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Abstract

The expansion of the bioeconomy sector will increase the competition for agricul-
tural land regarding biomass production. Furthermore, the particular path of the ex-
pansion of the bioeconomy is associated with great uncertainty due to the early stage
of technology development and its dependency on political framework conditions.
Economic models are suitable tools to identify trade-offs in agricultural production
and address the high uncertainty of the bioeconomy expansion. We present results
from the farm model Economic Farm Emission Model of four bioeconomy scenarios
in order to evaluate impacts and trade-offs of different potential bioeconomy de-
velopments and the corresponding uncertainty at regional and farm level in Baden-
Weuerttemberg, Germany. The demand-side effects of the bioeconomy scenarios are
based on downscaling European Union level results of a separate model linkage be-
tween an agricultural sector and an energy sector model. The general model results
show that the expanded use of agricultural land for the bioeconomy sector, especially
for the cultivation of perennial biomass crops (PBC), reduces biomass production
for established value chains, especially for food and feed. The results also show
differences between regions and farm types in Baden-Wuerttemberg. Fertile arable
regions and arable farms profit more from the expanded use of biomass in the bio-
economy than farms that focus on cattle farming. Latter farms use the arable land to
produce feed for the cattle, whereas arable farms can expand feedstock production
for new value chains. Additionally, less intensive production systems like extensive
grassland suffer from economic losses, whereas the competition in fertile regions
further increases. Hence, if the extensive production systems are to be preserved, ap-
propriate subsidies must be provided. This emphasizes the relevance of downscaling
aggregated model results to higher spatial resolution, even as far as to the decision
maker (farm), to identify possible contradicting effects of the bioeconomy as well as

policy implications.
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1 | INTRODUCTION

Two major developments will affect the global resource
balance and hence demand and supply of agricultural bio-
mass. First, an increase in agricultural biomass demand. By
2050, the world population will have grown to over 9.7 bil-
lion people, which is equivalent to an increase of around
30% compared to 2017 (UN, 2017). Additionally, the en-
largement of the global middle class is likely to increase
demand for resources, based on more extensive household
consumption (Imbert, Ladu, Morone, & Quitzow, 2017).
Second, the world is being challenged by anthropogenic cli-
mate change and fossil-based resource consumption should
decline (McGlade & Ekins, 2015). The substitution of fos-
sil-based with bio-based resources is considered a major pil-
lar of the transition of the current economy toward a more
sustainable path; this is combined with increasing resource
use efficiency by recycling and the cascade use of resources
(D'Amato et al., 2017). While renewable raw materials have
been used for human purposes for thousands of years, the
focus in the recent bioeconomy discussion are innovative
biomass value chains that comprise new material production
technologies.

Agricultural biomass will play a major role in the trans-
formation toward a bioeconomy and the agricultural sector
is, therefore, likely to be affected strongly due to increasing
competition of biomass for food, feed, energetic, and material
uses. Bell et al. (2018), for example, estimate that the produc-
tion of food and energy needs to increase by 50% until 2030
compared to 2010. In addition to the production of traditional
agricultural biomass, the production of perennial biomass
crops (PBC) on agricultural land, such as miscanthus and
short rotation coppice, is likely to play a key role as feed-
stock for material production in the future (Olsson & Saddler,
2013). Thus, due to the increasing demand for biomass, there
will be incentives to increase production in the already in-
tensive agricultural sector of the European Union (EU) as
well as to import additional biomass. However, an increase
in intensity of agricultural production is likely to foster neg-
ative ecological impacts, because the current intensity level
already imposes negative effects on the environment such
as biodiversity loss (Hazell & Wood, 2008; Tsiafouli et al.,
2015). The competition in usage for the limited agricultural
land is where technology and economic models can help to
understand the potential future effects of increasing biomass
demand for energy and materials on markets and the envi-
ronment. Linking simulation models at different aggregation

levels can support the evaluation of possible pathways toward
the bioeconomy (Wicke et al., 2015).

There are already several studies that present linkages
of simulation models to assess the bioeconomy. Mubareka
et al. (2014) present a modeling framework to assess forest-
based bioeconomy scenarios that consist of a partial equilib-
rium model for the forest sector, a forestry dynamics model
for forest growth and harvest, and a wood resource balance
sheet. Deppermann, Blesl, Boysen, Grethe, and Bruchof
(2016) combine an energy system model with an agricul-
tural sector model for impact analysis of the increasing use
of biomass for energy at EU level. Furthermore, Lehtonen
and Okkonen (2013) apply regional input—output model-
ing to the investigation of the socioeconomic impacts of a
conventional, decentralized bioeconomy. This bioeconomy
comprises wood as a building material and as a feedstock for
bioenergy. Van Meijl et al. (2018) extend an economy-wide
model with new bioeconomy sectors and use it side by side
with a regional energy system model in order to evaluate new
biomass value chains for the Netherlands. All these studies
examined important aspects of possible bioeconomy path-
ways, but they lack in the effects at farm level. However, there
are also two important model linkages that also take account
of farm level. One of them is the well-developed integrated
approach of the SEAMLESS model framework (van Ittersum
et al., 2008). This model framework comprises, among other
models, the farm model FSSIM and the agricultural sector
model SEAMCAP. The model framework has been used for
a wide range of impact assessments including some with
a bioeconomy focus (Janssen et al., 2010; Louhichi et al.,
2010). CAPRI, the basis of SEAMCAP, is a stand-alone ap-
proach also used separately without the integrated framework
pathways. Wolf et al. (2015) combine the economic models
FSSIM and CAPRI with a crop growth modeling framework
and an environmental model for the nitrogen cycle in order to
analyze the effects of climate change. The second model link-
age is the Thiinen Modelling network (Offermann et al., 2015)
that comprises, among others, a farm model (FARMIS), a
general equilibrium model (MAGNET), and a partial equilib-
rium model (AGMEMOD). Banse et al. (2016) use this mod-
eling network to analyze bioeconomy pathways, comprising
agricultural, wood, and energy markets. These last two model
linkages show the necessity of combining models with dif-
ferent characteristics to cover the full range of effects of a
bioeconomy expansion.

This is where we start our study and analyze possible bio-
economy developments. Hence, the advantage of this study is
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the combination of two major components. First, the combi-
nation of models that simulate different bioeconomic sectors
and the downscaling of EU level results to farm level. Second,
the simulation of different bioeconomy scenarios with a wide
coverage of parameters that comprise different technological
and political developments. These scenarios aim to consider
the high level of uncertainty of the technology development
and policy framework conditions that accompany the bioeco-
nomy expansion.

The specific objective of the study is an assessment of the
effects of different scenarios of energetic and material use of
biomass in the EU on agricultural production at the regional
and farm level, with an example focus on different farm types
and regions in the state of Baden-Wuerttemberg, Germany.
As the EU is a large region and changes in the demand and
supply of agricultural products have repercussions on inter-
national markets, and as there are strong interactions between
the energy system and the agricultural system, we simulate
different bioeconomy scenarios generated with an integrated
network of an EU-wide energy sector model, Pan-European
TIMES model (TIMES-PanEU), and a global agricultural
sector model, European Simulation Model (ESIM). While
this integrated model network is presented elsewhere (Choi et
al., 2019), the study presented here focuses on the downscal-
ing of agricultural market data at EU and country level to the
farms in the German federal state of Baden-Wuerttemberg.
This downscaling is based on the mapping of ESIM results to
the agricultural farm model Economic Farm Emission Model
(EFEM). The examined scenarios comprise four narratives
that were developed in a working group of modelers from the
Bioeconomy Research Program Baden-Wuerttemberg (https
://biooekonomie-bw.uni-hohenheim.de/en).

In the following, we present a method section first that
explains the models used in this study and thereafter provide
specific assumptions of the examined bioeconomy scenarios.
This is followed by the presentation and discussion of the
model results.

2 | MATERIALS AND METHODS

The demand for agricultural nonfeed and nonfood biomass
has lately been dominated by the bioenergy sector. Hence,
the development of the energy sector plays an important role
in the evaluation of different transition paths. In order to im-
plement this, a linkage between ESIM and the energy sector
model TIMES-PanEU is performed. TIMES-PanEU is a dis-
aggregated, bottom-up energy system model that minimizes
the total discounted system costs, while considering differ-
ent technologies and pathways of energy conversion (Blesl,
Kober, Kuder, & Bruchof, 2012). The model covers all sec-
tors connected to the energy supply and demand at country
level. The model linkage is performed by an iteration process

with ESIM that results in a market equilibrium of biomass
demand for energy (TIMES-PanEU) and agricultural bio-
mass supply for energetic purposes (ESIM). Since the link
between ESIM and TIMES-PanEU was developed elsewhere
(Choi et al., 2019; for an earlier version, see Deppermann et
al., 2016), it is not described here.

