionally increasing costs of feedstock
at high production targets, which arise due to competition over land. De Jong ef al.
(2017) found, similarly to us, that with larger-scale production the facilities were
more decentralised. Some general conclusions we draw are that feedstock cost will
be of largest importance, and that for high production targets the facilities would be
spread out geographically, to compete over land at a low level everywhere rather
than be clustered in some regions.

Our study has implications for policies for renewables and climate policies, how
to organise production and the impact on agricultural production. The marginal
costs we found were not competitive with current gasoline or ethanol prices but
provide an indication of the future potential in Sweden. Further, the technology is
developing and thus production costs could decrease. The marginal costs for GHG
removal is higher than the Swedish CO, tax but lower than some other for other
policies included in Swedish climate policy.

Energy policies are often developed in several steps. Production targets could,
for example, be implemented via stepwise decisions, with targets increasing over
time, rather than setting a high target all at once. This could risk incurring addi-
tional costs if the outcome deviates substantially from the optimal. We find that
such a development would indeed result in suboptimal locations but that the addi-
tional cost is small. The presence of policy uncertainty could also imply higher
feedstock costs if farmers require a risk premium, and the sensitivity analysis
shows that this leads to a higher portion of production in small facilities and a
substantial increase in costs.

Our model has limitations related to the scope and the availability of data. The
trade-off between detail and a technically well-working model is important, and
we use a static model to permit more detail and a clear interpretation of the results.
More technologies and feedstock choices could be modelled than in our analysis,
such as, e.g. gasification of energy forest into biodiesel or biogas production from
agricultural crops and food waste (Borjesson et al., 2016), where biogas would be
the most qualitatively different. The use of another technology could imply lower
investment costs, and our sensitivity analysis shows that this would in turn result
in more and smaller facilities. The use of a single technology and feedstock type
allows us to focus on the spatial distribution in the whole country and the effects
of different forces on this distribution. Moreover, the yield of reed canary grass
that can be obtained under commercial large-scale production, and thus feedstock
availability, is uncertain. The sensitivity analysis shows that a lower availabil-
ity of feedstock implies increased total costs but a similar number of facilities.
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Our focus is on the least-cost solution and the calculations assume a competi-
tive market, hence disregarding potential market failures associated with market
power, which could be an issue when there are few large production facilities (Bai,
Ouyang and Pang, 2012). However, market power can have a significant impact on
feedstock prices, and our results showed that feedstock costs are important, sug-
gesting that further analysis of market power, applied to the studied sector, could
be relevant. In addition, we abstract from the possibility of policy failure, which
could, for example, occur if governments are unable to implement cost-efficient
policy instruments.

The trade-off with food production is a potentially serious concern regarding
biofuel production. For example, Searchinger e al. (2008) find that large-scale
bioenergy production could have a significant negative effect on food production,
while on the other hand, Lotze-Campen et al. (2014) do not find any significant
effects on food prices. In our scenarios, food production is not directly affected,
as land for crop production is almost not used at all. However, we find that the
impact of increased biofuel production on animal production can be large, due to
a loss of forage area. In addition, ley production could increase on land for crop
production, an effect not accounted for in the above analysis.

Potential extensions of the model could be to improve the assessment of the sus-
tainability impact of biofuel production on, e.g. biodiversity, GHG emissions from
land use changes and nutrient leakage and comparisons of the cost-effectiveness
of agricultural biofuel production with other measures relevant for meeting targets
for renewables and climate. Moreover, feedstock and biofuel can be traded across
borders, and an extension of the spatial coverage of the model could aid under-
standing of how increased feedstock use on an international scale might affect the
location of production and biofuel prices.
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Appendix A2: Detailed data
A2.1. Spatial structure

To calculate the transport distances dg,; and dj,; between municipalities, we first measure
the Euclidean distances between regions. We identify the centre points of all municipali-
ties and then measure the distance in kilometres between these centre points. The distance
within a region is assumed to be zero. Geospatial data on the geographical extent of
each municipality are taken from Esri’s processing of data from Statistics Sweden (Esri,
2012). We construct tortuosity factors at the county level. For this, we use Google Maps
(www.google.se/maps) to pick two arbitrary points in opposing ends of each county and
then measure both the shortest route via the road network and the Euclidean straight dis-
tance and divide the former by the latter. To reduce the risk of possible measurement errors,
the average between the county’s calculated tortuosity factor and the average in Sweden,
1.3, is used as tortuosity factor for each county. The result is tortuosity factors in a range
between 1.3 and 1.5, with higher levels more common in the north. The average is similar
to that for road transport, 1.4, used by Leduc (2009) and Akgul, Shah and Papageorgiou
(2012).

A2.2. Feedstock

The available land for feedstock is based on statistics on agricultural land in different
municipalities, obtained from the Swedish Board of Agriculture (2020a). We assume that
up to 50 percent of the total land area currently used for ley, and land classified as fal-
low or other unused land, can be used for the purpose of reed canary grass production.
Moreover, we assume that in addition up to 10 per cent of the arable land used for crop
production can be used. The land areas in question are calculated as the average area over
the years 2015-2019, which yields a total of about 750,000 hectares available for canary
grass production. The yield of reed canary grass is assumed to be 5.85 tons dry weight
per hectare in Umea municipality in the north east of Sweden. This equals current yield as
observed in field trials plus an expected future yield increase of 30 per cent as suggested
by Borjesson (2007). The yield is assumed to be differentiated across Sweden proportion-
ally to standard yield levels for ley in the corresponding agricultural production areas over
the years 2014-2018 (Statistics Sweden, 2020b). This gives the maximum regional supply
quantities Xr,, and a total potential production of reed canary grass of 5.8 million tons per
year.

A2.3. Biofuel demand

For our baseline scenario, it is assumed that the produced biofuel is both mixed with gaso-
line and used as bioethanol for ethanol vehicles. Currently most blending is done at fuel
distribution terminals. We assume blending is done in pumps at retail stations due to the
assumed increase in biofuel use. The upper limit 3, is assumed to be 38 per cent of cur-
rent gasoline consumption per region, in ethanol equivalents. This is 10 per cent above the
maximum assumed supply target in the model, to make sure that there is enough demand.
Further it corresponds well to a proposed blending target for 2030 of 28 per cent (Swedish
Energy Agency). We assume the lower limit is zero in each region. To determine fuel
use in different municipalities, we calculate the average energy equivalents of liquid fuel
used for transport for the years 2014-2018 and multiply it with the average national share
of gasoline to calculate gasoline use in each region. These data were obtained from the
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Figure A2.a. Spatial demand distribution. From left: fuel, aviation and shipping. Density fuel use per
1000 km?2.

