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Bioenergy policies affect both the environment and biomass availability for food, feed, and fiber on a
national and international scale. To support policy makers, knowledge and methods from different sci-
entific disciplines in the form of integrated assessments is necessary. Therefore we developed the
MILESTONES framework which models the links between the national bioenergy system and the global
land-use system as an integrated modeling approach. It builds on a set of three well-tested models

(MAGNET, LandSHIFT and BENSIM). The prototype's functionality was demonstrated by assessing the
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environmental impacts of future German bioenergy strategies on a global level and along the entire
biomass provision chain. The results from the case study show that, on the one hand, German bioenergy
strategies have little effect on international market prices, but on the other hand land-use policies on an
international level strongly influence the environmental performance of any German bioenergy strategy.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction: background and research agenda

Bioenergy is obtained from renewable biomass sources.
Currently, these mainly include woody biomass from forests and
food crops grown on agricultural land, but also consist of biogenic
residues and waste. On the global scale, the provision of bioenergy
is by far the most important renewable energy source and is
considered to be one approach to reducing global greenhouse gas
emissions (Chum et al.,, 2011; REN21, 2014; Smith et al., 2014).
Energy carriers that are derived from biomass, whose composition
and behavior are similar to fossil carriers, will play an ever
increasing role in the future in the transport and power sectors
(Eisentraut and Brown, 2014; OECD/IEA, 2011). Moreover, biomass
enables flexible power supply and storage in the power sector.
These characteristics of biomass, which have driven bioenergy

* Corresponding author. Helmholtz Centre for Environmental Research GmbH -
UFZ, Dep. Bioenergy, Permoser Strasse 15, 04318, Leipzig, Germany.
E-mail address: daniela.thraen@ufz.de (D. Thrdn).

http://dx.doi.org/10.1016/j.envsoft.2016.09.005

policy in the past, provide an opportunity to overcome major
challenges in climate protection and to enable the transition to a
renewable resource base (EC, 2013; Inderwildi and King, 2009). At
the same time, the provision and use of bioenergy from energy
crops causes additional demand for agricultural land and may in-
crease pressure on this limited resource (van Renssen, 2011; UNEP,
2012). Bioenergy policy is strongly accompanied by intensive de-
bates on bioenergy use with regard to the effects on different di-
mensions of sustainability, such as the food versus fuel debate and
the debate on environmental impacts of direct and indirect land-
use change triggered by energy crop production. Possible effects
on, for instance, food security and biodiversity preservation are also
relevant in the design of bioenergy policies. These bioenergy pol-
icies are thus driven by some of the big challenges of global change
(Fig. 1).

The ongoing discussion on biomass availability, and the direct
and indirect effects of bioenergy policy, forces decision makers to
not only define overall targets for bioenergy use, but also to pri-
oritize in which energy sectors the limited resource should be used.

1364-8152/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Political framework and drivers behind a bioenergy strategy.

Due to international markets and transnational effects of changing
demand patterns for bioenergy resources, national bioenergy pol-
icies also affect the international situation regarding biomass
availability for food, feed, fiber and other purposes. At the same
time, global trends can strongly impact national bioenergy strate-
gies. Hence policymakers from different fields are faced with very
complex decision-making issues.

To provide comprehensive, simplified and transparent infor-
mation about the possible impact of future bioenergy policies, it is
necessary to establish potential bioenergy development options
and to assess their effects with regard to the different dimensions of
sustainable development on different levels. To do this, we need to
consider the feedback between different policy fields and the
robustness of the effects within the context of changing framework
conditions and priorities.

This requires a combination of data, knowledge and methods
from different scientific disciplines in the form of integrated as-
sessments (IA). Integrated models (IM) are important tools for
supporting these assessments (Hamilton et al., 2015). In our case,
they facilitate the analysis of the interactions between bioenergy
technology pattern, the energy system, agricultural commodity
markets and land-use change, and therefore help to improve our
understanding of the system as well as to provide information that
can be used in decision making.

There are a number of models that concentrate on specific ele-
ments of the entire bioenergy supply chain. For example van der
Hilst et al. (2012) and Humpenoder et al. (2013) analyzed the ef-
fect of bioenergy policies on land-use change and the related
environmental impacts on a regional level using spatially explicit
land-use models that operate using a geographic raster. In both
cases, projections for food, fiber and biofuel demands were based
on external data sources. In contrast to the studies mentioned
above, Laborde (2011) analyzed the effect of the EU bioenergy
policy on direct and indirect land-use changes at a rough
geographic level using an economic equilibrium model (MIRAGE)
with a much lower resolution of land-use change (only calculated
at the basic level of the MIRAGE regions). In contrast, integrated
assessment models for bioenergy analysis can combine energy
sector models with economic equilibrium models and land-use
models. Popp et al. (2014) compare three different modeling ap-
proaches for the integrated analysis of energy and land systems on
a global level: GCAM (Clarke et al., 2007), IMAGE (Bouwman et al.,
2006) and REMIND/MAgPie (Popp et al., 2011). In their current
form, these models are only of limited use in supporting the
development of national bioenergy strategies as they operate using
arough spatial resolution (world regions). Unlike consequential life
cycle assessments (e.g. Cherubini and Stremman, 2011) they do not
take into consideration the whole biomass-to-bioenergy value
chain, such as greenhouse gas emissions, when analyzing envi-
ronmental impacts.

The key aspect of the research project “MILESTONES 2030” was
to identify elements and milestones in order to develop a stable and
sustainable German bioenergy strategy (Thran et al., 2015). This

required an integrated assessment that included socio-economic
and technological processes as well as an analysis of environ-
mental impacts. Regarding the aforementioned limitations of
existing modeling approaches, one important aspect was the con-
struction of an integrated modeling system to aid policymakers in
designing a strategy for using bioenergy which (i) considers the
complexity of drivers and processes, (ii) determines the environ-
mental and economic effects of these strategies on the national and
global level, and (iv) provides appropriate information for the
different fields of policy. In order to illustrate the different elements
of the assessment and, in particular, the development of the model,
we have structured the paper according to the four phases of in-
tegrated assessment modeling described by Hamilton et al. (2015):
(1) scoping the problem, (2) problem framing and formulation, (3)
analysis and assessment of options and (4) communication of the
findings.

In Section 2 we describe the scoping-phase by clarifying the
objectives, system boundaries, stakeholders and issues of concern
within the bioenergy policy field in Germany. In Section 3 we
conceptualize the system concept and define management sce-
narios for a more in-depth analysis of problem framing and
formulation. An analysis and assessment of the options make up
the main body of the integrated analysis, and are therefore divided
into two sections. In Section 4 we describe the structure and the
elements of the model set-up and the model coupling. In Section 5
the defined scenarios are analyzed and assessed, including the re-
sults from the integrated modeling and a further assessment of
those results. The last step of the integrated assessment - a
communication of the findings - is examined in Section 6. Finally, in
Section 7, we discuss the integrated assessment modeling approach
in terms of the modeling framework, the quality of the scenario
assessment results, and the potential to further improve the
approach.

2. Scoping the problem

In the scoping phase, we defined the objectives, system
boundaries, stakeholders and issues of concern. To support future
bioenergy strategies, we need to address the stakeholders within
the bioenergy policy field. Due to a close interrelationship between
biomass and bioenergy, these bioenergy decision makers are
typically placed in different ministries, i.e. the Ministry of Agri-
culture (biomass provision), the Ministry of Economic Affairs and
Energy (bioenergy — power and heat), and the Ministry of Trans-
port (bioenergy for transport) etc. In terms of the transition of the
energy system, different expectations regarding future bioenergy
utilization are expressed at the national level (BMELV/BMU, 2010;
BMVABS, 2013). Today it is also expected that increased use of
biomass might negatively impact land, environment and social
effects in different ways. This applies not only to Germany but also
to other regions of the world, which in turn also influences inter-
national sustainability issues surrounding future bioenergy
utilization.