After the completion of the iteration process, resulting
price changes for agricultural products are transferred to
EFEM. EFEM then simulates the effects of the integrated
scenarios, mediated through agricultural price changes, at
farm and regional level. EFEM results are not fed back into
ESIM, as agricultural production in Baden-Wuerttemberg is
a relatively small region in comparison to Germany or even
the EU, and therefore, deviations from the supply response of
Germany in ESIM would not significantly affect agricultural
prices. However, selected parameters, such as yield growth
rates and abolishment of direct payments, were harmonized
between EFEM and the Germany component of ESIM. The
supply response of ESIM and EFEM to similar price changes
was compared in initial test runs. This comparison shows
only small differences of supply that mainly reflect special
features of the agricultural sector of Baden-Wuerttemberg,
such as unfavorable productions conditions for sugar beet in
large parts. Figure 1 gives a schematic overview of the used
models and the data transmissions between these models.

2.1 |

European Simulation Model (Grethe et al., 2012) is a global
agricultural sector model, which is able to calculate market
equilibriums in biomass demand and supply with considera-
tion of changes in population, income, dietary preferences,
technology, and policies. It depicts single EU28 countries as
well as Turkey and the West Balkan countries in detail regard-
ing prices, animal feeding, acreage and yield, subsidies, and
border policies. Remaining world regions are modeled at an
aggregated level, the US and the Rest of the World (ROW),
and without distinguishing between yield and area and cover-
age of agricultural policies. Base year data, which are used
for model calibration, concerning production, consump-
tion, processing, and acreage comes from the CAPRI data-
base, Eurostat, and FAO. Commodity prices come from DG
AGRI (2017). Agricultural supply and demand are modeled
as isoelastic behavioral functions. For the EU28, the West
Balkan countries, and Turkey, crop yields and area demand
functions are distinguished in crop supply modeling. Crop
yields change with respect to own crop price and technical
progress parameters. We do not consider changes in input de-
mand, for example, fertilizers, labor, and energy with respect
to each input price in this study. Area demand changes with
respect to variables of own and cross crop prices and land
rent prices. For the US and ROW, crop supply is a function
of global crop prices. Agricultural trade is modeled as a net

European Simulation Model
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FIGURE 1 Schematic overview of the model linkage and contents of data transmissions. Part (a) shows the interaction between the
agricultural sector model ESIM and the energy system model TIMES-PanEU (Choi et al., 2019). Part (b) depicts the model approach of this
contribution

trade specification and the mechanism of price transmission
with a change in the net trade situation is depicted based on a
logistic functional form, accounting for tariff rate quotas, ad
valorem tariffs, and specific tariffs.

Supply of PBC is explicitly modeled with assumptions on
the technical diffusion of PBC in the agricultural area of the
EU. PBC can be cultivated on land currently used for crops
and permanent grassland in the EU or on land not under
production previously. Restrictions for land use for PBC are
a matter of scenario definition. Land demand for food and

nonfood biomass, that is, PBC, competes in a land market
with a limited land endowment. Details about PBC supply
modeling and agricultural land supply are given (Choi et al.,
2019).

2.2 | Economic Farm Emission Model

Economic Farm Emission Model (Kazenwadel, 1999) is a
comparative static linear optimization model and it computes
farm management decision-making by maximizing the gross
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margins of agricultural farms, while taking specific regional
constraints into account. Regional constraints include arable
land and grassland endowment, livestock numbers, and crop
rotation limits due to agricultural and climate production con-
ditions. Farm level results can be upscaled to regional levels
by linear extrapolation. The regional level of EFEM con-
sists of eight Agro-Ecological Regions (AER) in the federal
state of Baden-Wuerttemberg (Figure 2). These regions are
characterized by similar agricultural production conditions,
such as geological, topographical, and climate conditions
(Table 1). Although AER are on average five times larger
than NUTS-3 regions (regional classification of the territory
of EU; cf. EC, 2016), they are more suitable for application
in the study region. AER have regionally differentiated own
production conditions with own production foci. For exam-
ple, there are fertile crop farming regions (AER 1), regions
with extensive forage farming in low mountain ranges
(AER 3), marginal low mountain regions with mixed
farms (AER 4), and regions with a more intensive dairy
production based on grassland (AER 5).

The model consists of three modules: farm type, pro-
duction, and extrapolation. The farm type module contains
the different farm structures in each region. Each region is

Regions

AER 1: Unterland/Géaue

[ AER 2: Rhein/Bodensee

Il AER 3: Schwarzwald

Il AER 4: Alb/Baar

[ AER 5: Allgau

[J AER 6: Oberland/Donau

[ AER 7: Albvorland/Schwab. Wald
Il AER 8: Bauland/Hohenlohe

FIGURE 2 Study region (Baden-Wuerttemberg) within
Germany and spatial resolution (AER) of Economic Farm Emission
Model

Climate/agricultural characteristics of the Agro-Ecological Regions (AER) in Baden-Wuerttemberg (LEL, 2018)

TABLE 1

Albvorland/ Bauland/

Oberland/
Donau

Unterland/
Giue

Hohenlohe

Schwiib. Wald

Alb/Baar Allgiu

Schwarzwald

Rhein/Bodensee

AER 3 AER 4 AER 5 AER 6 AER 7 AER 8

AER 2

AER 1

Agro-Ecological Regions

150-600
6.5-8.0

400-700

500-800
7.0-8.0

600-900
6.0-7.5

600-1,000
6.0-7.5

300-1,000
5.5->7.0

100-650
8.0-9.0

100-400
8.0—>9.0
650-750
40—>80

Elevation (m)

6.5-8.0

Avg. annual temperature (°C)

600-1,000

30-50

700-1,000

650-800
20-60

30-60

1,000-1,600
30-50

600-1,100

20-40

800-1,500
20-40

550-1,100
20-70

Avg. annual precipitation (mm)

Soil quality index (Ackerzahl)

(0-100)
Agriculturally used area (EFEM) (ha)

Share of arable land (EFEM) (%)

177,667
82

172,813
50

240,812
68

43,000

215,399

55

95,379

170,222
76

221,872

81

12

17
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represented by a maximum of six typical farm models, for
example, dairy farms or arable farms that depict the most
common farm types in the respective region. Each region can
also be represented by several farm types of the same line of
production (e.g., dairy farm) in different sizes. The general
classification of these farm types is based on the farm typol-
ogies of the Farm Accountancy Data Network (FADN; EC,
2018). Sizes of a particular farm type per region are differen-
tiated as well. The capacities of typical farm types are based
on average single farm data from the FADN and farm capaci-
ties create restrictions for the optimization process.

The prices of products and means of production are given
exogenously in EFEM. The considered costs include variable
machinery costs and do not include any fixed costs, such as
investment costs. The costs were obtained from public data-
bases (KTBL, 2017; LEL, 2017b; 2017c).

The production module includes all relevant arable crops,
grassland production systems, and husbandry types in Baden-
Wuerttemberg. The arable crops include 16 crops, such as
cereals and forage crops. These activities differ regionally
in terms of yields and intensities. The intensities correspond
mainly to the amount of fertilizer application. Furthermore,
the crops can be combined with various regional environ-
mental measures. The farms can also cultivate most of the
crops either with conventional tillage (plough) or with con-
servation tillage (mulch-till). However, the farms are not
allowed to plough up grassland to convert it to arable land
due to policy restrictions (MLR, 2016). With miscanthus and
short rotation coppice (SRC), two different types of PBC are
integrated in EFEM. We assumed a 20 year cultivation period
of both PBC and used average annualized costs for sowing,
cultivation, harvesting, and recultivation. It takes 1 year to
establish miscanthus and from then on it is harvested annu-
ally. SRC comprises poplar with a 4 year establishing period
and a 4 year harvest interval. The yield is then converted
to an annual average. Due to the small production quantity
and the low prevalence of PBC, there is no comprehensive
statistic available that includes prices for the different PBC.
However, PBC are currently mainly used for heat production
in Germany (FNR, 2018). Furthermore, we assume that the
SRC wood chips have the same characteristics as forest wood
chips and therefore used the prices for forest wood chips
(C.A.RRM.E.N,, 2018) in the base year. The price of mis-
canthus is based on LfL (2018), who derived it from the price
of wood chips (28 €/MWh) and the heat value of miscanthus
(17.6 MJ/kg). Additionally, the more difficult combustion
handling of miscanthus and lower density that raise logistic
costs are taken into consideration, which lowers the derived
price by around 30% (LfL, 2018).