Swedish Energy Agency (2020). The gasoline use was converted into the equivalent
volume of ethanol. For the aviation scenario, the same approach was used, but bio-
fuel consumption is distributed in proportion to the number of passengers per airport,
using the average of 2018 and 2019 from the Swedish Transport Agency (2020). For
the scenario where all biofuels are used for shipping, the spatial distribution of demand
is calculated based on passenger and freight traffic at the largest harbours. The amount
of fuel to passenger shipping and freight, respectively, is given by the average of fuel
use for these purposes for domestic and international shipping from Sweden from 2003
to 2011 (Swedish Energy Agency, 2013). Of this fuel, the share to each harbour from
passenger traffic is calculated based on the average number of passengers per year for
the 10 largest harbours. For fuel for freight, consumption is calculated based on tons of
goods per year per regional division, with the regional divisions allocated to municipal-
ities with harbours (Transport Analysis, 2019). Together, this gives us an approximation
of fuel per municipality with a harbour, from which the shares of total demand can be
derived. Figure A2.a shows the density in demand for each end-use type, in total use’ per
1000 km2.

A2.4. Costs

All costs are given in EUR 2019. For the conversion of currencies, we use exchange rates
from The Swedish Riksbank (2021) and the consumer price index from Statistics Sweden
(2021). We use cost estimates from Lin ez al. (2013), who model the production of ethanol
from Miscanthus grass in the USA. They base investment cost on observed costs at a single
facility and scale these costs to different capacity levels, assuming decreasing marginal
costs. They then perform a linear approximation of the costs, in three segments of capacity

7 Of the biofuel produced in this scenario.
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Table A2.a. Investment and operational costs, technology specification, per year

High capacity Low capacity

Capacity, Y, =V 1000 m?3 ethanol 180-360 15-180
Operational cost, & EUR/m?3 ethanol 145 145
Variable investment cost, p, EUR/m?3 ethanol 129.7 185.7
Fixed investment cost, &, Million EUR 154 6.0
Conversion, « m?3 ethanol/ton feedstock 0.3 0.3

Source: Lin et al. (2013).

Table A2.b. Transportation costs

Distance-based EUR per km Loading and unloading EUR
Feedstock 0.153 per ton 4.81 per ton
Biofuel 0.120 per m3 9.71 per m3

levels. The investment costs are annualised assuming a 15-year lifespan. We sum up the
costs for pre-processing plants and biofuel production facilities, assuming that the both
activities take place in a single type of facility. For our high- and low-capacity spans, we
use their two lower-capacity segments, with costs listed in Table A2.a. These approximately
give an equal cost at the break between high and low facility. The variable operations costs
o are assumed to be equal for all facilities.

The production of reed canary grass is low in Sweden, and production-cost data are not
available. Therefore, the production cost py,, for reed canary grass is assumed to equal the
opportunity cost for silage production, on the agricultural production region level, from the
Agriwise business-calculation database (Agriwise, 2019). This is motivated by the fact of
the two crops being cultivated on similar types of lands, using similar production processes.
The opportunity cost is based on the costs for silage production and foregone profits for
spring barley, when the land is used for biofuel feedstock. Moreover, we assume three
cost categories f in the stepwise linear supply function. For the land currently used for
ley production or not being used, which we assume is available for feedstock production,
we assume that half can be used to produce feedstock of cost category 1 and half for cost
category 2. When land currently used for crop production is used for feedstock production,
we assume this is associated with cost category 3. The resulting feedstock opportunity costs
are shown in Figure 4. The cost for the second cost category is calculated using the price
elasticities for forage products in Sweden at the NUTS2 level from the CAPRI database
(CAPRI Modelling System, 2020) (see table PELAGRP), ranging from 0.08 to 1.5. Thus,
a 25 per cent reduction in the area of land for forage production would increase feedstock
production costs differently for each NUTS2 region. For the third cost category, we use the
same price elasticity, calculating the effect of a 50 per cent reduction in the area of forage
crops (corresponding to a situation where more than 50 per cent of the area ley and fallow
land is used for feedstock production).

For each unit transported, there is both a fixed cost for loading and unloading and a
distance-based cost for transportation. These costs are based on transport costs for wood
chips and ethanol in Sweden from de Jong et al. (2017) and given in Table A2.b.
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A2.4.1. Marginal cost

To approximate marginal cost we take the average total cost increase per extra unit of biofuel
between the applied production level and the closest lower production level. The total cost
cy()T for a production level y for a specific scenario in the country is given by

TOT |:ZZ (CIII\CV + CfEED ) +ZC;IR +ch()lsrk ) (A2.1)
i i ¥

The marginal cost, MCyTOT, is given by
TOT _ TOT
Cy —Cy A
McroT =2 Ay A2.2
Y Ay ( )

where Ay is the difference in biofuel production between two production targets in the
scenarios, i.e. 150,000 m3 ethanol.

A2.5. Emissions

A2.5.1. Emission calculation
Emissions from biofuel production are assumed to be linearly related to the different steps
in the production process. We assume emissions from feedstock, eF EED o be differing
regionally based on geographic characteristics with emission intensity eF EED for each unit
of feedstock, while other emissions are equal across the country: 97, for production, e/®

i,g°
DISTR

for transport of feedstock ¢;7,”"", and for transport of biofuel with emission intensities, g%,

e™® and e”™R The emission from transport depends linearly on distances in addition to

volume.

7" =%y, (A2.3)

e EED _ D, (A2.4)

el = di o™ xi (A2.5)

ef?éSTR = "SR 4 yin (A2.6)

The total reduction r in emissions is calculated based on the volume of gasoline that the

ethanol, yf,fSTR , could substitute, and the gasoline emission factor %45, less the emission of

ethanol:
DISTR _GAS OP FEED TR DISTR
=3 < VDISTRSGAS _ (0P (ei,g +ei,g) ANt ) (A2.7)
i h g h

A2.5.2. Marginal abatement cost
Marginal abatement cost is given by the marginal cost per marginal abatement at a
production level y (ry). First, marginal abatement is given by

MATOT = Doy A28
Y Ay ( )
Marginal abatement cost MACTOT also deducts the forgone marginal costs for gasoline

GASOLINE

per m? biofuel, p§ASOLNE The forgone marginal costs for gasoline, p, , is based on
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the Swedish gasoline price, EUR 1500 per m? (Swedish Energy Agency, 2021), less the
carbon tax, EUR 120 per ton CO»:

ACTOT _ MC€0T GASOLINE A2.9
M y - MA;‘OT —Po . ( . )

A2.5.3. Emission data

Data on emissions from feedstock production, e/ZEP| was taken from Ahlgren ez al. (2011)
who give emission intensities in g CO, eq/kg dry matter crop, for reed canary grass at the
county level in Sweden. Data on emission from the biofuel production, %7, were taken
from Bonomi et al. (2019), reporting numbers from the New EC Bioenergy model, with
the case of ethanol made from wheat straw in Europe. Emissions for transport of feedstock
was taken from Leduc (2009), and e’% =48 g CO,/km/ton. For similarity with €’%, emis-
sions for transport of biofuel ePISTR — ETR% CO; km/m3. Data on the emissions from
the combustion of gasoline and diesel were taken from Swedish Environmental Protection
Agency (2019), given in kg CO»/1 ethanol with U4S=135.