There is a growing need for clear, stable, long-term priorities to
provide additional bioenergy within the different energy sectors
(heat, power and transport). In the latter case, it is reasonable to ask
which technologies would best utilize this potential. However, the
representation of the bioenergy sector in existing studies is usually
too general in order to answer such a question. The focus of this
study is to assess the environmental, economic and technological
effects of different bioenergy strategies in more detail.

The starting point for the creation of an overarching bioenergy
strategy for Germany is the actual biomass for energy provision of
1100 PJ/year in 2010 (calculation based on AGEE-Stat (2013)). It
should be noted that biomass utilization more than tripled in every
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energy sector between 2002 and 2012. In addition, many of the
bioenergy conversion plants have an expected time of operation
and, hence, a biomass demand that extends to 2025 or even beyond
(Fig. 2).

At the same time, the normative limit has also been set so that
the amount of biomass used for energy production in Germany
does not exceed the sustainable biomass use of 1550 PJ of primary
energy, which is assumed as the domestic production potential,
according to (Nitsch et al., 2012). So the expected use of biomass for
energy provision is a function of the installed capacities and their
technical life time. The degree of freedom in using the limited
biomass for different applications increases after the end of the
lifetime of the currently established plants. Modern biomaterials
and biochemicals are not part of this biomass potential so that
available biomass potential for further bioenergy provision can be
calculated from biomass potential and current use (about 450 PJ/
year in 2010; see Fig. 2).

Under this framework, policy advice for a bioenergy strategy
should consider long-term development potentials for the most
relevant drivers such as land-use change, technological develop-
ment, competitiveness of bioenergy provision concepts and the
role of bioenergy in the overall energy system. Any trend in bio-
energy also affects the overall energy supply and vice versa. Hence,
the trends in the overall energy system need to be considered when
framing the problem.

Many future settings are possible when it comes to these
drivers. In order to provide valuable information for policy
decision-making processes on the longer term, it is necessary to
clearly address the model system with dedicated research ques-
tions. As part of the ongoing bioenergy discussion in Germany there
are special concerns about national priorities for the provision of
power versus transport fuels, and the global impact of a national
bioenergy strategy — especially with regard to the related biomass
demand. We translated these concerns into two key questions to
further develop a bioenergy strategy. These should be answered
with help of the MILESTONES framework:

(1) Based on future biomass potentials for flexible power pro-
vision or for transport — how do resource demand, tech-
nology  development, expected installation and
environmental impacts differ over the longer term?

1600
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1000
& 800
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1990 2000 2010 2020 2030 2040 2050
Biomass potential available for modeling (historic*)
M Biomass already used for bionenergy production (historic*)
Biomass potential available for modeling
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Fig. 2. Development of biomass potentials (Nitsch et al., 2012) and bioenergy use (both
in petajoules) in Germany (based on AGEE-Stat (2013), Nitsch et al. (2012) and our own
assumptions).

(2) Does the picture change if the currently discussed impacts on
land-use change and the related environmental impacts are
reduced by an internationally sustainable land-use policy in
the coming decades?

3. Problem framing and formulation
3.1. System conceptualization

At this point, a conceptual model that describes the main ele-
ments and processes of the studied system is derived as a basis for
the modeling framework. The conceptual model includes the na-
tional bioenergy system (Germany in our case study) and its links to
national and global biomass markets. The relevant processes follow
the biomass-to-bioenergy value chain from cradle to grave. These
elements comprise (i) land-use systems that define the resource
basis for biomass production from forestry and agriculture, (ii)
global trade and biomass markets (economic system) and (iii) the
respective national bioenergy system (see also Fig. 3).

3.2. Definition of management scenarios

To assess the key questions identified in Section 2, we conducted
an analysis of four scenarios describing German bioenergy policy
options up to 2050. In order to achieve robust results for advising
policy, we decided to clearly show the effects of different political
decisions by assessing scenarios with extreme framework condi-
tions for the two key questions (in the sense of “policy decided to
implement option A or B”).

Scenarios were defined in which (i) biomass is either used to
produce fuels or combined heat and power (CHP) and where (ii)
different sustainability criteria limit land-use change and thus
biomass availability (Table 1). Briefly, in contrast to the business-as-
usual (BAU) scenarios, the sustainability scenarios (S) show (i) a
stronger protection of primary forests, (ii) no conversion of forest to
cropland or pasture land, (iii) a protection of areas with high
biodiversity, (iv) an implementation of the Aichi biodiversity target
11 that conservation areas should cover at least 17% of the terres-
trial Earth surface (Tittensor et al., 2014), (v) protected carbon-rich
areas and prohibited use of wetlands or peatland, (vi) a ban on
converting pastureland into cropland in the European Union (EU)
from 2020 onwards, (vii) a more rapid increase in CO, costs up to
100€/tCO, in 2050 and (viii) faster cost reductions through
research and development (corresponding to one learning rate in 3
instead of 10 years). These assumptions were translated into four
extreme scenario settings.

These scenarios were embedded in a German transition strategy
towards a highly efficient energy supply based on renewable re-
sources in 2050 (BMU, 2009; Nitsch, 2008; Nitsch et al., 2010, 2012;
Schlesinger et al., 2010). Output data from existing energy system
models and the national bioenergy policy framework were used as
a starting point. This takes into account the future pattern of energy
demands for heat, power and transport, and the role of other re-
newables and fossil fuels, as well as other parameters from a well
renowned study (Nitsch et al., 2012) covering the entire German
energy system. This information was supplemented with data up-
dates, e.g. for the power sector, mobility scenarios, and trends in
fertilizer production (IFEU, 2015; Thran et al., 2013). Within this
context, the bioenergy sector and the effects of bioenergy use are
analyzed in more detail. This enables the specific bioenergy results
of this study to be interpreted in the context of the overall energy
system with only moderate computational burden.

In addition to the above-mentioned points, we considered a
global trend towards an energy supply in 2050 that is increasingly
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Fig. 3. Structure of the MILESTONES modeling framework. The framework combines the three models MAGNET, LandSHIFT and BENSIM. Data exchange between the models
includes: (a, a’) Agricultural production and yield developments; (b, b’) medium yield and area of the different land-use types; (c, ') feedstock price changes for the German
market; (d, d’) national biomass-for-energy demand. Important exogenous model drivers comprise international framework conditions for biomass use and assumptions regarding
the use of bioenergy in Germany. Based on the model output the impacts on the environment, regional infrastructure and global food security can be analyzed.

Table 1
The four extreme scenarios for long-term bioenergy options in Germany.

Biomass for combined heat and power provision for Germany under an international,

business-as-usual land-use policy
CHP-BAU

Biomass for combined heat and power provision for Germany under an international,

more sustainable land-use policy
CHP-S

Biomass for transport fuel provision for Germany under an international,
business-as-usual land-use policy

Fuel-BAU

Biomass for transport fuel provision for Germany under an international, more
sustainable land-use policy

Fuel-S

based on wood and advanced, lignocellulose-based biofuels (IEA,
2014) for all scenarios with higher global production quantities in
the two sustainability scenarios (IINAS, 2014).

4. Model set-up
4.1. Structure of the modeling framework

The software prototype of the MILESTONES modeling frame-
work is an implementation of the conceptual model that we
described in Section 3 as an operating computer model (see
Magliocca et al., 2015). It provides an integrated assessment tool (1)
to analyze different scenarios of bioenergy use in Germany taking
into account global framework conditions and (2) to evaluate op-
tions for a sustainable bioenergy strategy.