Currently, farmers are exposed to risks in adopting
PBC due to the long cultivation period and lack of expe-
rience in cultivation. Hence, farmers request an additional
premium on top of the market price to compensate for the

="BIOENERGY. i

occupation and risk. This willingness to accept (WTA) has
been quantified based on a choice experiment with actual
famers (Gillich, Narjes, Krimly, & Lippert, 2019) and is
implemented in EFEM. The maximum cultivation area of
PBC is restricted by regional cultivation conditions and
environmental limitations (Kaule et al., 2011). In general,
miscanthus not only achieves higher gross margins than
SRC but also has higher requirements on climatic and crop
production conditions.

Agricultural biogas substrate production (silage maize,
grass silage from arable land and grassland, and whole crop
silage of grain) is integrated in EFEM as a sales option with
exogenously defined prices based on a survey of biogas plant
operators (IER, 2013).

The extrapolation module is the third part of EFEM. In
this module, the farm level results are projected onto the re-
gional level of AER. The corresponding extrapolation factors
are defined by a separate linear optimization approach for de-
picting the entire agricultural production in each region. The
agricultural census of 2010 provides the relevant regional
capacities for the projection to AER level. Schifer (2006) de-
scribes this modeling approach in detail, and a more recent
application of EFEM can be found in Schwarz-v. Raumer,
Angenendt, Billen, and Joof} (2017), and Krimly, Angenendt,
Bahrs, and Dabbert (2016). EFEM results are validated
against the agricultural census of 2010 by comparing data on
animal numbers, crop production, and land use with statisti-
cal data (Suple).

2.2.1 | Example farms

We expect that the impacts of bioeconomy scenarios dif-
fer not only in regions but also in farm types. Hence, we
present the results of EFEM at farm level by selecting four
farms that are representing the region as well as farm-type
diversity. Table 2 shows the capacities of these farms.
These capacities increase over time, due to structural
change and technical progress. The first farm is an arable
farm (1AF) that is located in the distinct cropping region
(AER 1) and has no livestock production. The second
farm, located in the black forest (AER 3), is a dairy farm
that represents an extensive production (3DF). The third
farm is an intensively managed dairy farm (5DF) located
in AER 5. This farm is characterized by a high livestock
density per area. Both regions are characterized by grass-
land-based milk production. The fourth farm is a pig farm
(8PF) and has additionally a relative high endowment of
arable land. The farm is located in the northeast region of
Baden-Wuerttemberg (AER 8). Those farm types and its
typical agricultural production conditions can also found in
other regions of Europe, and therefore, the results can help
to highlight the possible effects of differently developed
bioeconomy in other regions of Europe as well.
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TABLE 2 Capacities of example farms in each year
AER 1 AER 8
(Unterland/Géue) AER 3 (Black forest) AER 5 (Allgau) (Bauland/Hohenlohe)
Farm type 1AF 1AF 1AF 3DF 3DF 3DF 5DF SDF  5SDF SPF 8PF S8PF
Year 2010 2030 2050 2010 2030 2050 2010 2030 2050 2010 2030 2050
Arable land (ha) 120 171 231 18 24 31 11 16 22 78 113 154
Grassland (ha) 10 14 19 70 91 115 70 88 109
Other cattle (Animal capacity) 29 34 39 51 62 76
Dairy cows (Animal capacity) 55 64 75 98 121 147
Fattening bulls (Animal capacity) 7 8 9 7 9 10

Suckler cows (Animal capacity)
Fattening pigs (Animal capacity)

Sows (Animal capacity)

23 |

We simulate four scenarios (Table 3), which were defined
by alarger working group of modelers from the Bioeconomy
Research Program Baden-Wuerttemberg. These scenarios
comprise different potential futures of the bioeconomy.
They share certain features, and they differ from each other
regarding other features. Scenarios include a business as

Bioeconomy scenarios

usual scenario (BAU), a scenario with a somewhat stronger
development of the material use of biomass (Bio_mid), and
two scenarios with a very strong development of demand
for the material use of biomass, one with unchanged di-
etary preferences (Bio_hi) and one with a more sustain-
able food consumption (Bio_hi+diet). All scenarios are
defined at the EU level, as well as at the national level
(Germany) and the regional level (Baden-Wuerttemberg).
No changes are assumed in biomass supply and demand
functions in the world outside of the EU, but agricultural
supply and demand outside of the EU react to any changes
in international prices, which are caused by the implemen-
tation of the EU scenarios. While demand for the material
use of biomass is increasing from BAU over BIO_mid to
BIO_hi, the politically driven demand for energy from bio-
mass declines. From BIO_mid on, there is no further use
of 1G biofuels in transportation after 2030, and under the
BIO_hi scenarios, no biogas is produced from agricultural
products, only from biowaste. As an increasing demand
for the material use of biomass puts pressure on the global
biomass balance, a scenario is designed which combines
the high demand for biomass under BIO_hi with a more
sustainable consumption pattern in the EU (BIO_hi+diet).
By 2050, the per capita demand for food staples in the EU
is assumed to be 10% lower due to lower food waste rates,
and for dairy products and meat, this decline in per capita
demand is even greater, as in addition to the lower food

600 971 1,408
220 308 411

waste, per capita consumption also falls for these products.
For an empirical foundation of scenarios with declining
meat consumption without increasing staple food produc-
tion, see Cordts (2015).

All scenarios rely on the same projections of income
and population as demand drivers and technical progress
in animal and plant production from exogenous sources (cf.
Choi et al., 2019). In addition, all scenarios comprise com-
pliance with political targets in energy and climate policy
in Baden-Wiirttemberg, Germany, and the EU. As wood
production from forestry is not treated endogenously in any
of the models, exogenous wood supply from forests is de-
fined for BW, Germany, and the EU based on Mantau et al.
(2010), Mantau (2012, 2015), and Thiinen-Institut (2017).
Furthermore, the material use of biomass is not modeled
endogenously, and therefore, exogenous assumptions are
made for the material use of wood and differ among sce-
narios. From BAU over BIO_mid to BIO_hi, material use
of biomass is increasing. The individual scenarios are based
on projections by Piotrowski, Essel, Carus, Dammer, and
Engel (2015) and own assumptions. Thus, with a fixed sup-
ply of wood from forests and different exogenous assump-
tions on the material use of wood, the iterative solution of
TIMES-PanEU and ESIM reflects a market equilibrium
between energetic demand for woody biomass and supply
of PBC from the agricultural system. The iterative solution
considers exogenous supply and demand components as
well as interactions with other components of the energy
and the agricultural system.

After the iterative process between ESIM and TIMES-
PanEU resulted in an equilibrium, each scenario has an in-
dividual set of prices for the different agricultural products.
The changes of these prices compared to the base year are
transferred to EFEM in order to define the prices under the
different scenarios at Baden-Wuerttemberg level.
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As the focus of this analysis is on BW, the following para-
graphs describe special features of the implementation of
technical progress and structural change under all scenarios in
EFEM. EFEM is a comparative static optimization model, and
therefore, technical progress as well as structural change param-
eters have to be set exogenously for each simulation year. As a
result, different model years differ in the factor endowment of
available land and animal capacities at farm as well as at a re-
gional level, depending on technical progress and development
of the available agricultural area. Changes in farm structure have
to be considered in projections, because economic impacts on
individual farms strongly depend on farm size (Zimmermann,
Heckelei, & Dominguez, 2009). Furthermore, structural change
can affect the relative distribution of farm types within regions.
The specific structural change in Germany has shown a linear
development since the 1950s (BMEL, 2016), and therefore, it
seems plausible to assume such linear development also for the
modeled time period in this study. Therefore, we projected the
historical development of farm size up to 2030 and 2050. This
historical projection has shown increasing farm size with differ-
ences in arable land, grassland, and stable capacities. We pro-
jected these farm endowments for different farm types separately
based on FADN data of the last 30 years. In accordance with
ESIM, we assumed that the EU gradually reduces the first pillar
of direct payment of EU agricultural policy (Choi et al., 2019).