A2.6. Impact on animal production

Data on ley production and the number of LSUs for grazing animals are used to calculate the
potential impact on animal production. To calculate the change in land for ley production,
we take the amount of land used for biofuel feedstock production in a region and subtract
the initial level of fallow land and land of unknown use, as these are assumed to be used
first, and not counted as used for ley production. The number of grazing animals (cattle
and sheep) per county were obtained from the Swedish Board of Agriculture (2020b) and
transformed into LSUs (Eurostat, 2020b). Dividing change in hectares by the LSU numbers
we get the direct change in LSU per hectare.

Appendix A3: Software

Results are calculated using the GAMS software, using version 30.3 for calculating starting
values in first simulation that optimises the model without considering demand distribution
(GAMS Development Corporation, 2020) and 24.7 when running the full model using the
starting values (GAMS Development Corporation, 2016). The optimisation is solved with
the OSICPLEX solver. The solutions are calculated with a minimum gap tolerance from
optimality equal to 1 per cent for starting values and 2.5 per cent for the full model.

Appendix A4: Results
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Table A4.a. Marginal abatement costs for different Target-level scenarios. EUR per kg
CO,

Scenario EUR per kg CO»
10% 0.17
20% 0.22
30% 0.23
40% 0.21
50% 0.30
60% 0.29
70% 0.26
80% 0.35
90% 0.42

100% 0.53
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Abstract Subsidizing polluting industries generally leads to increased pollution
locally. However, given the diversity of production technologies across countries
and international trade, the global impact of unilateral policies is not a priori clear.
We use the agricultural sector model CAPRI to simulate the impact of removing
the voluntary coupled support for ruminants, presently permitted under the EU
Common Agricultural Policy. We find that this reduces greenhouse gas emissions
in the EU. However, emissions leakage significantly diminishes the global mitigation
effect since about 3/4 of the reduction in the EU is offset by increased emissions in the
rest of the world.

Key words: Agricultural Policy, Climate Change, Coupled Support,
Emissions Leakage, EU.
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Introduction

A significant proportion of all greenhouse gas (GHG) emissions in the EU
come from the agricultural sector," which has a largely untapped potential
to reduce these emissions (Allen and Maréchal 2017; Grosjean et al. 2016).

"About11% of net GHG emissions in the EU in 2017 according to the EEA. That number excludes land use
and land use change and energy use in agriculture.
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on behalf of Agricultural & Applied Economics Association.
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Therefore, emission reductions in agriculture can be vital in helping the EU
achieve its 40% target for reduction in domestic GHG emissions by 2030
(European Environment Agency 2015). Indeed, the European Commission
emphasizes the need for the future Common Agricultural Policy (CAP) sup-
port to farmers to be conditioned on adoption of climate-friendly practices
(European Commission 2017a).

Despite the potential to reduce emissions, the agricultural sector is exempt
from the EU emissions trading system (EU-ETS)—the cornerstone of EU
efforts to limit global warming. The sector is exempt from the EU-ETS due
to concerns about emissions leakage, i.e., reallocation of production to other
countries, and due to difficulties monitoring emissions in the sector
(European Commission 2016). Even though the livestock sector (ruminants
in particular) has the highest GHG emission intensity and highest total emis-
sions within agriculture (e.g. Lesschen et al. 2011; Golub et al. 2013), the cur-
rent CAP allows countries to subsidize ruminant production using
Voluntary Coupled Support (VCS, described below in more detail).

Removing production subsidies for polluting production, such as VCS to
ruminants, is a potentially cost-effective climate policy. Removing VCS
would mean fewer ruminants in the EU and consequently less GHG emis-
sions there. However, it may result in increased production and thus higher
emissions in other countries, both within and outside the EU, particularly if
the emissions per unit of product (emission intensities) are relatively higher
in these countries. This emissions leakage (Markusen 1975; Zhang 2012) could
limit or even reverse the positive impact on global warming that could come
from removing VCS in the EU. Does the risk of emissions leakage justify the
existence of VCS if GHG emission intensities are lower in the EU than in other
countries? In other words, does more agricultural production in the EU
reduce production abroad and thereby reduce the global emissions of GHG?

We analyze the likely impact on global GHG emissions resulting from
removal of the current VCS in the EU. Our analysis is carried out with the
CAPRI model (Britz and Witzke 2014), which is an agricultural sectoral sim-
ulation model. The model is extended with the inclusion of VCS for each of
the EU member states (MS) to facilitate the analysis. The overall emission
change is decomposed into production-level effects and reallocation effects
in order to identify the causes and size of emissions leakage. An extensive
and systematic sensitivity analysis with respect to key model parameters con-
firms the robustness of the main results.

A deeper understanding of the global effect on emissions and emissions
leakage of unilateral removal of production subsidies harmful to the environ-
ment can facilitate better-designed agricultural policies. That is, policies that
align with the climate policy objectives and effectively reduce global GHG
emissions, not just domestic emissions. Thus, this article contributes by:
(i) quantifying and assessing the climate impact of production subsidies for
ruminants in EU MS and the emission leakage resulting from removing
VCS; (ii) extending the CAPRI model with the inclusion of all VCS for all
EU MS, which will enable further analysis of the increased use of coupled
support and de facto nationalization of the agricultural policies; and
(iii) developing a systematic sensitivity analysis for model parameters in the
CAPRI model so that the robustness of the results and importance of key
model parameters can be assessed in simulations with the model.

The remaining part of the paper is structured as follows. The next
section reviews other studies of emissions leakage in agriculture. Then, there
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is a section on data and methods where we describe relevant parts of the
CAPRI model, the estimation of GHG emissions, the European agricultural
policy context and the scenarios applied. The results are presented in the
fourth section and discussed in the fifth.