Fig. 3 shows the structure of the modeling framework. It com-
bines (1) the global economic equilibrium model MAGNET to
describe international markets and trade, (2) the grid-based global
land-use model LandSHIFT to determine the location and extent of
global land-use change, and (3) the bioenergy market model
BENSIM to simulate the competition between bioenergy options at
the national level in Germany. Models were coupled using a soft-
link approach. This means that the models still operate as stand-
alone tools that exchange data via defined interfaces. In the next
3 sections we describe the individual models, their respective input
requirements and the generated output data. Then the procedures
for model coupling and data exchange are outlined (Section 4.5).

Additionally, we implemented a set of analytical tools to assess
the impacts of the modeled bioenergy options on the environment,
regional infrastructure and global food security (Thran et al., 2015).

In section 5 of this paper we describe results from an analysis of
selected environmental impacts.

4.2. Modeling the global provision of biomass

One central aspect of our modeling framework is the general
equilibrium model MAGNET (Modular Applied GeNeral Equilib-
rium Tool) which is used to calculate future economy and trade. It
explicitly determines supply, demand and prices of agricultural
products in a macroeconomic context taking into account compe-
tition over inputs between all economic sectors.

MAGNET is a recursive dynamic computable general equilib-
rium (CGE) model that focuses on agricultural sectors within the
world economy. The current version uses the GTAP 8 database
(Narayanan et al., 2012) which represents the world economy in
2007 in US dollars. It distinguishes between 134 regions (which
were aggregated into 35 world regions within our framework) and
57 sectors. The GTAP core of MAGNET was subsequently extended
by several modules (for details see Woltjer et al., 2014). Two of
these modules are a detailed representation of agricultural land
supply (Eickhout et al., 2009) and the inclusion of biofuel sectors
and biofuel policies (Banse et al., 2008). The biofuel module is
refined to include exogenously given absolute demand of biofuel in
metric tons of oil equivalent (mtoe).

MAGNET is mainly driven by changes in human population,
gross domestic product and technological change over time.
Additional exogenous drivers are trade, agricultural and biofuel
policies, constraints on land supply, factor mobility (the ability to
move production factors from one sector to another), and the
possibilities for substituting inputs and products. The exogenous
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drivers are derived from recognized international statistics.

In MAGNET, scenarios differ with regard to demand for bio-
energy and sustainable land-use policies (Table A6). The sustain-
able land-use policy is interpreted as a reduction in available land
for crop cultivation. Additionally, the conversion of grassland to
cropland is not allowed in the European Union from 2020 onwards.
In MAGNET, the bioenergy demand is distinguished between con-
ventional biofuels and bioenergy options using lignocellulosic
biomass and is formulated in absolute demand and land demand,
respectively. The land demand for lignocellulosic biomass further
reduces the available land for crop cultivation. For all world regions
except Germany, the two BAU scenarios CHP-BAU and Fuel-BAU use
the same assumptions for bioenergy demand and sustainable land
use policies in contrast to the two S scenarios (Table A7). Only the
bioenergy mix varies between all four scenarios in Germany
(Table A7).

4.3. Modeling the bioenergy system in Germany

In order to model the competition between different bioenergy
technology options, a myopic least-cost simulation model with
endogenous technological learning (BioENergy SImulation Model,
BENSIM) was developed. A detailed description can be found in
Millinger et al. (2015).

BENSIM simulates the least-cost mix of biofuel or bioenergy
production options on a yearly basis. Investment costs, operation
and maintenance costs, as well as black box input and output var-
iables for the processes (feedstock, power, byproducts, GHG-
emissions etc.) coupled with costs serve as a data basis for the
modeling.

The main drivers of the model are bioenergy provision costs that
are mainly influenced by costs for biomass, technical learning (a
reduction in investment costs with increased capacity and/or
through research and development) and efficiency improvements.
Biomass potentials also serve as a limit for some pathways. The
model's main output consists of production shares of the different
options resulting from competition that is based on the internally
generated cost trends (based on technological learning effects un-
der competition) to satisfy a bioenergy target or until biomass
limits are reached. The model also assesses the sensitivity of mar-
kets to different parameters and assumptions. Path dependencies
are also captured through the recursive elements of learning effects
and previously built capacities.

In terms of simulating the bioenergy provision in BENSIM, the
main differences between the scenarios are that there is a more
rapid increase in CO, costs towards 100€/tCOzeq in 2050 in the S
scenarios (roughly corresponding to a logarithmic and an expo-
nential curve respectively, with the end-point being the same). At
the same time, cost reductions through research and development
are more rapid (one learning rate in 3 years instead of 10), as well as
differing feedstock prices obtained from MAGNET.

4.4. Modeling the global land-use system

The global land-use system is represented by the LandSHIFT
model which is used to calculate spatial and temporal land-use
change due to the cultivation of food and energy crops, grazing
and urbanization. A detailed description can be found in Schaldach
et al. (2011) and Alcamo et al. (2011). LandSHIFT operates on a
global spatial grid with a cell size of 5 arc-minutes (~9 x 9 km at the
equator). Each cell is assigned to a world region (regional level).
Model drivers are specified separately for each world region. These
include the production quantities of different crop types, yield
improvements due to technological change, change in livestock
numbers and human population growth. Cell-level information

comprises land-use type, human population density, and a set of
parameters that describe the landscape characteristics (e.g. terrain
slope, potential yields, road infrastructure) and land-use re-
strictions (e.g. protected areas). The model is initialized with a
global land-cover map for 2007. Additional information on the
spatial location of crop types and pasture is introduced by merging
this map with statistical data on cropland and grazing land area on
a regional level. During the simulation, LandSHIFT translates the
regional model drivers into spatial land-use patterns. At the
beginning of every time step the suitability of each raster cell for
the different land-use types is determined based on cell-level in-
formation. Thereafter the model uses region-level data to deter-
mine and allocate the land needed for each crop type, pasture and
settlement in the most suitable cells. Model results are raster maps
that depict the spatial and temporal patterns of land-use change
within the different regions. Additionally, statistical data on the
regional level is calculated that consists of information on the area
used for crop cultivation, grazing, settlements, mean crop yields
and the area that is potentially available for new cropland and
pasture. The potentially available land is determined based on as-
sumptions regarding land-use restrictions, e.g. the protection of
forests and natural reserves.

In LandSHIFT the scenarios differ in respect of crop production,
livestock numbers and the development of crop yields as well as in
respect of their assumptions regarding land-use policies. In the
sustainability scenarios land-use policies are modeled in form of
land-use constraints that define the extent of protected land which
is not available for the expansion of cropland and pasture. GIS-
maps of primary forests, nature protection areas etc. are used to
specify the location of protected land (Table A6). The Aichi targets
were implemented by randomly selecting unprotected cells with
natural vegetation and exclude them from being converted to
agricultural land. Additionally, the transition of particular land-use
types is disabled, e.g. from pasture to cropland in the EU after 2020.

4.5. Model coupling and exchange of data

The first step of model coupling is the adjustment of MAGNET
and LandSHIFT with respect to their spatial resolution and repre-
sented agricultural commodities, in order to facilitate the exchange
of data between the models. Both models are modified to use the
same aggregation of world regions (Table A1) and differentiate
between the agricultural commodities of wheat, coarse grains,
oilseeds, sugar crops, rice, other crops and pasture.