The overall grassland area in Baden-Wuerttemberg is as-
sumed to be constant due to the ban on ploughing up grassland.
The overall arable land is declining because of the expansion
of traffic and settlement areas. Structural change does not only
comprise the growth of individual farms but also changes in the
composition of overall plant and livestock production in Baden-
Wauerttemberg. As EFEM uses an extrapolation approach to
depict regional production, the change in regional capacities
of livestock production in 2030 and 2050 must be included in
separate extrapolation factors for each simulation year.

Beside the factor endowments, the biological perfor-
mances of plant and animal production activities differ in
different regions. The underlying technical progress in plant
production contains the yield development for different crops,
which is harmonized with ESIM (Table 4). This yield projec-
tion is in order of size of existing studies that use crop models
and other methods to examine scenarios until 2050 (Angulo
et al., 2013; Kanellopoulos, Reidsma, Wolf, & Ittersum,
2014; Wolf et al., 2015; Zimmermann et al., 2017). For
grassland, we assumed a constant yield justified by the con-
stant historical yield development in Germany (DESTATIS,
2017). The biological performance of livestock production
in the FADN data has shown a constant linear increase over
the last 30 years in Baden-Wiirttemberg. For this reason, we
implemented annual growth rates for the different livestock
sectors based on the trend of the last 30 years. These growth
rates define the biological performance of different animals
(e.g., piglets per sow, milk yield per cow) by 2030 and 2050.

TABLE 4 Yield projection of different crops compared to base
year 2010 in EFEM (based on Alexandratos & Bruinsma, 2012)

2030 2050
Cereals +17% +38%
Corn +29% +68%
Silage maize +35% +81%
Clover grass +0% +0%
Oilseeds +35% +81%
Sugar beet +22% +49%
Potatoes +32% +74%
PBC +13% +27%

Abbreviation: PBC, perennial biomass crops.

2.4 | Sensitivity analysis

In order to consider the high level of uncertainty in the develop-
ment of the bioeconomy and the assumed framework condi-
tions, we perform sensitivity analyses with respect to cultivation
of PBC on grassland, the PBC price, and future yield levels.

2.4.1 | Effects of cultivation of PBC
on grassland

The policy framework regarding permanent grassland
protection is very strict and there are no indications that
this will change in the near future. The time horizon of
our simulation period, however, is quiet long, and there-
fore, a change in the according policy framework is pos-
sible. Therefore, we modeled all scenarios for 2050 again
separately allowing the cultivation of PBC on grassland.
The maximum cultivation of PBC on grassland, like PBC
cultivation on arable land, is restricted by regional cultiva-
tion conditions and environmental limitations, which are
defined separately for grassland and arable land by Kaule
et al. (2011).

242 |

The decision of the farms to cultivate PBC depends on the pro-
ducer price. The price development strongly depends on devel-
opments in technology, which are highly uncertain. Therefore,
a sensitivity analysis with respect to the PBC price is necessary
in order to evaluate the robustness of the results. In this sensitiv-
ity analysis, we lower the price of PBC by 20%, 40%, and 60%
in order to see the effects of lower PBC prices on production.
Other prices and parameters remain unchanged in this analysis.

Effects of a reduced PBC price

24.3 | Effects of climate change-based
yield changes

The simulation results are strongly driven not only by the
modeled price changes of the iteration between ESIM and
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TIMES-PanEU but also by the yield developments over the
projection horizon. Therefore, it is important to consider the
uncertainty of the yield development caused, for example,
by climate change (Knox, Daccache, Hess, & Haro, 2016).
In order to consider this uncertainty, we used yield changes
from the ExpertN-Gecros model and applied them to winter
wheat, winter rapeseed, and maize. The model was used in the
research group “Agricultural Landscapes under Global Climate
Change—Processes and Feedbacks on a Regional Scale”
(FOR1695) of the German Research Foundation (DFG). As
climate forcing for ExpertN-Gecros, daily data were used from
the model coupling MPI_CLM_rcp85 as part of the ReKIiEs-
De-ensemble “Regional Climate Projections Ensemble for
German” (Hiibener et al., 2017). Regarding the temperature
signal, MPI_CLM_rcp85 represents a medium scenario out of

TABLE 5 Yield effects caused by climate change in example
regions of Baden-Wuerttemberg in 2050 important crops. Yield
changes are based on ExpertN-Grecos modeling (Knox et al., 2016)

AER 1 AER 6
Wheat -9.5% -11.9%
Silage maize —10.4% +0.3%
Corn —2.4% +0.6%
Rapeseed -1.1% —6.4%

Abbreviation: AER, Agro-Ecological Regions.

="BIOENERGY.

the “continue-as-before”-family of the ReKliEs-De-ensemble.
This sensitivity analysis is performed for crop farming region
AER 1 and low mountain region AER 6. Table 5 shows the
corresponding yield effects caused by climate change in 2050.

3 | RESULTS

First, we show price developments in bioeconomy scenar-
i0s. Second, we present the development of the agricultural
sector under the BAU scenario compared to the base year
in 2010. We start with the results for Baden-Wuerttemberg
as a whole and proceed with the example farms. Third, we
present the results of the bioeconomy scenarios compared to
the BAU scenario in 2030 and 2050. Again, we start with the
aggregated results for Baden-Wuerttemberg and close with
the results of the example farms. Fourth, the last subsection
supplements the results with sensitivity analyses.

3.1 | Price developments in
bioeconomy scenarios

Table 6 presents the prices for agricultural products in the base
year (statistics) and the price changes under bioeconomy sce-
narios compared to the base year resulting from the iterations
between ESIM and TIMES-PanEU. The simulation results for

TABLE 6 Prices for agricultural products in Baden-Wuerttemberg in base year (based on statistic) and modeled price effects of ESIM in

different bioeconomy scenarios as base for scenario modeling in EFEM

Base year (2010) BAU BIO_mid BIO_hi BIO_hi+diet

Unit Price 2030 2050 2030 2050 2030 2050 2030 2050
Wheat €/FM dt 15.1 29% 58% 27% 53% 28% 54% 25% 47%
Barley €/FM dt 13.6 24% 55% 23% 57% 25% 60% 21% 49%
Corn €/FM dt 15.3 —2% 16% 3% 17% -3% 18% -5% 12%
Triticale €/FM dt 13.7 31% 69% 30% 73% 32% 81% 27% 65%
Oat €/FM dt 14.1 -29% —17% -31% —18% -30% —-17% -32% -22%
Sugar €/FM dt 3.5 -53% —53% —55% —-55% -55% —-55% -55% —-56%
Potatoes €/FM dt 14.7 32% 18% 31% 20% 38% 28% 30% 12%
Rape seeds €/FM dt 335 16% 45% 15% 56% 6% 37% 5% 33%
Soy meal® €/FM dt 333 22% 45% 21% 45% 24% 50% 20% 41%
Silage maize® €/FM dt 2.8 —5% 28% —4% 24% —2% —100%° —6% —100%¢
Fodder® €/FM dt 2.5 -50% -29% —48% -27% —45% —100%° —47% —100%¢
Miscanthus €/DM dt 9.6 —-8% 88% 19% 94% 42% 101% 39% 92%
SRC €/DM dt 11.3 —8% 88% 19% 94% 42% 101% 39% 92%
Milk €/kg 0.29 —2% —1% —2% —1% —2% —2% —4% —6%
Beef €/kg 3.31 -30% —15% -30% —-15% -30% —-15% -33% —22%
Pork €/kg 1.45 13% 36% 13% 37% 13% 37% 8% 24%

Abbreviations: EFEM, Economic Farm Emission Model; ESIM, European Simulation Model; SRC, short rotation coppice.

“Only purchase for feed.

®Price only for sale as biogas substrate.
“No biogas production with agricultural feedstocks (scenario assumption for EFEM).
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prices generally show increasing trends in agricultural prod-
ucts, which are caused by increasing demand for food products
due to population growth and higher income and substitution
of food crops with nonfood biomass for the bioeconomy.
Some products, however, have declining prices, such as beef
and sugar, as a result of assuming market liberalization in the
EU in the scenarios. PBC have the highest increase in prices
among crops. Price increases in PBC can be explained by high
PBC demand for the bioeconomy compared to land supply
for PBC in ESIM. The prices for biogas feedstocks in 2050 in
BIO_hi scenarios are defined to decrease by 100%. This is a
necessary assumption in EFEM, because silage maize and fod-
der are produced either as nontradeable feed for own livestock
or as biogas feedstock for sale. The on-farm use as feed has no
sale price and the sale of biogas feedstock is no longer possible
in BIO_hi due to scenario assumptions.