Previous Simulations of Climate Policy and Emissions
Leakage in Agriculture

A few previous studies have considered emissions leakage within the agri-
cultural sector, but to the best of our knowledge, the impact on global GHG
emissions of EU production subsidies within the CAP has not previously been
analyzed. Fellmann et al. (2012) and Fellmann et al. (2018) used CAPRI to sim-
ulate EU-wide reductions in GHG emissions of 20% and 28% by 2020 and
2030, respectively, relative to 2005, in response to global climate agreements.
Specific policy changes were not investigated, however. One of the findings in
these studies was that the reductions in GHG emissions in the EU were
accompanied by significant emission leakage. Lee et al. (2007) used the
GHG version of the US Agricultural Sector Model (ASMGHG) to simulate
the welfare impact and emission leakage from unilateral, partial global, and
full global implementation of mitigation policies related to emissions reduc-
tion actions on agricultural production and international trade. They found
that under a unilateral policy, total GHG emissions decline, but substantial
emission leakage occurs. Van Doorslaer et al. (2015) found that emission leak-
age can significantly reduce the benefits of emission reductions in the EU,
depending on how climate policies are implemented in the EU. This implies
that a policy effective at reaching regional climate objectives (e.g., reducing
GHG in the EU) may not be the best way to reduce global emissions. Review-
ing the literature on carbon leakage, Zhang (2012) found that most models
predict significant leakage effects, though mostly well short of 100%. When
comparing ex-ante to ex-post results, they found that the predicted leakage
was difficult to verify empirically, suggesting that models tend to overesti-
mate leakage. However, none of the studies surveyed looked specifically at
agricultural markets, and the models used were mostly computable general
equilibrium models, and hence Zhang’s observations, albeit interesting, are
not directly transferable to our case.

Theory and Method

Based on economic theory we expect that removing production subsidies,
in our case VCS in the EU, will reduce domestic production. The decline in
domestic production causes an increase in import demand in the EU, a reduc-
tion in export supply from the EU, and a consequent rise in prices on the
world market. This in turn provides incentives to increase production outside
the EU. In other words, part of the EU’s ruminant production and associated
emissions would reallocate abroad, causing emission leakage, as discussed by
Markusen (1975) and Zhang (2012). This emissions leakage might be expected
to offset emissions reductions obtained in the EU, or even lead to an increase
in total global emissions. Therefore, the effect of policy changes — specifically
the effect of removing VCS—on global GHG emissions is not a priori clear,
but needs to be quantified.
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The CAPRI Modeling System

The present analysis was based on CAPRI Stable Release 1.3 (STAR 1.3, pub-
licly available from www.capri-model.org), but with updated data in the area
of GHG emission estimates. The CAPRI model is a partial equilibrium simula-
tion model covering the agricultural sector (Britz and Witzke 2014). The model
simulations provide results for the global impact on production and trade in
the agricultural sector, aggregated to about forty trade blocks, and detailed
results for NUTS2 (Nomenclature of Territorial Units for Statistics) regions
within the EU. Countries outside the EU are represented in a more simplified
fashion than EU countries (EU+), and therefore less detailed information on
production and emissions is available for these. Trade flows between the forty
regions are modeled based on the Armington assumption of product differen-
tiation by origin. With regard to global trade, the model includes policy data on
tariffs, tariff rate quotas, and the trigger price system of the EU. For EU coun-
tries, the model also contains a detailed representation of the CAP’s policy mea-
sures, thus making it suitable for analyzing the impacts of agricultural policy
reform scenarios. In addition, we have added VCS measures for all EU MS to
the model in order to better represent the production coupling of the CAP
and simulate the impact of VCS on GHG emissions.

CAPRI is a comparative static model, meaning the policy impact is inferred
from a comparison of a baseline and a policy scenario at a specific point in
time. In the present study, this point in time was set as 2030, after the end of
the next multiannual financial framework." The CAPRI model is frequently
used to assess the impact of changes in the CAP on aspects such as produc-
tion, trade, and selected environmental indicators. Recent examples include:
simulations of the impact of currently proposed EU free trade agreements
and carbon taxes on GHG emissions (Himics et al. 2018); simulations of the
impact of the so-called “greening” measures in the 2013 CAP reform (Gocht
et al. 2017); and, used together with other models, simulations of the impact
of climate change on agriculture (Blanco et al. 2017).

GHG Emissions in CAPRI

CAPRI'’s coverage of GHG emissions is global, but the method used to cal-
culate emissions varies depending on the availability of detailed production
data from the simulations. For EU+ countries, ! more details on production
are available than for other regions, allowing a bottom-up computation of
emissions based on production technology. For all regions, the main direct
and indirect emissions of methane (CH,4) and nitrous oxide (N,O) from agri-
culture are covered™ (representing agricultural emissions according to the
UNFCCC classification). The CO, emissions from land use, land use change,
fertilizer production, and energy use on farms are omitted from our analysis,
as they are not yet covered globally in the CAPRI model. Gerber et al. (2013)
estimate that about 75% of emissions from beef production are in the form of
N,O and CHy, and about 25% are CO, emissions from land use and land use

“The duration of the multiannual financial framework has not yet been decided, but could be 5-10 years
after 2020 (European Commission 2017c).

The twenty-eight countries of the EU before Brexit plus the Western Balkans, Turkey, and Norway.
©The following emissions categories are included in our study: Methane: Enteric fermentation, Manure
management (housing and storage), Manure application on soils except pastures, and Rice cultivation.
Di-nitrous oxide: Manure deposition on pastures, Inorganic fertilizer application, Crop residues, Indirect
from ammonia volatilization, Indirect from leaching and runoff, and Cultivation of organic soils.
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change, but with large uncertainties. The effect on our results of omitting
emissions from land use and land use change are unclear, as the importance
of omitted emissions and production methods varies across regions.

To compare emissions of different gases, Global Warming Potential (GWP)
was used to convert all gases into carbon dioxide equivalents” (CO,-eq.). The
climate change induced by the change in emissions would also have an
impact on agricultural systems. That feedback is not modeled in CAPRL

For EU+ regions, emissions are computed endogenously in the CAPRI
model based on detailed input and output data. This means, for example, that
changes in the feed mix for animals due to a policy change can be captured
and thus result in changes in emissions. For the main emission sources, the
calculation is performed using a more detailed method (Tier 2 in the 2006
IPCC 2006 guidelines), while for some sources with lower total contributions
to emissions, a simplified method (Tier 1) is used. Emissions are calculated
per hectare of land or per animal production activity, and then allocated to
commodities associated with those agricultural activities. A more detailed
description of the method is available in Leip et al. (2010), Pérez Domin-
guez (2005), and Pérez Dominguez et al. (2012).