In the second step, interfaces for data exchange between the
models are defined and a workflow for running the models in
coupled mode is developed. Two tables form the interface between
MAGNET and LandSHIFT. The LUCC DRIVER table (Table A2) spec-
ifies the model input for a LandSHIFT simulation based on MAGNET
output. This includes the production of each agricultural com-
modity for each region in each time step, as well as information on
how crop-specific yields change over time as a result of techno-
logical progress. It also includes information on the cultivated area
of each crop type. The LUCC-RESULTS table (Table A3) contains the
LandSHIFT output that serves as the input for MAGNET simulation
runs, including information on the average yields of the different
crops and the area of all land-use types. The interface between
MAGNET and BENSIM is organized in a similar way. Using the PRICE
CHANGES table (Table A4), MAGNET provides data to BENSIM for
the prices of wheat, coarse grains, oilseeds and sugar crops. In re-
turn, BENSIM provides information on the demand of first and
second generation biofuels via the table BIOFUEL DEMANDS
(Table AS5).

Model coupling is currently carried out in a semi-automated
way. This means that the models are run manually by the
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scientists on independent computer systems while the exchange of
data between two coupled models (source, target) via the described
interfaces is automated. For the MAGNET-LandSHIFT coupling we
implemented a set of R scripts that are responsible for semantic
mediation between the models. They extract the relevant infor-
mation from the respective source model output, generate ASCII
files with the interface tables and then copy this information from
these files to the input data structure of the coupled target model.
The data between BENSIM and MAGNET is exchanged in the same
manner through excel files. Models do not exchange data until the
simulation runs have been completed (in our case the scenario
simulations cover the period from 2010 to 2050, with simulated
bioenergy provision in BENSIM starting in 2014 based on the latest
available data for technology capacities and feedstock costs). This
means that modifications to the model source code were unnec-
essary for achieving interoperability.

4.6. Simulation runs

At the beginning of each simulation run consistent initial con-
ditions for all models are defined. MAGNET and LandSHIFT are
initialized with the same statistical data (FAO, 2013) for cultivated
area and crop production in the different world regions. Moreover,
the assumptions regarding the amount of potentially available land
for crop cultivation and pasture are consistent in MAGNET and
LandSHIFT (see 4.4). MAGNET and BENSIM use consistent as-
sumptions with regard to initial bioenergy (biofuel) production,
expected increases in conversion efficiency, and maximum cost
reductions.

The sequence of a simulation run with the coupled models is
illustrated in Fig. 3. It starts with the definition of a set of global
assumptions on income and population change as well as trade,
agriculture, and environmental and bioenergy policies that include
global and national bioenergy targets (as an important part of a
bioenergy strategy). Based on these assumptions MAGNET projects
the resulting biomass production, demand, trade and commodity
price developments until the end of the simulation period. In
BENSIM, the projections for feedstock price changes for the German
market (both domestic and imported feedstocks) from MAGNET (c)
are directly used for wheat, oilseeds and sugar crops, and from
“other grains” and wheat to represent maize silage and wood. The
projections are interpolated to accommodate for the yearly reso-
lution in BENSIM, which simulates least-cost bioenergy technology
developments for Germany. After this initial step we established 2
feedback loops between the models.

Feedback loop 1: Using the national biomass-for-energy de-
mand (d) as an additional input, iterative simulation runs of
MAGNET and LandSHIFT are conducted. First, MAGNET calculates
agricultural production and initial yield developments until 2050
and provides this information (a) to LandSHIFT where the corre-
sponding land-use changes are also simulated until 2050. Land-
SHIFT uses the initial yield development as exogenous technical
progress per area and distributes the agricultural production of
MAGNET. LandSHIFT reports back to MAGNET (b) with information
on medium yield and area of the different land-use types on a
regional level. Using the average yield from LandSHIFT, MAGNET is
run again and feeds back new agricultural production to LandSHIFT
once again. LandSHIFT calculates land-use changes based on this
new agricultural production and the initial yield developments. At
this point the calculated cropland areas from both models are
compared. If their difference exceeds a defined threshold (in the
case of our experiments we typically used 10%) exogenous as-
sumptions about crop yield developments within MAGNET are
adjusted and a new iteration is initiated (a’, b’). If the difference
between the calculated area in both models is below the defined

threshold, the iteration is halted. In the scenario analysis described
above, we typically required between 2 and 6 iterations until the
model results converged.

Feedback loop 2: Based on the results from feedback loop 1
another BENSIM simulation is started using the commodity price
changes from MAGNET as input data (c¢’). BENSIM simulates a
production technology mix for the depletion of a given supply of
biomass for bioenergy. The resulting biofuel supply for Germany is
then handed to MAGNET, distinguishing between bioenergy op-
tions using lignocellulosic biomass and options using food crops.
The conventional biofuel supply is provided to MAGNET in absolute
amounts while the advanced biofuel supply is translated into a land
demand which is subtracted from the available area for crop
cultivation in MAGNET as well as in LandSHIFT (d’). Using this data,
MAGNET is rerun and the calculated commodity prices are
compared to the commodity prices from feedback loop 1. If differ-
ences are above a certain threshold (in the case of our experiments
1%), feedback loop 1 and, consequently also feedback loop 2 are
repeated. Otherwise the simulation is finalized. Our simulation
experiments show that German biomass demands have a relatively
small impact on global commodity prices and the simulations can
be finalized without repeating feedback loop 1.

4.7. Model evaluation

The plausibility of the underlying model assumptions and the
simulation results was evaluated by a scientific advisory board with
13 experts from different disciplines (forestry, agriculture, market
modeling, land-use modeling, energy scenario development,
environment etc.). For this reason 3 workshops were carried out
between 2012 and 2014 where the structure of the modeling
framework, the design of the simulation studies as well as the input
data and simulation results from the scenario analysis were pre-
sented and discussed. The experts confirmed that the MILESTONES
framework portrays most of the relevant processes, that the data
used for the model initialization and the scenario analysis were
scientifically sound and that the scenario simulation results (as
described in Section 5) seemed plausible and internally consistent.
The identified model limitations are addressed in the discussion
section of this article. We have chosen this qualitative evaluation
method instead of a comparison against independent data (e.g.
Bennett et al., 2013) as at this stage of prototype development our
major aim was to ensure that the modeling framework fits its
purpose of use (Jakeman et al., 2006). This approach of model
evaluation is often applied in the context of integrated assessment
modeling since independent numerical data is often not available
to quantitatively test the model performance (e.g. Parker et al.,
2002; Jakeman et al., 2006).

5. Analysis and assessment of options
5.1. Modeling protocol

The MILESTONE modeling framework was applied for con-
ducting four simulation runs covering the different scenarios.
Table A6 provides an overview of the scenario assumptions and
data sources. In the following sections we describe our key findings
with respect to the system components covered by the three
models (energy system, global markets and trade, and land-use
system). Then we provide an overview of selected environmental
impacts.

5.2. Main findings for the energy system

The resulting share of bioenergy provision for each option is
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summarized for the German energy system in Table 2.

Conventional biofuels continue to dominate with an almost
complete dominance of biodiesel in the BAU scenarios. In the S
scenarios, biomethane gains large market shares towards the end of
the simulation time span. In the CHP cases (S and BAU), options
based on biogas and vegetable oil achieve large shares.

Notably, options based on lignocellulosic biomass do not ach-
ieve large market shares in any of the cases, neither in the fuel
sector nor in the power sector. In the latter case, the reason is
largely due to higher investment costs combined with expected
lower capacity factors (due to increasing shares of variable
renewable energy sources in the power system). In the former case,
the fact that there is an expected decrease in cost due to learning
does not sufficiently compensate for the increase in feedstock costs
needed for these options to become competitive against conven-
tional options.