3.2 | Temporal effects in Baden-
Wauerttemberg

In the following, the results of BAU scenario in 2030 and
2050 are compared with the base year in order to highlight the
temporal effects. Figure 3 shows the composition of cultivated
areas of arable crops in Baden-Wuerttemberg as a whole and
the gross margin per utilized agricultural area (UAA) in the
base period and in the BAU scenario in 2030 and 2050. The
available agricultural cultivation area decreases because of
the expansion of transport infrastructure and settlement areas.
The cereal area slightly decreases by 3,000 ha and PBC in-
creases to 61,000 ha until 2030. Sugar beet production almost

900,000 1,400
800,000 A
1,200
700,000
A 1,000
600,000
= 500,000 800 %
£ __— o
3 400,000 w
g 600 s
s O]
b 300,000
2 400
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FIGURE 3 Comparison of base year (2010) with business as
usual scenario (BAU; 2030 and 2050) in terms of cultivated arable
crops and gross margin (GM) per utilized agricultural area (€/ha UAA)
at Baden-Wuerttemberg level. PBC, perennial biomass crops

TABLE 7 Comparison of livestock production in the base year
2010 with BAU scenarios in 2030 and 2050

Base year BAU 2030 BAU 2050

Produced milk (1,000 t) 2,632 3,066 2,986

Dairy cows 375,999 355,719 309,628
(Animal capacities)

Suckler cows 52,302 3,744 4,277
(Animal capacities)

Fattening bulls 115,521 4,576 7,677
(Animal capacities)

Other cattle (Animal capacities) 261,300 206,950 179,252

Sows (Animal capacities) 248,744 253,475 206,573

Fattening pigs 1,166,117 1,226,627 1,390,076

(Animal capacities)

completely vanishes by 2030 because of the abolishment of
EU sugar market protection. The highest absolute area re-
duction is for silage maize with —27,000 ha (—=21%) and it is
mainly driven by a decrease in price of silage maize. The cul-
tivation areas of the other crops also decrease. By 2050, the
cultivation area of all crops but PBC is also lower than the area
in the base period. This is caused by the substantial expansion
of PBC, nearly 150,000 ha. Cereal production decreases the
most by —78,000 ha (—15%). The cultivation areas of oil-
seeds, corn, and silage maize decrease by 15,000-21,000 ha
compared to the base period. The gross margin declines from
980 to 836 €/ha in 2030. This is mainly caused by declining
prices of important products in Baden-Wuerttemberg (milk,
beef, and maize) due to agricultural policy reform related to
market liberalization. The modeled price effects until 2050
result in a significant increase in the gross margin to 1,328 €/
ha, due to a positive producer price development. The in-
crease in the gross margin occurs despite consideration of the
increased cost of machinery and production supplies.

The effects of the scenarios on livestock production are
presented in Table 7. The projected decline in the beef price
would lead to an almost complete reduction in suckler cow pro-
duction and bull fattening. The number of dairy cows declines
in Baden-Wuerttemberg over time, while milk production is
higher than in the base period. In the period between 2030 and
2050, the increasing productivity is overcompensated for by
the reduction in the number of milk cows, which results in a
slight decrease in overall milk production in 2050 compared
to 2030. The number of sows increases until 2030 and then de-
creases until 2050, because the cost of sow management rises
more than the modeled proceeds. The increased productivity
in pig farming causes an expansion of pig fattening.

33 |

Figure 4 shows the cultivated agricultural area and the gross
margin of the example farms in the base year and in the BAU
scenario in 2030 and 2050. All four example farms are char-
acterized by a growth in land endowment and livestock farms
of animal capacities, due to structural change and technical

Temporal effects at farm level
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FIGURE 4 Comparison of cultivation area and area-related gross margin (GM) of example farms between base year scenario (2010) and
business as usual scenario (BAU) scenario in 2030 and 2050. 1AF, arable farm; 3DF, extensive dairy farm; SDF, intensive dairy farm; PBC,

perennial biomass crops; 8PF, pig farm

progress. The example farms have different adoption strate-
gies of crop rotation to the changed framework conditions
over time, which also results in differences in the area-related
gross margin. In 2050, all farms except the intensive dairy
farm (5DF) cultivate PBC.

The arable farm (1AF) is the only farm that produces
sugar beet in the base year, but discontinues production
in the BAU scenario, due to the price drop that is caused
by the reduced sugar market protection. PBC cultivation
replaces the complete sugar beet cultivation and reduces
the share of cereal cultivation in the farms' crop rotation in
2030. In 2050, the price development leads to the substitu-
tion of corn by silage maize, without changes in the overall
crop rotation. The farm cultivates the largest area of PBC
with 64 ha and with 28% of arable land also the largest
share in 2050. The area-related gross margin of the ara-
ble farm reduces until 2030, which is caused by the price
decline in import arable crops like sugar beet and silage
maize for biogas production, which cannot be compensated
for by the increasing prices of cereals and the expansion
of PBC cultivation. The price increase in all major arable
crops, especially the high increase of PBC by 2050, lead to
an increase in the gross margin of almost 50% (1,173 €/ha)
compared to the base year.

The extensive dairy farm in the Black Forest (AER 3)
does not significantly change the crop rotation until 2030. In
2050, the farm reduces clover grass production, and hence,
the high share of forage crops (silage maize and clover grass)
in the crop rotation decreases from 55% to 39% compared
to the base period. Clover grass area is substituted by cere-
als and corn, and the cultivation of PBC is expanded to 5%.
Unfavorable production conditions for PBC in this region
prevent further expansion. The considered price and yield
developments result in a part substitution of clover grass for
cereals in the feed composition for dairy cows. By 2050, the
gross margin is 20% below the base year scenario. This farm
suffers from the negative price developments on the beef
market. Furthermore, it is only able to cultivate a small area
of PBC and benefit only slightly from the PBC upsurge. The
extensive dairy production is also sensitive to price changes
in milk, because the farm cannot sufficiently compensate for
the price decline in milk by increased productivity.

The intensive dairy farm in AER 5 (5DF) uses about
85% of its arable land to produce forage and the rest for ce-
real production. The farm expands the crop areas in the BAU
scenario without changing the composition. It has the high-
est gross margin per ha in the base year, decreasing by 6%
until 2050 to the second highest value. However, the margin
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in 2050 is smaller than in reference. The decrease in the gross
margin is similar to the extensive dairy farm, mainly driven
by the unfavorable development of the price for beef and milk.

Like the dairy farms, the pig farm in AER 8 (8PF) does
not cultivate PBC in 2030. However, the farm expands the
cereal production while lowering the share of maize produc-
tion. This effect is caused by increased comparative advan-
tages of cereals, due to a price decrease for maize (corn and
silage maize). By 2050, the farm cultivates PBC on 18% of its
arable land, mainly at the expense of cereal production. The
pig farm has a lower area-related gross margin than the inten-
sive dairy farm in the base year, but it can double the gross
margin by 2050 because of a strong increase in the profitabil-
ity of pork production due to the price increase in pork and a
relatively high productivity increase. As a result, the farm has
the highest area-related gross margin of the example farms
(3,195 €/ha).

3.4 | Impacts of the bioeconomy scenarios
on agriculture in Baden-Wuerttemberg

3.4.1 | Changes in arable crop area and
gross margin in Baden-Wuerttemberg

The impacts of the bioeconomy scenarios on the cultivation
area of the main agricultural crops and the gross margin at
Baden-Wuerttemberg level are presented in Figure 5. The
biggest effect is caused by the expansion of PBC cultivation
in most scenarios. This expansion comprises 60,000 ha in the
BIO_mid 2030 scenario and increases to almost 90,000 ha in
the BIO_hi 2030 scenarios compared to BAU. The compara-
tively large price increase in PBC by 2050 leads to an expan-
sion up to the maximum cultivation limit of PBC of almost
150,000 ha in all scenarios. This corresponds to 19% of arable
land in Baden-Wuerttemberg and is hence in accordance with
ESIM results for Germany that simulate between 16% and
26% depending on scenario in 2050. This expansion replaces
at most about 60,000 ha of cereal production in the BIO_hi
scenario, which is the largest absolute decline in the different
crops. Maize and oilseed cultivation areas also decrease with
a more expanded bioeconomy until 2030, whereas the change
in diet has no significant effect on arable crop areas. The per-
manent grassland plays, alongside arable land, a major role
in the agricultural production of Baden-Wuerttemberg, but
is distinguished by the assumed ban on ploughing and hence
the limited usage options (feed and biogas feedstock). This
characteristic results in the nonuse of 15% of the grassland
in Baden-Wuerttemberg in 2050. This grassland is not in use,
due to the productivity increase in livestock production and
the decline in cattle production together with no other profit-
able utilization option.