The high level of detail on production technology used to compute emis-
sions in the EU+ is not available for other regions. For these regions, compu-
tations of GHG emissions are based on estimated emission intensities (EI) per
tonne (metric ton) of product, without capturing endogenous changes in the
composition of inputs that may take place in simulation (Pérez Dominguez
et al. 2012). This means production technology outside the EU+ is assumed
not to be affected by policy changes in the EU. To calculate total emissions
in each scenario, the emissions coefficients are multiplied by production level.

EI for non-EU regions are estimated to follow the overall agricultural emis-
sions reported in FAOSTAT GHG inventories as closely as possible over time.
The estimation, carried out for each non-EU region and emission category
individually, is based on time series data of regional GHG inventories and
production of agricultural commodities. Data on production quantities come
from the CAPRI database, and the GHG inventories come from FAOSTAT
(FAO 2010-2018). In most cases the data cover the period 1990-2009, while
in some cases fewer years are available. In many cases, we have many com-
modities compared to the number of years of GHG inventory and production
data, and thus the degrees of freedom might end up being small or even neg-
ative. In order to improve the robustness of the estimates, we include prior
distributions for the emission intensities in a Bayesian estimation framework
(e.g. Koop 2003, p. 15). To capture the possible change in emission intensities
over time, the estimations also contain a trend component.

Bayesian prior distributions for the EI are derived from various sources,
such as the expert estimates in Leip et al. (2010). Additionally, we construct
priors for many commodities and emission categories with data on activity
levels and production levels from the 2014 version of the AGLINK-COSIMO
model (OECD 2015). Emissions per activity are computed following the Tier
1 methodology in the IPCC Guidelines (IPCC 1997; IPCC 2006), and then con-
verted to emissions per product. Also, average EU emission coefficients com-
puted in the CAPRI model are used as priors when the previous sources are
not available.

“The GWP conversion factor used is 28 for methane and 265 for nitrous oxide, from the latest IPCC report
(AR5) with a 100-year time-horizon, without inclusion of climate-carbon feedbacks (IPCC 2014).
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Decomposition of Emission Changes

Emissions leakage is influenced by changes in the level of production, but
also by its reallocation to regions with different emission intensities. When
production is reallocated to regions with higher emission intensities, the total
emissions will increase for a given level of production and vice versa. In order
to disentangle the impacts of production changes and changes in average Els,
we made an additional computation of emission changes: First, we set all the
Els equal to the global average in the reference scenario for all countries, and
thereafter we calculated the emissions using the production changes in the
policy scenario. This computation captures only the effect of changing global
production levels. Those calculated changes (i.e., changes due to changed pro-
duction levels) were subtracted from the global changes in GHG emissions
computed using regionally specific emission factors, giving the emissions
changes caused by reallocation of production to regions with different Els
as a residual.

Baseline for Agriculture and Policy in the EU

The CAPRI baseline projects agricultural production and emissions to the
year 2030 under a business-as-usual scenario. Trends for factors exogenous
to the model such as population growth and consumer preferences are set
based on external projections. The development of agriculture in the EU is
based on the Agricultural Outlook published by the European Commission.
The CAP is assumed to be fully implemented up to 2021 and then unchanged.

Within the CAP, the largest part is Pillar I measures, which mainly involve
support and some market intervention schemes. Pillar II covers support to
certain agricultural production, environmental measures, and rural develop-
ment. Within Pillar I, most support (75%) consists of direct payments to
farmers on a per-hectare basis for all qualifying agricultural land. The largest
proportion of these payments is the Basic Payment Scheme (or the Single Area
Payment Scheme in some regions), with support allocated to all agricultural
land with entitlements. This support is considered to be decoupled from pro-
duction, and member states are obliged to harmonize per-hectare rates across
regions (European Union 2013). The greening payment is another large part,
and it comes with associated constraints on crop diversification, grassland
maintenance, and keeping ecological focus areas. A smaller part of Pillar I is
dedicated to payments to young farmers and smaller farms, and areas with
natural constraints. In addition, there is crop-specific coupled support for cot-
ton in some countries, and complementary National Direct Payments in some
countries.

VCS, the focus of the present study, permits MS to use up to 13%"" of the
Pillar I payments for coupled support to sectors undergoing economic, social,
or environmental difficulties in maintaining/increasing production
(European Commission 2017b). The measure is used by most MS and mainly
targets cattle"’ and other ruminants*™" (European Commission 2019). In total,

“"The exact maximum depends on the circumstances (European Commission 2017b).

YV CS to cattle is applied in: Belgium, Bulgaria, Czechia, Estonia, Spain, France, Croatia, Italy, Cyprus,
Latvia, Lithuania, Hungary, Malta, Poland, Portugal, Romania, Slovakia, Slovenia, Finland, Sweden and
in the UK (Scotland).

YV CS to the sheep and goat sector is applied in: Belgium, Bulgaria, Czechia, Greece, Spain, France,
Croatia, Italy, Cyprus, Latvia, Lithuania, Hungary, Malta, The Netherlands, Austria, Poland, Portugal,
Romania, Slovakia, Finland and in the UK (Scotland).
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we modeled 278 different VCS measures across the EU member states. Thir-
teen percent of the total budget might be considered a minor share of the bud-
get, but it has a potentially strong impact on emissions: Most VCS, about 43 %
of the total in our data set, is linked to the production of beef and veal, and
another 12% to sheep and goat production. These sectors together cause large
emissions of the GHG methane and N,O, either directly or via fertilizer used
for producing fodder. The dairy sector also receives much VCS, about 20% of
total VCS payments, but in dairy it generally constitutes a smaller proportion
of the revenues than in beef production.™ Among the crop sectors, the pro-
duction of protein receives notable amounts (8.5% of the total) of VCS in
many member states, followed by fruit and vegetables (at 5%), but these sec-
tors are less interesting from a GHG emissions perspective.

Simulated Scenarios

Two policy scenarios were considered:

¢ A reference scenario, abbreviated “Ref.”
* A policy scenario, abbreviated “No VCS.”

In the reference scenario, the current CAP was assumed to continue until
2030, thus including VCS as described above.