In the Fuel-S scenario (biofuel provision under stricter land use
restrictions) there is a continuously strong increase of biomethane
from the year 2025 onwards (see Fig. 4). This is partly caused by
more steeply increasing biomass prices as well as differing price
developments between feedstock from MAGNET, depending, to
some extent at least, on land-use costs. This leads to an improved
competitiveness of options that are more land and resource effec-
tive, such as biomethane from maize silage, which is a process that
utilizes the whole crop.

5.3. Main findings for biomass market developments

In terms of the global economy, our focus lies on agricultural
production and price developments for crops which are potential
bioenergy feedstock. In general, crop production increases strongly
by 2050. In contrast to the BAU scenarios, the increase in the sus-
tainability scenarios is hampered by land restrictions (Table 3),
which leads to overall production reduction. While all real prices
are expected to increase over time for agricultural products, this
increase is much higher in the sustainability scenario than in the
BAU scenarios. These trends are mainly driven by an increasing
global demand for food and feed. The demand on international
markets to provide additional feedstock for bioenergy provision in
Germany will not significantly affect the international markets and
prices for agricultural products. Land restrictions and increasing
global agricultural prices are expected to stimulate technical
progress in agriculture and lead to higher overall yields and an
intensification of agricultural production in the remaining area in
all scenarios. Increasing prices for land around the world clearly
show that land will be a growing limiting factor in agricultural
production in general. In the sustainability scenarios after 2025,
land restrictions, such as the protection of natural ecosystems (e.g.
primary forests and nature reserves), will cause a change in food
consumption as well as in the trade and production patterns of
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Fig. 4. Development of bioenergy provision for Germany in the Fuel-S scenario. Of all
the biofuel options included, only HVOs (hydrogenated vegetable oils) and BTL
(biomass-to-liquid) do not show up on the market. Biodiesel dominates but is over-
taken by biomethane towards the end of the simulation. Bio-SNG (synthetic natural
gas) is the only advanced biofuel which retains a (small) share of the market. Bio-
ethanol is produced from starch at the beginning, sugar over the medium term and
straw over the long term.

agricultural commodities due to price increases for land as well as
agricultural commodities.

In Germany, the Fuel-BAU scenario triggers an increase in
vegetable oil demand for the production of biodiesel. Oilseed pro-
duction and vegetable oil imports increase over time. In the other
three scenarios, vegetable oil imports decrease over time because
other technologies replace biodiesel.

5.4. Main findings for land-use change

Table 4 provides an overview of the key model results. Under the
BAU scenarios, global cropland area is expected to increase from
1400 million hectares (M ha) in 2010 to 2800 M ha in 2050. This
increase is lower in the sustainability scenarios, rising to 2400 M ha
in 2050. The main reasons for these expected trends are increasing
global demands for food and feed in all scenarios. Two important
hot spots of land-use change in the BAU scenarios will be Brazil and
Southeast Asia. In Brazil, cropland area almost triples, leading to a
drastic loss in natural vegetation.

While we can clearly identify the benefit of applying the sus-
tainability criteria to globally protect natural vegetation, there are
no significant differences between the respective fuel and CHP

Table 2
Share of sector bioenergy from bioenergy carriers in the scenarios [%].
20154 2030 2050
Fuel CHP Fuel-BAU Fuel-S CHP-BAU CHP-S Fuel-BAU Fuel-S CHP-BAU CHP-S
Vegetable oil/biodiesel 77 3 97 85 54 32 100 0 80 0
Biogas/biomethane 9 69 3 12 37 60 0 93 20 86
Bioethanol 14 - 0 3 - - 0 6° - -
Bioenergy from woody feedstock® 0 29 0 0.3 8 8 0 7¢ 0 14

2 CHP in different systems, Bio-SNG (synthetic natural gas).
b Straw based.
¢ Sum of straw-based ethanol and Bio-SNG).

d
Scheftelowitz et al., 2014; Zeymer et al., 2012).

Simulation of the current situation: values for bioenergy production simulated by BENSIM based on capacities including most current data (Naumann et al., 2014;
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Table 3
Overall global crop production in M tons in the four scenarios for the years 2010, 2030 and 2050.
2010 2030 2050
Fuel-BAU Fuel-S CHP-BAU CHP-S Fuel-BAU Fuel-S CHP-BAU CHP-S

Sugar beet and cane 2036 3084 2834 3078 2828 4116 3495 4108 3495
Oilseeds 639 1160 911 1136 894 1981 1373 1953 1373
Wheat 654 977 962 977 962 1498 1310 1499 1310
Coarse grains 1175 1898 1770 1898 1771 2820 2294 2822 2294

Table 4

Expansion of cropland and loss of natural vegetation (forest and other types of vegetation) in 2030 and 2050. LandSHIFT simulation results at a global level, for Brazil and
Germany in 1000 km?. Grazing and urban areas are not shown in the table. In Germany, cropland expands into grassland and areas set aside are taken back into production.

In 1000 km? 2010 2030 2050

Fuel-BAU Fuel-S CHP-BAU CHP-S Fuel-BAU Fuel-S CHP-BAU CHP-S
Global
Cropland 13,935 19,732 16,556 19,740 16,596 28,184 23,920 28,271 24,062
Forest 43,231 42,817 43,070 42,819 43,071 40,374 43,039 40,330 43,040
Natural vegetation 54,902 51,398 51,514 51,395 51,499 47,171 46,481 47,151 46,406
Brazil
Cropland 685 1182 763 1180 763 1976 1124 1993 1137
Forest 4205 4200 4204 4200 4204 3909 4204 3886 4204
Natural vegetation 1256 746 1089 741 1088 458 965 459 955
Germany
Cropland 94 108 100 123 117 115 100 121 114
Forest 147 147 147 147 147 147 147 147 147
Natural vegetation 22 22 22 22 22 22 22 22 22

scenarios. This can be explained by the scenario assumption that
additional biomass production for CHP is limited to territory in
Germany (see Section 3.2). Consequently, the slight increase in
cropland area in Germany that is simulated in all scenarios is higher
in the CHP scenarios. Taking into account imports and exports of
agricultural commodities to and from Germany as modeled by
MAGNET, it becomes obvious that in the BAU scenarios, the crop-
land area appropriated in other countries (land footprint) to fulfill
the German biomass demands for bioenergy production is almost
as high as the total domestic cropland area in Germany. In contrast,
the sustainability scenarios assume that all biomass for bioenergy
in Germany is produced domestically leaving no direct land foot-
print outside the country. In this case the direct expansion of
cropland is located on existing cropland, causing displacement of
grassland and areas that have been set aside are taken back into
production. Assuming that mainly wheat is displaced and using
modeled trade patterns the sum of land needed for biomass pro-
duction for bioenergy in Germany and missing wheat outside of
Germany is estimated. The total amount of needed land is about
30% lower than in the CHP-scenarios.

5.5. Global consequences of German bioenergy provision

5.5.1. Further processing of the modeling output

The modeled biomass-to-bioenergy flows enable related im-
pacts to be assessed. This is possible, in principle, for different as-
pects (i.e. resource use, emissions and associated environmental
impacts, impacts on national energy infrastructure, risks to food
security, biodiversity, soil quality etc.). There are a number of
standardized methods to quantify these impacts. Life cycle as-
sessments (LCA) are most commonly used to identify environ-
mental impacts of a product system, especially those on a global
scale (e.g. climate change) or regional scale (e.g. acidification).
However, although methodological developments are under way,
environmental impacts at local scale (e.g. land use-related impacts
on biodiversity and soil) are not yet covered in state-of-the-art LCA
studies. Therefore, the screening LCAs are complemented by

spatially explicit analyses of land-use-related impacts on biodi-
versity (see Section 5.5.3) as a key concern in the context of
increased biomass production (Hennenberg et al., 2010; Immerzeel
et al,, 2014).