In general, the area-related gross margin increases with
a more expanded bioeconomy, up to +9% in BIO_hi at
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FIGURE 5 Impacts of the bioeconomy scenarios on arable crop

areas and gross margin (GM) per utilized agricultural area (UAA) in

Baden-Wuerttemberg. PBC, perennial biomass crops

Baden-Wuerttemberg state level in 2030. By 2050, the gross
margin increases by almost 2% in BIO_mid compared to
BAU, because the increased use of biomass for energy and
materials causes higher prices for most agricultural products.
The discontinued use of agricultural biomass for biogas and
1G biofuels in BIO_hi lead to a decline in rapeseed and si-
lage maize prices, which reduces the gross margin by almost
2%. With a change in diet (BIO_hi+diet), the gross margin
decreases because the increase in prices of major agricultural
crops is offset by the price-reducing effects of the change in
meat consumption and the area-related profitability decreases
by 14% compared to the BAU.

3.4.2 | PBC cultivation in AER

The cultivation area of PBC varies strongly between the dif-
ferent regions (Figure 6). The focus of miscanthus cultivation
is in fertile agricultural regions such as AER 1. The cultiva-
tion of SRC cannot compete in such regions. SRC cultivation,
however, is more competitive in regions with less favorable
arable production conditions, which explains the higher cul-
tivation area of SRC in AER 3, AER 5, and AER 6. In the
BAU scenario, the area for PBC ranges from no cultivation in
the Swabian Alps (AER 4) to over 50,000 ha in the center of
Baden-Wuerttemberg (AER 1) in 2050, which corresponds
to 28% of arable land. AER 6 cultivates PBC on more than
35,000 ha. AER 4 has no cultivation of PBC due to restrictive
environmental and climate limitations.

AER 3 and AER 5 show small absolute and relative PBC
cultivation areas in Baden-Wuerttemberg over all scenarios.
These regions have a relatively low endowment of arable land
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FIGURE 6 Cultivation area of miscanthus and short rotation coppice in 2050 per scenario and region in hectare

that could be cultivated for PBC, due to unfavorable produc-
tion conditions. This limits the possible maximum cultivation
area. Furthermore, livestock farms in these regions are strong
competitors for PBC, and therefore, most of the land is used
for feed production.

At Baden-Wuerttemberg level, the nonuse of agricultural
biomass for biogas in BIO_hi strongly affects land use for
the production of agricultural biomass for solely energetic
and material use (silage maize for biogas and PBC), which
decreases from 27% in BAU to 18%. The silage maize is
mainly substituted by corn in fertile arable cropping regions
such as AER 1 and tends to be replaced more frequently by
cereal production in marginal regions (such as AER 5).

3.4.3 | Effects of bioeconomy scenarios at
farm level

Figure 7 shows the impacts of the BAU as well as the bio-
economy scenarios on the crop cultivation and area-related
gross margin of the different example farms. All farms have
in common a reduced area-related gross margin in the sce-
nario with the changed diet (BIO_hi+diet), which is around
10% for the arable farm and both dairy farms, but the different
farm characteristic also caused different adoption strategies.

The arable farm (1AF) has no significant change in crop
rotation in 2030. The PBC cultivation area does not change
between the bioeconomy scenarios, because the cultivation is
already very competitive with other crops due to the compar-
atively low price in the BAU scenario. In 2050, the farm only
reduces the cultivation of silage maize in BIO_hi scenarios
due to the banned use of agricultural biomass for biogas pro-
duction. The farm uses the released area to expand corn pro-
duction. The arable farm benefits the most, in relative terms,
from the expanding bioeconomy. The gross margin increases
by up to 4% in BIO_mid and 3% in BIO_hi compared to BAU
in 2050. Although the farm has no livestock production, the
gross margin also declines in BIO_hi+diet. This is because
the changed diet also leads to declining feed prices. However,
the effect is less pronounced than for livestock products, and
therefore, the decline in the gross margin is the smallest of
the example farms at —9%.

The extensive dairy farm (3DF) has no significant
change in gross margin in 2030, and in 2050, the expanding
bioeconomy has a slightly negative impact on profitability, as
the gross margin declines by 3% in BIO_hi. The small expan-
sion of PBC does not compensate for the higher feed costs for
the farm, but the price developments change the comparative
advantage of crops in the feed mix of dairy cows. Therefore,
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example farms (1AF: arable farm; 3DF: extensive dairy farm; 5DF: intensive dairy farm; 8PF: pig farm). PBC, perennial biomass crops

with an increased bioeconomy, the farm substitutes clover
grass by cereal and switch back in BIO_hi+diet. The gross
margin in this scenario is additionally 10% lower than in the
scenario without a change in diet.

The intensive dairy farm (SDF) does not change produc-
tion on arable land, which highlights that dairy production
is the most profitable production, regardless of the scenario.
The farm uses the entire arable land for feed production and
the milk price significantly changes only in the BIO_hi+diet
scenario. Therefore, the gross margin is significantly lower
only in the scenario with changed diet with —4% in 2030 and
—9% in 2050.

The pig farm (8PF) benefits from the positive market
developments in pork and, in contrast to the dairy farms,
is able to profit from PBC cultivation due to the high en-
dowment of arable land. The pig farm cultivates PBC in
all bioeconomy scenarios in 2030. PBC prices reach a
competitive level at higher prices than in BAU scenario,
which differs from the arable farm. In 2050, the farm pro-
duces cereals on the arable land on which silage maize
was grown as feedstock for biogas. The area-related gross
margin of the pig farm increases by around 1.5% in the
bioeconomy scenarios and at —19% has the highest decline
due to changed diet. However, it is still the highest of the
example farms.

3.5 | Sensitivity analyses
3.5.1 | Effects of cultivation of PBC
on grassland

In the following, we compare the results with and without
PBC cultivation on grassland in 2050 in order to analyze
a possible change in the policy framework. The cultivation
area of PBC on grassland does not differ between the sce-
narios and is 76,000 ha in Baden-Wuerttemberg (Table 8).
The utilization of grassland shows no significant difference
between BAU and BIO_mid. In both scenarios, there would
still be 8% unused grassland, because the cultivation could
not be unreservedly expanded due to ecological and envi-
ronmental limitations. In both BIO_hi scenarios, however,
the utilization of grassland to produce biogas feedstock is
not an option anymore, and therefore, the share of unused
grassland increases to 23%. In the scenarios in which PBC
cultivation is allowed on grassland, the overall PBC culti-
vation area shows no difference between the bioeconomy
scenarios. Because of the high comparative advantage to the
other usage of grassland, the farms cultivate PBC already in
the BAU scenario at the upper cultivation limit. Hence, the
share of unused grassland in BIO_mid decreases to the same
level (8%), whereas in BIO_hi, the share of PBC cultivation
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TABLE 8 Comparison of use of grassland (ha) of different bioeconomy scenarios with and without cultivation of PBC on grassland per AER