The policy scenario was identical to the reference scenario, except that VCS
for ruminants was removed. In the CAPRI model, these subsidies are imple-
mented as a direct subsidy per head, with budgetary ceilings as reported by
EU countries. The budget that was released when VCS was removed was allo-
cated to the other farm payments (the Basic Payment Scheme) in each MS, so
that the total budget for farm payments in each MS remained unchanged in
the reference and policy scenarios. The redistribution of support in the policy
scenario resulted in an average increase in per-hectare payments for agricul-
tural land of 6.5% in the EU, while support linked to beef cattle decreased
by 69% per head, support for dairy cows by 41% per head and for sheep
and goats by 36% per head. The remaining coupled support consisted of pay-
ments that are not part of VCS: national payments such as Nordic Aid and
environmental and rural development support. The impact of a policy change
in 2030 was derived by comparing the two scenarios.

Sensitivity Analyses

The CAPRI model results depend on a large number of parameters, some of
which are more uncertain than others. In order to analyze how the results
obtained in this paper depend on uncertain parameters, a set of sensitivity
analyses were carried out. We selected four types of parameters that were
assumed to be most critical to emissions leakage, and varied those in three
levels: “low” (lo), “high” (hi) and “most likely” (ML). ML is the value used
for the main results in this study. The groups of parameters subjected to the
sensitivity analyses are as follows:

11 the CAPRI baseline, about 4% of the revenues of beef and ruminants in the EU are VCS, whereas only
0.8% of the revenues in dairy are VCS. Regionally and locally the shares can be much larger, since some
regions like Germany apply no VCS at all.
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The elasticities of supply (SupElas) of ruminants in the EU are influenced
by the slope of the marginal cost function.” Higher slope means lower sup-
ply elasticity and vice versa. The slope was varied +/— 50% to create the lo
and hi scenario variants.

The elasticities of demand (DemElas) for meat and dairy products. We reca-
librated the demand systems for all countries so that the own-price demand
elasticities would be as close as possible to +/— 50% of the standard value,
while observing relevant regularity conditions for demand systems.
Substitution elasticities (CES) between imports and domestic products and
between different import sources were also set to +/— 50% of the standard
values. The standard values differ per product, ranging from 2 to 10.

* GHG emission factors (EF) per commodity outside of the EU. Emissions
leakage depends more on the relationship between EF in the EU to those
outside the EU than on the absolute level. Therefore, we chose to vary only
the factors outside of the EU. Since, in general, N,O factors are considered
less certain than emissions of CH,, which in turn are less certain than CO,,
we chose to apply the uncertainty ranges indicated in a recent IPCC report
(Blanco et al. 2014, p 363) to construct the hi and lo scenarios. These ranges
were +/— 60% for N,O and +/— 20% for CH,.

We do not know the covariance of the uncertain parameters across regions
and products. In order to avoid running a very large number of simulation
experiments, we chose to vary the parameters for all products and regions
in concert by setting all parameters of the same type to lo/ML/hi simulta-
neously. For instance, we set the demand elasticities of products in all coun-
tries simultaneously to hi, ML or lo, giving just 3 demand settings instead of
thousands, and similar for the other parameters in the sensitivity analysis.
We thus obtain 3 x 3 x 3 X 3 = 81 result sets; this should span the extremes
of the result space.

Results
Global Changes in Emissions of GHG from Agriculture

When VCS for ruminants was removed, emissions in the EU, but also out-
side the EU, were affected. Figure 1 shows differences in agricultural GHG
emissions in thousand ton (kt) CO,-eq. between the policy scenario and the
reference scenario (i.e., the simulated impacts of removing VCS) for 2030.
The asterisks (*) in the top panel show the results with standard
(ML) parameter settings. With the policy change, the GHG emissions in the
EU decreased by 2,354 kt. However, there was an emissions leakage effect,
as emissions in the rest of the world increased by 1,738 kt. This resulted in a
net decrease on a global basis of 616 kt, or approximately 26% of the emissions
decrease in the EU.

The boxes in figure 1 indicate sensitivity with respect to the four groups of
parameters: supply elasticities (SupElas), demand elasticities (DemElas),
import substitution elasticities (CES), and emission factors of non-EU regions
(EF). The sensitivity analyses in Panel A show that the emissions in the major
regions analyzed (EU, non-EU, World) depend strongly on parameters of the
model, so that our results on global emissions change could be larger or

“CAPRI contains quadratic cost functions in the tradition of Positive Mathematical Programming (PMP).
In the sensitivity analyses, we varied the coefficient of the quadratic term.
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smaller, with the extreme outcomes for the “World” region ranging from
—2,956 kt to +1,465 kt. There are more outcomes in the lower range than in
the higher range, as indicated by the median line being to the left of the
asterisk.

The results seem about equally sensitive to variations in the four parame-
ters, yet the disaggregation in Panel B allows some general conclusions. Each
box in Panel B shows the variation of global emissions (i.e. the shaded box in
Panel A) if each group of parameters in turn is fixed at one of the three levels:
If the emission factors of the Non-EU regions are at EF.lo (20-60% lower than
standard), or demand elasticities are at DemElas.hi (50% higher than stan-
dard), or the import substitution parameters are at CES.lo (50% less than

Figure 1 Impacts on agricultural GHG emissions, with sensitivity analyses (difference to reference
scenario kt CO,-eq. per year). Panel A: Impacts on emissions in the EU, outside of the EU, and in
total for the World (vertical axis). The main scenario outcomes, when all parameters set to “most
likely” (ML), are indicated with asterisks (*). Each box with whiskers shows the variation in out-
comes in 81 sensitivity experiments. The central box covers the two central quartiles, the whiskers
indicate extreme values, and the heavy vertical lines in boxes indicate median results. Panel B:
Each box with whiskers shows the variation of global emissions (the box “World” in panel A)
when one group of parameters is fixed at a particular level, indicated at the vertical axis.
“EF” = Emission intensities, “DemElas” = Demand elasticities, “CES” = Armington substitution
elasticities, “SupElas” = Supply elasticities. “hi”, “ML” and “lo” denote each of the three levels
(high, most likely, and low) of the parameters that were analyzed in the sensitivity experiments.
Each box thus summarizes the result of 27 sensitivity experiments, with box and whiskers defined
as in A. [Color figure can be viewed at wileyonlinelibrary.com]
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standard), the global emissions change is negative, regardless of how the
other parameters are set within the ranges analyzed. The bottom three boxes,
showing dependence on supply elasticities within the EU, illustrate how these
parameters merely scale the total results, and thus are of importance to the
absolute size of the impact, but not to the qualitative results.