5.5.2. Life cycle environmental impacts

Mass flows and the corresponding final energy provision ob-
tained by coupling MAGNET and BENSIM formed the basis for the
assessment of environmental impacts of the future bioenergy
chains which covered the entire life cycle from cradle to grave. In
addition, changes in soil organic carbon due to land-use changes
(LUC), as modeled in LandSHIFT, were used to calculate the corre-
sponding greenhouse gas (GHG) emissions in a spatially explicit
way. However, within the scope of the MILESTONES project, no
reference or baseline scenario was calculated and therefore, only a
simplified calculation of LUC effects was possible. Furthermore,
LUCs were only modeled in an exemplary fashion due to the fact
that the wood sector and biogas plants are not intrinsically
included in MAGNET and thus part of the LUC effects of the CHP
scenarios cannot be accounted for within the current version of the
modeling framework. Screening life cycle assessments (LCA) were
performed for all future bioenergy chains. These were closely in line
with the international standards ISO 14040 & 14044 on product life
cycle assessment (ISO, 2006).

A system expansion was applied where possible when there
were processes with a number of co-products. The same calculation
was carried out for all corresponding fossil energy chains. The
mixes for electricity, heat and transport fuels were mainly taken
from (Nitsch et al., 2012) and remained consistent between the
scenarios. Base data was taken from different LCA databases and
studies, harmonized and compiled into coherent systems, espe-
cially from Knorr et al. (2012), Ecoinvent (2010) and GEMIS (2014),
and supplemented by studies on future parameter trends such as
Gartner (2014) and Gartner et al. (2014).

These screening LCAs were subsequently applied to the final
energy output derived by BENSIM (for bioenergy) and (Nitsch et al.,
2012) (for fossil energy) in the different scenarios. This quantified
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the environmental impacts of the energy system and was done in
the following way: Since the focus of the case study is on bioenergy,
non-biogenic renewable energies (wind power, photovoltaics etc.)
were excluded from the assessment. For each year, the total final
energy (Table 5, row 1) was defined to be the sum of the final en-
ergy from fossil fuels and biomass based on numbers from (Nitsch
et al,, 2012). The final energy from biomass was provided by BEN-
SIM (Table 5, rows 2—4), substituting fossil energy carriers by up to
45%. However, a considerable share of final energy still has to be
provided by fossil energy. Finally, the cumulated environmental
impacts (global warming potential, acidification potential and
particulate matter emissions) of these energy snapshots (scenarios
at a certain point in time) were obtained for the four analyzed
scenarios by multiplying the specific environmental impacts with
the amount of final energy in the corresponding technology
(Table 5, rows 6—11).

Table 5 shows that, for all scenarios, all environmental impacts
(in terms of cumulated emissions) associated with the baskets of
products decrease over time (see Table 5, rows 6—11). However, this
is, to a large extent, due to the decreasing final energy supply from
fossil and bioenergy carriers (see Table 5, row 1), which is made
possible by the increasing proportion of non-biogenic renewable
energy in the system and decreasing demand. Due to the difference
in final energy supply, the four scenarios can only be compared
within each point in time but not between 2030 and 2050.

Within the energy snapshots, the relative contribution of bio-
energy to the overall emissions varies between the environmental
impact categories. While less significant in terms of global warming
potential (2—12%, except for scenario CHP-S in 2050), bioenergy
contributes disproportionately to acidification potential and par-
ticulate matter emissions. Here we can observe a relative increase
over time, at times amounting to more than 50%. In the 2050 CHP-S
scenario, for instance, bioenergy makes up roughly three quarters
of the acidifying emissions and is responsible for roughly one third
of GHG emissions while providing just under 50% of the final en-
ergy. These results confirm the well-known fact that bioenergy
from dedicated crops typically emits less greenhouse gases (and
non-renewable resources) compared to fossil energy carriers, but
cause additional burdens in terms of other environmental impacts
(Rettenmaier et al., 2010). GHG emissions associated with land-use
change (LUC) effects are not included in Table 5 because they could
only be determined properly for the FUEL scenarios. This is due to
data quality and sector details of the MAGNET model in its current
state of development (see also list of limitations and shortcomings

Table 5

in the discussion section of this paper). Calculations for the FUEL
scenarios (not shown here since the focus of this paper is rather on
the modeling framework itself than on LCA results) indicate that
under unfavorable circumstances, land-use change (LUC) effects
significantly increase the amount of greenhouse gases emitted
from bioenergy pathways, leading to emissions that are compara-
ble to those from fossil energies (Thran et al., 2015).

In terms of cumulated emissions, the 2050 CHP-S scenario
shows the strongest decrease in GHG emissions owing to the fact
that power and heat are associated with larger specific GHG
emission savings than fuels. In terms of acidification potential,
however, the three other scenarios clearly outperform the CHP-S
scenario. Due to these conflicting results, it is impossible, from a
scientifically objective perspective, to identify one single scenario
that is associated with the least amount of environmental impact
across all impact categories.

5.5.3. Impacts on biodiversity

The highest risks to biodiversity loss relate to the loss of valuable
habitats (Groom et al., 2006). Thus, the impact assessment on
biodiversity is built upon information on land-use change. This
analysis is achieved using the interlinked modeling approach pre-
sented in this paper. Information on global production and import
patterns from MAGNET, together with disaggregated land use
patterns and information on land with high biodiversity value from
LandSHIFT, are used to determine global impacts from German
bioenergy demands. For each grid cell, we checked if there was a
land-use change in terms of cropland replacing a valuable natural
land cover. The loss of primary forests and protected areas is
assumed to be associated with high risks to biodiversity, and the
loss of unmanaged grasslands, wetlands, forests and peatland is
associated with medium to high risk. Risks from the conversion of
managed grassland can range from low to high, depending greatly
on how the grassland was previously managed. Land-use change
within already cultivated land is assumed to be of low risk to
biodiversity. If a grid cell contains raw material production (e.g.
crop commodities), we assess the type of land-use change which
took place since 2007. For countries producing a raw material, we
add up the volume of raw material associated with a specific land-
use change, e.g. primary forest to cropland, natural grassland to
cropland, etc. We assume that exported raw materials show the
same proportion of land-use change. Based on import flows and
domestic use of raw materials (derived from MAGNET) the asso-
ciated amount of land and its specific land-use change patterns are

Trends of final energy from fossil and bioenergy carriers in Germany for the four scenarios in 2010, 2030 and 2050 and the environmental impacts of fossil and biogenic energy

provision. For land-use change (LUC) effects, see text.