and Baden-Wuerttemberg (BW) in 2050

S No PBC on grassland PBC on grassland
AER use BAU BIO_mid BIO_hi BIO_hi+diet BAU BIO_mid BIO_hi BIO_hi+diet
1 Feed 13,828 13,808 19,387 19,037 11,708 11,680 17,262 17,194
PBC 0 0 0 0 7,175 7,175 7,175 7,175
Biogas 15,530 15,530 0 0 13,533 13,533 0 0
Unused 6,803 6,822 16,773 17,123 3,745 3,772 11,723 11,791
2 Feed 15,291 15,020 19,999 19,476 15,228 15,000 19,967 19,439
PBC 0 0 0 0 5,135 5,135 5,135 5,135
Biogas 12,301 12,301 0 0 11,177 11,177 0 0
Unused 7,561 7,832 15,155 15,678 3,614 3,842 10,052 10,579
3 Feed 46,079 45,597 57,637 56,909 43,079 42,554 55,195 55,132
PBC 0 0 0 0 5,322 5,322 5,322 5,322
Biogas 12,895 12,895 0 0 12,895 12,895 0 0
Unused 10,727 11,209 12,065 12,793 8,406 8,931 9,185 9,248
4 Feed 52,446 52,446 69,928 69,851 50,482 50,482 67,967 67,894
PBC 0 0 0 0 3,002 3,002 3,002 3,002
Biogas 24,453 24,453 0 0 24,043 24,043 0 0
Unused 8,284 8,284 15,255 15,332 7,657 7,657 14,214 14,288
5 Feed 28,128 28,128 29,824 30,139 17,441 17,419 18,199 18,199
PBC 0 0 0 0 14,872 14,872 14,872 14,872
Biogas 4,943 4,943 0 0 758 780 0 0
Unused 0 0 3,247 2,931 0 0 0 0
6 Feed 46,143 46,274 55,684 55,896 35,944 36,014 40,930 40,934
PBC 0 0 0 0 20,374 20,374 20,374 20,374
Biogas 8,847 8,786 0 0 5,239 5,239 0 0
Unused 7,791 7,721 7,097 6,885 1,224 1,154 1,477 1,473
7 Feed 38,247 39,377 45,071 44,861 35,772 37,148 42,226 42,042
PBC 0 0 0 0 12,817 12,817 12,817 12,817
Biogas 13,252 13,252 0 0 12,551 12,330 0 0
Unused 19,223 18,093 25,650 25,860 9,582 8,427 15,679 15,863
8 Feed 19,350 19,475 24,512 24,559 14,659 14,659 18,808 18,808
PBC 0 0 0 0 7,914 7,914 7,914 7,914
Biogas 4,258 4,258 0 0 4,258 4,258 0 0
Unused 3,748 3,623 2,843 2,796 525 525 633 633
BW Feed 259,512 260,126 322,042 320,729 224,312 224,956 280,554 279,643
PBC 0 0 0 0 76,610 76,610 76,610 76,610
Biogas 96,478 96,417 0 0 84,454 84,255 0 0
Unused 64,139 63,586 98,086 99,400 34,753 34,308 62,964 63,875

Abbreviations: AER, Agro-Ecological Regions; BAU, business as usual scenario;

decreases to 15% of overall grassland. The production of
grassland silage for biogas decreases by around 12% and
8% for feed production in BAU and BIO_mid at Baden-
Wuerttemberg level through expanded cultivation of PBC.
The reduction of feed production in both BIO_hi scenarios
decreases by 10%.

PBC, perennial biomass crops.

In all regions, the cultivation option of PBC on grassland
leads to a significant reduction in forage production. The re-
sults are particularly interesting in regions with intensive dairy
farming (AER 5), intensive livestock production (AER 6),
and the mixed farming region (AER 8). These regions are
characterized by a high competition for grassland by cattle
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farming and they have (almost) no unused grassland even
without cultivation of PBC on grassland. If, however, PBC
cultivation is allowed on grassland, those regions cultivate
PBC on a significant area of grassland (29%—45%). Despite
this increase in competition for grassland, livestock farming is
not reduced. The farms in these regions increase the intensity
of grassland production and purchase more feed to compen-
sate for grassland area now used for PBC. Other regions (like
AER 3 and AER 7) still have, despite the cultivation of PBC
on grassland, a comparatively high share of unused grassland
(>10%). These regions have a relatively high endowment of
marginal grassland, where the cultivation of biogas feedstock
or PBC does not cover costs or is not possible due to produc-
tion conditions, respectively. The gross margin increases by
6% in BAU and BIO_mid and by 7% through the PBC culti-
vation on grassland. AER 5 could benefit the most from the
PBC cultivation on grassland and increase the gross margin
by almost 30%, due to the intensification of grassland use.

352 |

The sensitivity analysis (Figure 8) shows that lower PBC
prices first affect SRC cultivation. Miscanthus has a higher
gross margin than SRC and is therefore less sensitive to
price declines. With a price reduction of 40%, the area of
miscanthus decreases as well. With a 20% reduction in PBC
price, the production of PBC reduces by 25% in BAU and
slightly in BIO_hi. At 60% lower prices, the cultivation of
PBC completely vanishes in all scenarios. The major part of
the substitution of the PBC area is done by cereal production
(around 73%) and additionally by oilseed production (9%),
which both vary only little between the scenarios. The re-
maining area is used to expand the cultivation area of corn
and silage maize.

Effects of a reduced PBC price
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FIGURE 8 Effects of a reduced price of perennial biomass crops
on miscanthus (Misc) and short rotation coppice (SRC) cultivation in
Baden-Wuerttemberg per bioeconomy scenario in 2050

3.5.3 | Effects of climate change-based
yield changes

In the following, we present the effects of climate change
on yields for the fertile cropping region AER 1 and the low
mountain region AER 6. In order to show the maximum ef-
fect, we compare the climate change sensitivity for the BAU
and BIO_hi scenario.

In general, the considered climate change scenarios have a
negative impact on the gross margin in both regions, whereas
the decline increases over time. However, it has no effect on
the PBC cultivation area, because its comparative advantage
remains. In the BAU scenario, AER 6, the loss in gross mar-
gin is lower (—4%) than in AER 1 with —6% in 2050. The
stronger decline in cereal and rapeseed yields in AER 6 is
overcompensated for by the slight increase in maize yields.
Despite the different comparative effects, the gross margin
decreases at the same level in the BIO_hi scenario in both re-
gions, because silage maize production as a biogas feedstock
is not possible in that scenario.

The considered climate change scenarios have different
effects on the two examined regions (AER 1 and AER 6). In
AER 1, the biggest effect of the considered climate change
can be observed on the cultivation of silage maize. This
effect has to be distinguished between biogas feedstock and
feed. The declining yield of silage maize as biogas feed-
stock reduces the comparative advantage, which results in
a smaller cultivation area. The cultivation of silage maize
for feed, however, increases because livestock farming has
a comparative advantage to other crop production. As a re-
sult, more maize cultivation is required in order to produce
the necessary feed. Wheat has a robust comparative advan-
tage in this region due to the high-yield level, and therefore,
the considered yield decline is not big enough to nullify it.

In AER 6, the considered climate change effects slightly
increase the yields of corn and silage maize production, while
the yield of wheat significantly decreases. This results in the
18% increase in the maize cultivation area in the BAU sce-
nario. The abolished use of silage maize as a biogas substrate
in the BIO_hi scenario and the different price ratio results in
no change in crop rotation between the climate change sce-
nario and the reference.

4 | DISCUSSION

4.1 | General impacts of modeled scenarios

The results of this study highlight that the transition of a fos-
sil-based economy to a bio-based economy can cause differ-
ent impacts on agricultural production in different regions,
and can even contradict within subregions and/or between
farm typologies. This characteristic coincides with results of
other studies that use a model linkage at different aggregation
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levels (Offermann et al., 2015). The model results of EFEM
show a general increase in the gross margin of farms in
Baden-Wiirttemberg over time and due to the expansion of
the bioeconomy sector. However, there are winners and los-
ers of this development. The results indicate that the mar-
ginal agricultural regions will not benefit from an expanding
bioeconomy, which will thus further increase the economic
disadvantage compared to highly productive locations and
furthermore increase the structural change in those regions.
If this is not politically or socially desired, agricultural subsi-
dies have to be adopted accordingly.

We compared our results with findings by Offermann
et al. (2018) in order to validate our simulations. The com-
parison shows only a small deviation between baseline and
BAU scenarios of both studies. However, the effects of the
abolishment of market protection for beef and sugar beet dif-
fer between the studies. The less favorable production con-
ditions of beef and sugar beet in Baden-Wuerttemberg lead
to a stronger reduction in production in our modeling with
EFEM. In agreement with Banse et al. (2016), the modeled
production shift shows similar impacts on the structures of
the agricultural production in specific bioeconomy scenarios.
The results of their impact assessment of a bioeconomy im-
plementation show a rising cultivation area of cereals, while
the cultivation area of the other arable crops decreases by
2025, which is in accordance with our results of the bioecon-
omy scenarios in 2030.

The modeled impacts are driven by several factors, how-
ever, which are not all caused by the direct development of
the bioeconomy. The reduced availability of arable land leads
to an overall decline in biomass production and consequently
intensifies the competition among agricultural activities. This
effect is particularly crucial in both Baden-Wuerttemberg
and Germany in general, as there is no significant fallow land
that could be used to increase the available cultivation area.