Studying the main results in more detail, we find that about 90% of the
emissions reduction in the EU derived from production of beef, with an abso-
lute decrease in emissions of 2,088 kt CO,-eq (Table 1). This was a result of less
production, as production in relative terms decreased by 1.1% (see Table 2).
As can be seen in Table 1, milk was the largest source of emissions in the
EU, but the change in emissions for milk—where VCS is less important —
was much smaller than for beef. Emissions from pork and poultry increase

Table 1 Emission Impacts in Major Regions of the World Attributable to Changes in
Production of Various Commodities (kt CO, eq. per year)

EU Non-EU World
No No No
Ref VCS Ref VCS Ref VCS
Cereals 35,763 8 261,089 =22 296,853 -14
Oilseeds 8,377 12 58,685 -24 67,062 -13
Other arable field 1,312 2 14,784 -2 16,096 -1
crops
Vegetables and 3,312 -1 42,922 0 46,234 -1
Permanent crops
All other crops 1,286 1 4,694 0 5,979 1
Beef 129,281 -2,088 2,742,253 1,606 2,871,535 —482
Pork meat 45,295 69 178,796 0 224,091 68
Sheep and goat meat 19,864 -75 652,177 195 672,041 120
Poultry meat 7,612 12 97,375 5 104,986 17
Raw milk 175,299 -305 1,008,638 -8 1,183,938 -313
Eggs 2,751 2 30,310 -1 33,060 1
Secondary products 5,066 9 966,617 -10 971,683 -1

Note: For each region EU, Non-EU and World, the two columns indicate in turn (Ref) the amount of emis-
sions attributable to the commodity groups indicated in the table rows in the reference scenario, and (No
VCS) the impact of the policy scenario expressed as difference to reference scenario.

Table 2 Impact of Removal of Voluntary Coupled Support (VCS) for Ruminants on the
Beef Market in the European Union

No VCS

Ref Difference to Ref % change to Ref

Production (kt) 7,900 -89 -1.1%
Consumption (kt) 7,955 =50 —0.6%
Import (kt) 781 17 2.2%
Export (kt) 726 =22 -3.1%
Producer price (€ per tonne) 4,367 105 2.4%
Consumer price (€ per tonne) 9,146 105 1.1%

Note: The column Ref shows the situation in the reference scenario. Production, consumption, import and
export quantities are given in thousands of tonnes (kt), whereas prices are given in EUR per tonne. The
impact in No VCS is given both as difference and as percentage change to Ref.
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due to consumers replacing some of the more expensive beef with relatively
less expensive pork or poultry. Since emission intensities for poultry and pork
are significantly lower than for beef, the emission increase associated with
pork and poultry production was small. For crop products, emissions barely
changed. The slight increases in emissions associated with arable crops were
caused by a larger crop area combined with lower average yields. Feed
demand went down and exports increased, leading to the small net increases
in emissions in the EU shown in Table 1.

Different products have different sensitivities to emissions leakage. For
beef, much of the reduction in the EU was canceled out by increased emis-
sions outside the EU. For sheep and goat meat, there was even an increase
in emissions globally, despite the 75kt CO,-eq. reduction in the EU in the pol-
icy scenario. In contrast, the reduction in emissions from milk production in
the EU was accompanied by an additional small emissions reduction outside
of the EU, caused mostly by a reallocation of production among world
regions. For crops, increased exports from the EU replaced production
abroad, leading to reduced emissions there and a small net reduction associ-
ated with crops globally.

Beef markets merit extra attention, because beef meat was the largest con-
tributor to the change in GHG emissions following the removal of VCS.
Table 2 shows changes in the EU beef market. In the policy scenario, beef pro-
duction in the EU decreased, leading to higher producer and consumer prices
for beef meat in the EU. The higher prices dampened the negative impact on
production. Production decreased by 89kt, while consumption was rather
inelastic and decreased by only 50kt. The balance between decreased produc-
tion and consumption of beef was maintained by a reduction in exports
(—22kt) from the EU, and by increased imports to the EU (+17 kt). This caused
production changes in countries outside the EU, driving the results on emis-
sions leakage.

Table 3 shows impacts on production in and trade with the non-EU regions
of CAPRI that are most strongly affected. Imports of beef to the EU increased
most from the US, while exports from the EU decreased, in particular for

Table 3 Impacts on Production and Trade of Removing Voluntary Coupled Support
(VCS) for Ruminants in the European Union (EU) for Selected non-EU Countries
and Regions with Large Impacts

Ref(kt) No VCS(difference to Ref, kt)
Country or
region Production Import Export Production Import Export
USA 11,627 29 0 5 7 0
Brazil 10,818 75 5 8 1 -1
Russia 1,784 0 46 6 0 -8
Mediterranean® 1,028 1 44 2 0 -8
Kazakhstan 449 0 13 1 0 -2
Western 196 7 25 01 1 -1
Balkans®

“Tunisia, Algeria, EQypt, and Israel.

b Albania, Macedonia, Serbia, Montenegro, Bosnia and Herzegovina, and Kosovo.

Note: The reference scenario (Ref) values are in thousand tonnes (kt). For No VCS, the values are differ-
ences to Ref (kt).
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Table 4 Impacts on Beef Production, the Suckler Cow Herd, Methane Emissions and
Total non-CO, Emissions After Removing Voluntary Coupled Support (VCS) for
Ruminants in the European Union (EU) Including the UK, for Selected Countries with
Large Impacts

Beef Methane Non-CO2

Suckler cows®  production® emissions® emissions®

Germany 23 47% -1 -01% 21 01% 14 0.0%
Spain -153 -71% -10 -1.5% —-404 -19% -563 -1.6%
France =339 -71% -35 -20% -686 -1.6% -924 -1.2%
Ireland 41 42% 2 03% 76 04% 104 0.4%
Italy -16 -58% -6 -09% -75 -04% -101 -0.3%
Portugal -53 -91% -2 -13% -152 -3.0% -213 -2.8%
United 73 55% 4 05% 122 04% 156 0.3%

Kingdom

Poland -14 —44% -6 -13% -118 -09% -167 -0.5%

“Thousand animals and percentage change vs baseline.
Thousand tonnes and percentage change vs baseline.
“Thousand tonnes CO, eq. and percentage change vs baseline.

Mediterranean countries and Russia. The latter was met by a production
increase in Russia. Argentina and Brazil remained the main trading partners,
but their exports to the EU did not change greatly. Instead, changing world
market prices affected their trade with other parts of the world, resulting in
large production increases in Brazil. Other regions outside the EU also chan-
ged their production and trade relations. India’s production and exports
increased slightly, which had a large effect on global emissions, since Indian
production is relatively emissions intensive.