2010 2030 2050
Fuel-BAU Fuel-S CHP-BAU CHP-S Fuel-BAU Fuel-S CHP-BAU CHP-S

Final energy (sum of fossil + bioenergy) 8028 5269 5269 5269 5269 3239 3239 3239 3239
[PJjyr]
Consisting of:
- biofuels [P]/yr] 129 717 719 0 0 904 994 0 0
- biopower [P]/yr] 103 39 39 468 562 3 3 543 1124
- bioheat [PJ/yr] 567 202 202 354 373 59 59 204 333
Share of bioenergy [%] 10 18 18 16 18 30 33 23 45
Global warming potential (w/o LUC) 845 486 488 459 452 260 254 229 155
[Tg CO; eq.fyr]
Share of bioenergy [%] 2 6 7 7 10 11 12 7 32
Acidification potential 1708 992 1014 1014 1085 645 682 688 845
[Gg SO eq.fyr]
Share of bioenergy [%] 14 40 42 38 45 66 71 52 73
Particulate matter emissions 1671 913 917 893 892 598 525 627 543
[Gg PM10 eq./yr]
Share of bioenergy [%] 13 35 36 32 35 60 58 49 63
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assessed. Such a characteristic for land-use change is illustrated in
Table 6 for Germany in 2030 compared to 2007, and for 2050
compared to 2007, where imports to Germany are distinguished
between imports from European countries (EU) and countries
outside of Europe (non-EU). In the Fuel-BAU scenarios (2030, 2050)
and Fuel-S scenario (2030) about two-thirds of the used land
already belonged to the low-risk category, i.e. already cultivated
land, in 2007. The strongest land-use change patterns occur for
unused grassland (up to 3.5 M ha) followed by used grassland (up to
1.3 M ha) and forest (up to 0.7 M ha). The assumed protection of
land categories after 2015 in the Fuel-S scenario results in low
conversion of forests, peatland, primary forests and protected areas
in 2030. In the 2050 Fuel-S scenario almost all bioenergy used in
Germany is biogas that has been produced domestically. The area
required - about 4 M ha - is much smaller than the land area needed
when biomass is imported for biofuel production due to the
comparably high productivity of land in Germany and the area ef-
ficiency of biogas compared to some biofuels.

6. Communication of findings

The different model results enable us to provide decision
makers, who are active in the field of national bioenergy policy,
with a comprehensive picture of the four scenarios. It should be
noted that these scenarios are extrema. It is important to clearly
communicate that these results only represent an interim step to-
wards a more realistic picture of possible bioenergy futures, which
need to be concluded from the scenario bundle as a whole.
Following this research design, we will have to intensively assess
and further develop the scenario results to create support elements
for a bioenergy strategy. Three approaches for further processing
the scenario results are described in an exemplary fashion below:

e Example 1: Even under extreme scenarios conditions, in terms
of environmental impacts, it is impossible, from a scientifically
objective perspective, to identify one single scenario which is
associated with the least amount of environmental impact
across all impact categories. Stationary bioenergy use (for
combined heat and power), for example, shows a stronger
decrease in GHG emissions but higher emissions affecting
acidification potential. This conflict of goals can only be resolved

Table 6

in a political debate in which alternatives to biomass also need
to be taken into account. In the power sector, non-biogenic re-
newables could potentially play a bigger role, whereas in the
transport sector (especially aviation), alternatives to biofuels
will most likely be very costly.

Example 2: When assessing the power and transport scenarios,
if competing technologies are found in both scenarios (i.e. bio-
diesel, ethanol from straw and biomethane), we will have to
decide whether such robust elements should have a higher
relevance in the bioenergy strategy. One relevant finding for
these elements is that new technologies using woody biomass
as a feedstock for biofuel provision do not achieve a relevant
market share until 2050 in all four scenarios. This result leads to
two conclusions: (1) there is a need for further investigation,
under what conditions biofuels from lignocellulosic material
achieve higher market shares and (2) that there is a need for
action if food crop based on biofuels should be limited. In this
sense, the 7% cap for biofuels produced from food crops
(implemented via Directive 2015/1513) is a measure, which is in
line with the results of our study. However, from an environ-
mental point of view, this measure is debatable: the bottom line
is the land use associated with energy crops cultivation (and
thus increasing competition) and not the fact that some of those
crops are edible.

Example 3: Another relevant finding is obtained when
answering the question of which national bioenergy strategy
under investigation has no effect or only minor effects on risks
related to land-use change. Here, it is clearly demonstrated that
international agreements on land use and land-use change are
much more relevant for the overall environmental impacts of
bioenergy use than the differentiated national policy strategies
to support biofuels or power generation on a national level.
Consequently, the international governance on land use has to
be supported intensively from bioenergy supporting nations. In
conclusion for national bioenergy strategies, increasing bio-
energy from energy crops should only be supported in the
longer term once international land-use policies will have
improved.

With regard to the intended bioenergy strategies, these findings
provide parts and pieces for a bioenergy strategy. In addition to

Land-use change in 1000 ha towards cropland as an indicator for biodiversity risks for the Fuel-BAU and Fuel-S scenarios.

Former land category used as cropland Bioenergy type Origin Fuel-BAU (1000 ha) Fuel-S (1000 ha)
2030° 2050° 2030° 2050°
Already cultivated land Biogas DE 489.6 39.8 806.2 3805.6
Already cultivated land Biofuels DE 983.4 1218.1 1115.7 0.0
Biofuels Import (EU) 2541.7 3068.3 2237.4 1.2
Import (non-EU) 4398.4 3445.2 33414 0.4
Used grassland Biofuels DE 390.6 353.2 277.8 0.0
Biofuels Import (EU) 4433 320.7 1119 0.0
Import (non-EU) 315.5 1004.6 399.0 0.0
Unused grassland Biofuels DE 5.1 5.0 8.0 0.0
Biofuels Import 254.0 448.5 829,0 0.2
Import (non-EU) 2161.0 3110.5 2605.7 0.2
Wetlands Biofuels Import (non-EU) 0.0 0.0 0.0 0.0
Forest Biofuels Import (EU) 0.2 64.9 0 0.0
Import (non-EU) 1735 647.9 13.5 0.0
Peatland Biofuels Import (EU) 3.6 5.0 0.9 0.0
Import (non-EU) 4.2 109 0.1 0.0
Primary forest Biofuels Import (non-EU) 1.8 53 0.0 0.0
Protected areas Biofuels Import (non-EU) 3.2 36.8 0.1 0.0
Total 12,169.1 13,784.9 11,746.8 3807.6

@ 2030 compared to 2007.
b 2050 compared to 2007.
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these parts and pieces, modeling findings should also be linked to
relevant aspects not or only partly considered in the study (i.e.
trends in heat provision from biomass, assessment of land-use
change) should be discussed in order to provide transparent and
more complete information for decision makers.

7. Discussion

The MILESTONES modeling framework can provide compre-
hensive information on bioenergy conversion plants, related feed-
stock markets, and the land where the feedstock is produced. This
facilitates the assessment of biomass flows with regard to many
different potential environmental impacts along the entire provi-
sion chain.

Up to now, this has been the first attempt to design a modeling
framework based on system models which explicitly focuses on the
national perspective of bioenergy planning. It builds on three well
tested sectoral models that are coupled by defined interfaces and
use consistent initial conditions. Compared to other approaches,
which couple economic, land-use and energy sector models that
focus on global aspects (see Popp et al., 2014), the MILESTONES
framework allows us to illustrate the specifics of the German pol-
icies and regulations in much greater detail. As it also considers
cross-scale dependencies between the German bioenergy system
and the international biomass trade (e.g. Scholes et al., 2013), it
provides a testbed for evaluating national strategies in light of in-
ternational policy settings, for example with regard to the imple-
mentation of protected areas and future biomass demands for food
and energy. In the case study, we were able to explore both the
effects of national policy making on global land-use change and,
vice versa, the effect of declining global land availability on the
decision-making processes within the German bioenergy system
(selection of technologies). By investigating the relatively simple
extreme scenarios, we have demonstrated that the developed
approach can be applied to provide crucial information in the
development of long-term bioenergy strategies.