4.2 | PBC adoption

The assumed framework conditions of the bioeconomy sector
in the different scenarios lead to a general expansion of PBC
on arable land by substituting other agricultural crops. The
sensitivity analysis of the PBC prices shows a high elasticity
of the cultivation area in Baden-Wuerttemberg, as the culti-
vation declines by 25% based on a 20% decrease. This shows
the importance of determining the base price. However, the
assumed base price of PBC that is derived from heat values
also seems appropriate, as the use of biomass for materials
has to compete with its energy use, especially with the de-
sired goal of reducing use of fossil resources. This also shows
the need to improve existing new lignocellulosic value chains
and to develop new ones (Dahmen, Lewandowski, Zibek,
& Weidtmann, 2019). Furthermore, our results are mainly
driven by farm profitability from price developments in
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bioeconomy scenarios. However, the expansion of PBC can
also trigger a resistance in society, similar to the resistance
against the regionally widespread cultivation of silage maize
as biogas feedstock in Germany. Therefore, the acceptance of
the local as well as regional population should be examined
before wide political promotion.

4.3 | Impacts of climate change and
technological progress

Technological progress counterparts the declining cultiva-
tion area. Nevertheless, it is uncertain that this development
will continue like this, especially in view of climate change.
Regarding the latter, the assessed effects in model calcula-
tions of climate change indicate, in particular, a change in
the comparative advantages of crops within and between re-
gions. This is likely to affect the optimal crop rotation and
therefore change the agricultural production. The general
development, however, results in a decline of farms' gross
margins. Wolf et al. (2015) argue that the combination of
change with technologies and management adaptions lead to
no significant effect on farms' profitability in central Europe.
Such adoption strategies are not integrated in EFEM so far,
but should be considered in any future modeling that assesses
climate change-related scenario.

44 |

Grassland results show a high unused technical potential of
biomass in Baden-Wuerttemberg, which could be used within
bioeconomic value-added chains. The cultivation of PBC
on grassland, however, shows significant regional differ-
ences. On the one hand, regions with a high share of unused
grassland cultivate PBC without changing the production.
For these regions, the implementation of PBC with a spe-
cial focus on marginal land could be useful (Wagner et al.,
2019). On the other hand, regions with an already intensive
grassland utilization further increase this intensity of utiliza-
tion. The maximum cultivation area of PBC is in accordance
with the identified suitable land availability for PBC of Aust
et al. (2014). Beside PBC cultivation, the unused grassland
could also be a potential biomass feedstock for biorefineries
and, in this way, used for new value chains in the bioeconomy
(Mandl, 2010). However, biomass resources with a high water
content in the harvested product have relatively high transport
costs, which therefore must be given a particular considera-
tion (Zhang et al., 2018). In accordance with other studies, the
decreasing use of grassland in marginal regions seems likely
due to the decreased competiveness of cattle farming in those
regions (Ketzer, Rosch, & Haase, 2017). If no new profitable
value chains for grassland as feedstock will be developed, non-
use will result in a succession that converts grassland to for-
est. This forest could also be used as lignocellulosic feedstock

Use of grassland
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in the bioeconomy in the long term, but this conversion seems
largely undesirable, because grassland, especially extensively
used grassland, has a comparatively high ecological perfor-
mance (Ockinger, Eriksson, & Smith, 2006). In general, ap-
propriate subsidies and a certain policy framework must be
provided, if the intensive grassland should be preserved from
intensification through expanded biomass production and ex-
tensive grassland from succession based on nonuse.

4.5 | Silage maize as biogas feedstock

Biogas production is an important consumer of agricultural
biomass in Baden-Wuerttemberg, but the demand greatly de-
pends on political subsidies, due to comparatively high feed-
stock costs. However, the political environment regarding
agricultural biogas production seems largely unpromising and
the sector is already shifting toward flexible demand-driven
production. Additionally, high value production seems the ap-
propriate developing path of biogas use (Bahrs & Angenendt,
2019). Both will result in a smaller demand for agricultural bi-
ogas feedstock and the redundant area could be used for other
food and feed. The effect on the profitability of the farms will
depend on whether they are able to compensate for the reduced
demand with a higher product price for the particular products.

4.6 | Change in diet

Another core parameter in the transition from a fos-
sil-based economy to a bio-based economy is the declin-
ing consumption of resources in industrialized countries
(Hedenus, Wirsenius, & Johansson, 2014). A change in
diet of the population in western countries is one part of
this reduction. However, at Baden-Wuerttemberg level, the
effect of the resulting price development of livestock and
plant products has far less of an effect on livestock pro-
duction than the price development over time in the base-
line. However, the change in diet will reduce the import
of livestock products, because Baden-Wuerttemberg has a
relatively low level of self-sufficiency of around 55% for
livestock products (except poultry <20%) in 2016 (LEL,
2017a). Nevertheless, the profitability of the intensive live-
stock farms is significantly diminishing due to the price
development of the change in diet.

4.7 | General limitations of the
model approach

Economic models are always based on a simplified represen-
tation of reality. Additionally, the complexity of the develop-
ment of the bioeconomy is high. For this reason, the results
of this study also show some limitations.

Although the important crops are integrated, crop residues as
feedstock are not considered, because they are not implemented

in the model linkage of ESIM and TIMES-PanEU. However,
this biomass has some potential in Baden-Wuerttemberg
(Petig, Rudi, Angenendt, Schultmann, & Bahrs, 2019). New
crops, such as PBC, are lacking regionally differentiated yield
data. The implementation, therefore, depends on expert opin-
ion rather the yield statistics that are often based on a few field
trials. More detailed production data of PBC could help to im-
prove the spatially differentiated implementation in EFEM. The
assumed technical progress of considered crops is a suitable as-
sumption as presented in the method section, but might also
reach a biological yield limit. This justifies a separate analysis
in the context of bioeconomy in the future, but has so far been
omitted in order to maintain consistency with ESIM.

Another limitation consists of the missing logistic assess-
ment of the production of PBC and biogas substrates. Logistics
has a strong impact on profitability of production, especially
for regions with poor transport links, because transportation
costs in biomass value chains account for a large share of
total biomass costs (Ba, Prins, & Prodhon, 2016). However,
the number of potential plants (e.g., biorefinery) is quite low
compared to the number of farms, which would selectively
affect the farms results of EFEM. This would strongly dis-
tort the extrapolation to regional results and is therefore not
directly implemented in EFEM. For biogas, however, survey
data allow for a spatial differentiation, but for PBC, there are
no such data.

Structural changes in the agricultural sector may be accel-
erated or slowed by future policy changes, especially to the
Common Agricultural Policy (CAP) of the EU. Although lin-
ear regression of structural changes is a suitable assumption
as presented in the method section, future changes in policy
framework may result in major changes.

4.8 | Summary and future research
implications

This study assessed the impacts of future bioeconomy sce-
narios at farm level in the German federal state of Baden-
Wuerttemberg by downscaling agricultural market data at
EU and country level. In this approach, the results of the ag-
ricultural sector model ESIM and the energy sector model
TIMES-PanEU were downscaled to the farm model EFEM.
PBC cultivation shows a high competiveness in all regions
and the general development shows an increasing profit-
ability in agricultural production in Baden-Wuerttemberg.
However, results show contrasting effects at regional level
and for the different production foci of farms. Regions with
pronounced cattle farming activities and marginal regions
will not profit from the overall growth of the bioeconomy.
By contrast, fertile regions with a focus on arable farming
not only profit from the expansion of PBC but also from
the market development of other cash crops. This effect
can also be seen at farm level. The arable farm profits from
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development and dairy farms suffer economic losses. This
is accompanied by increased competition in already in-
tensive regions on the one hand, and on the other hand,
marginal locations and extensive production systems suffer
economic losses.

For future research, an assessment of the general de-
velopment of bioeconomy scenarios with decentralized
biorefineries may be interesting, because it could depict
a regionally localized demand for the specific agricul-
tural biomass of biorefineries. Feedstock provision and the
transportation cost of such biorefineries will probably have
additional effects on regional biomass prices and therefore
affect regional production. Furthermore, a holistic assess-
ment of ecological impacts due to the change in production
pattern should be performed. This includes effects not only
on soil, water, and biodiversity but also on GHG emissions,
especially when conversion from grassland to arable is al-
lowed. A combined cultivation system of food crops and
PBC could help to reduce negative ecological effects like
fertilizer runoff or biodiversity loss due to an intensifica-
tion of agricultural production (Acharya & Blanco-Canqui,
2018; Ferrarini et al., 2017; Jgrgensen, 2011). Finally, an
assessment of policy support measures with a specific
focus on less competitive marginal regions and extensive
production systems may bring some interesting insights in
order to determine the economic effort to preserve ecolog-
ically beneficial production systems.
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