Within the EU, the largest decreases in GHG emissions in absolute terms
were found in France, Spain, and Poland. In contrast, in the United Kingdom,
Ireland, and Germany, where ruminant production receives little or no VCS,
GHG emissions increased, since in these regions ruminant herds slightly
increased in response to the higher prices. Table 4 shows the changes in the
suckler cow™ herd, beef production, methane, and total non-CO, GHG emis-
sions in the EU countries with the largest absolute changes in the latter. The
increase in emissions in the countries with expanding ruminant sectors might
be considered a case of “intracommunity leakage” where the GHG-saving
effects in the majority of countries are counteracted by emission increases in
others.

In our computations, removing VCS to ruminants increases agricultural
incomes in the EU by about €1,400 million annually.*" The income increase
is due to two things: Firstly, the VCS funds are transferred to the basic farm
payment, where it tops up income without requiring additional variable
costs, i.e., animals that were unprofitable without subsidies are no longer pro-
duced, while the subsidy is still obtained. Secondly, the prices of some animal
products rise and thus raise farm incomes. There is reduction in consumer
welfare of €868 million annually due to the higher prices. The impact on tax

¥'Cows rearing calves for beef production
“In CAPRI this is computed as gross value added plus subsidies, i.e. the total amount available for remu-
neration of capital and labor.
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Figure 2 Global changes in greenhouse gas emissions in 1000 tonnes annually, decomposed into
those caused by production and those caused by differences in emission intensity in producing
countries
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payers is negligible, €40+ million spending, since the total CAP budget is
unchanged. Thus, we might expect a gain in welfare in the EU across these
three groups totaling €492 million euro annually.

Decomposition of Emissions Leakage

The results show that abolishing VCS to ruminants would reduce global
agricultural GHG emissions due to the reallocation of production. To gain
insights into this process, we decomposed the changes in emissions. The obvi-
ous reason for increases in emissions outside the EU is increased production
of beef in countries outside the EU. Another reason is that production is more
or less intense in terms of GHG emissions in different locations, which means
that reallocation of production has an impact on emissions. In addition,
changing conditions may alter production technology, which could affect
the emission intensity of a product. In our simulations, these technological
changes were only modeled endogenously for EU+ countries.

The disaggregation of emissions changes for beef resulting from produc-
tion volume and reallocation effects are presented in figure 2. The bar to the
left shows the emissions changes that would have occurred if the average
emission intensity in the world (from the reference scenario) applied to all
regions, while the production changes remained the same. This emissions
change can be attributed to the change in global production volume. The
reduction in production would thus have reduced global emissions by 1,666
kt CO,-eq. However, the actual emissions reduction globally was 616 kt
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CO,-eq., which is 1,050 kt less than the emissions reduction brought about by
production level changes. This discrepancy is explained by the reallocation of
production to locations with higher emission intensity than the EU.

Summary and Conclusions

This study used the simulation model CAPRI to analyze impacts of the cur-
rent voluntary coupled support for the ruminant sectors in the EU on GHG
emissions in the EU and globally. Our results show that removing VCS of
ruminants in the EU may lead to an emissions reduction of —2,354kt CO,
eq. annually, corresponding to —0.5% of total agricultural GHG emissions in
the EU. However, about three-quarters of this reduction would be canceled
out by emissions leakage (i.e., increased emissions outside the EU).

Inelastic demand and opportunities to trade would cause a shift in produc-
tion from the EU to other countries, and hence the higher emissions outside
the EU. In addition to the impact on emissions caused by higher production
volumes outside the EU, emissions leakage is further magnified by the
emissions-intensive production methods used in countries where production
might expand (e.g., Brazil and India). This illustrates one of the problems with
a unilateral policy and policies mainly affecting EU production volumes
rather than production technologies and consumption. Emissions leakage
means that in order to attain a specific global reduction in emissions, unilat-
eral local policies would have to reduce local emissions to a much larger
extent than indicated by the global reduction target.

Furthermore, the emissions leakage would vary across product categories.
For example, the global emissions for goat and sheep meat would increase
even though EU emissions declined. For beef meat, the global emissions
reduction would be about 23% of the emissions reduction in the EU, while
for milk the global emissions reduction would be even slightly larger than
in the EU. This indicates that production subsidies for some products may
cause more harm to climate efforts than subsidies to others depending on
trade relations and relative emission intensities, but further research on spe-
cific products is required to form a solid base for policy decisions.

Our analysis also entailed a sensitivity analysis of how key results depend
on selected model parameters. Demand elasticities, emission intensities, and
the preferences for domestic as opposed to imported food all influence the
results strongly, although our main results are stable for the bulk of the sensi-
tivity analysis outcomes. Despite uncertainties when pushing critical param-
eters far, our results clearly stress the importance of keeping emissions
leakage in mind when designing policies. They also show that subsidies to
the emissions-intensive ruminant segment of agriculture can exacerbate cli-
mate change. Compared with other studies on EU agriculture, the leakage
effect in our analysis was quite modest, which might be a particularity of
the VCS instrument. For example, Fellmann et al. (2018) found that emissions
leakage effects reduced the impact of more general policies to reduce EU agri-
cultural emissions by as much as 91%, of which about 90% was attributable to
cattle. Van Doorslaer et al. (2015), also using CAPRI, found that unilateral pol-
icies aimed at reducing emission intensities via improved production technol-
ogies generally led to less leakage than policies setting reduction targets
achieved mainly by reduced production. They also found that for more ambi-
tious mitigation targets the leakage is generally larger, and thus the cost of
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achieving a global emissions reduction target using unilateral policies would
increase with the level of ambition in emissions reduction targets.

A reduction in global emissions, albeit small and despite leakage effects,
achieved by not subsidizing a polluting industry might be an efficient contri-
bution to climate policy, since shifting coupled subsidies to decoupled subsi-
dies may be expected to improve efficiency in the economy, and thus improve
overall welfare. If the combined welfare™" change for agricultural producers,
consumers, and tax payers (€494+ million annually) is divided by the reduc-
tion in emissions in the EU (2,354kt annually), we find that each tonne of emis-
sion reduction is associated with a social benefit of €209 per tonne on average.
However, the reduction in emissions achieved should also be viewed in the
context of conflicting policy objectives. The stated policy objective for VCS
is to maintain important and vulnerable agricultural subsectors (European
Commission 2017b). The scheme can be perceived as successful in this regard,
as our results clearly showed that removal of the subsidy would cause a
decline in production. Whether the potential benefits of VCS for ruminants
in terms of maintaining production in the EU justify the negative impact on
the climate is a political question that should be a key element in evaluation
of the policy.
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