The results from the case study made it clear that, on the one
hand, the effects from German bioenergy strategies do not affect
international market prices, but on the other hand land-use policies
on an international level strongly influence the environmental
performance of any German bioenergy strategy. This effect is again
underlined by the scenario assumption that Germany will increase
its biofuel production to a much larger extend than other countries.
The conclusion is that the establishment of international gover-
nance on land use should be a prior element of a national bioenergy
strategy that aims to have a more sustainable use of resources. A
second relevant finding is that, in all scenarios, bioenergy produc-
tion from annual energy crops was more cost-competitive than
biofuels from woody sources, even when considering the rather
high CO, abatement credits. The conclusion for a national strategy
is that, if biofuels from woody resources should enter the market, it
is necessary to have dedicated market introduction support
schemes that are stable over the long term. This is only realistic if
there are clear advantages from those fuels in terms of technical
and environmental performance, and promising utilization sectors
are derived from those advantages (i.e. aviation). Hence, the model
results for Germany show that a more specific bioenergy strategy is
necessary for the transport sector, which also includes, for example,
a dedicated analysis of different transport sectors (public and pri-
vate road transport, heavy vehicles, aviation, shipping etc.), the
related demand on fuel qualities and quantities, the substitution
potential from different biofuels, the related environmental and
social impact, and the stakeholder-related aspects of market
implementation. At the same time, the actual use of woody biomass
in heat provision might have a higher strategic relevance than it

was assumed when the scenarios were set.

However, there are several limitations and shortcomings of the
modeling approach that need to be addressed in future research in
order to improve the reliability of the simulation results.

(1) A fundamental challenge for modeling the biomass flows is
the fact that many different biomass resources from agri-
culture, forestry and waste management are suitable for
bioenergy provision but market models are only well
established for agricultural products. Thus a lot of additional
assumptions are necessary to describe the other biomass
flows, which decreases the coherence of the results.

(2) Additionally, the ability of the different models to consider
and process the many assumptions is limited. For example,
MAGNET, as a typical CGE model, does not represent the
renewable energy provision in detail. Thus, the developed
modeling approach needs more testing in order to under-
stand the relevance of the model-related uncertainties.

(3) With regard to the coupling of BENSIM and MAGNET, the link
was restricted to internationally traded energy crops which
are the biomass resources most sensitive in terms of future
potentials (Chum et al., 2011). For other resources, we had to
work with external assumptions, which we assessed through
expert knowledge and comprehensive sensitivity analysis
(Millinger et al., submitted). While we provided coherent
modeled results for internationally traded energy crop
related bioenergy, there are still uncertainties surrounding
the quality of the results for systems using woody biomass
and/or domestic resources.

(4) A more comprehensive assessment of the direct and indirect
effects of the modeled biomass flows is necessary to inter-
pret the scenarios. This is especially crucial for land-use
change where the displacement of natural land by cropland
and pasture can happen both on a regional and global level
through the trade of agricultural commodities (see Lambin
and Meyfroidt, 2011). Data quality and sector details in
MAGNET so far only allowed calculations of LUC-related GHG
emissions in the FUEL scenarios. Moreover, the assumption
that land-use restrictions are implemented and followed is
crucial for the outcomes of our study and it should be
assessed whether this is a realistic assumption (see e.g.
Andam et al, 2008; Bryngelsson and Lindgren, 2013;
Leverington et al., 2010).

(5) Up to now we have used a qualitative approach for model
evaluation (4.7). In order to learn more about the dynamics
of the modeled system and the robustness of the simulation
results, it will be necessary to systematically explore and
quantify model uncertainties.

In conclusion, the case study demonstrates that the MILE-
STONES modeling framework can provide valuable information to
support policy makers in designing national bioenergy strategies.
Nevertheless, further significant improvements, with respect to
both the concept and the software, are required to provide a
coherent assessment tool that can also be applied outside the sci-
entific context. This includes the updating of input data, the
consideration of a wider range of biomass by model routines, the
development of a more sophisticated automated mechanism of
model coupling, and the joint assessment of biomass use for power
and heat production in combination with the transport sector.
Beyond the bioenergy perspective we see a great potential to adapt
the modeling framework for identifying robust utilization options
for other biomass-based value chains (i.e. bio-materials) in the
context of Germany's national bio-economy strategy (BMBF, 2010).
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Table A1

Regional aggregation.

25

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.envsoft.2016.09.005.

MILESTONE framework

GTAP classification (Narayanan et al., 2012)

Name Abbreviation Name Abbreviation
Oceania OCE Australia, New Zealand, Rest of Oceania aus, nzl, xoc
China+ CHN China, Hong Kong, Taiwan chn, hkg, twn
India ind India ind
Japan, Korea JKO Japan, Korea jpn, kor
Pakistan pak Pakistan pak
Thailand, SEA Thailand, Philippines, Malaysia, Indonesia idn, mys, phl, tha
Philippines,
Malaysia,
Indonesia
Rest of Asia XAS Mongolia, rest of East Asia, Cambodia, Lao People's Democratic Republic, mng, xea, khm, lao, sgp, vim, xse, bgd, npl, lka, xsa
Singapore, Vietnam, Rest of Southeast Asia, Bangladesh, Nepal, Sri Lanka, rest of
South Asia
Argentina arg Argentina arg
Bolivia bol Bolivia bol
Brazil bra Brazil bra
United States of usa United States of America usa
America
Rest of South and  XLA Chile, Colombia, Ecuador, Paraguay, Peru, Uruguay, Venezuela, Rest of South  chl, col, ecu, pry, per, ury, ven, xsm, cri, gtm, hnd, nic,
Central America America, Costa Rica, Guatemala, Honduras, Nicaragua, Panama, El Salvador, Rest pan, slv, xca, xcb
of Central America, Caribbean
Rest of North XNA Canada, Mexico, Rest of North America can, mex, xna
America
Benelux BNL Belgium, Luxembourg, Netherlands bel, lux, nld
Germany deu Germany deu
France fra France fra
United Kingdom gbr United Kingdom gbr
Italy ita Italy ita
Rest of new NEU Czech Republic, Hungary, Malta, Slovakia, Slovenia cyp, cze, hun, mlt, svk, svn
European
Member States
(2004)
Poland pol Poland pol
Rest of EU15 REU Austria, Greece, Ireland aut, gre, irl
EU2 Bulgaria and ROB Bulgaria, Romania bgr, rou
Romania
Scandinavia and SCA Denmark, Estonia, Finland, Latvia, Lithuania, Sweden dnk, est, fin, lva, Itu, swe
Baltics
Spain and Portugal SPO Spain, Portugal prt, esp
Rest of Europe XER Switzerland, Norway, Rest of EFTA, Albania, Belarus, Croatia, Ukraine, Rest of che, nor, xef, alb, blr, hrv, ukr, xee, xer
Eastern Europe, Rest of Europe
Russian Federation rus Russian Federation rus
Rest of the former XSU Kazakhstan, Kyrgyzstan, Rest of the former Soviet Union, Armenia, Azerbaijan, kaz, kgz, xsu, arm, aze, geo
Soviet Union Georgia
Western Asia Oil WAS Islamic Republic of Iran, Kuwait, Oman, Qatar, Saudi Arabia, United Arab irn, kwt, omn, qat, sau, are
Producers Emirates
(excluding Iraq)
Rest of Western Asia XWS Bahrain, Israel, Turkey, Rest of Western Asia bhr, isr, tur, Xws
Kenya ken Kenya ken
Mozambique, MOE Ethiopia, Mozambique eth, moz
Ethiopia
North Africa NAF Egypt, Morocco, Tunisia, Rest of North Africa egy, mar, tun, xnf
Tanzania tza Tanzania tza
South Africa zaf South Africa zaf
Rest of Sub Saharan SSA Cameroon, Ivory Coast, Ghana, Nigeria, Senegal, Benin, Burkina Faso, Togo, cmr, civ, gha, nga, sen, ben, bfa, tgo, gin, xwf, xcf, xac,

Africa

Guinea, Rest of Western Africa, Central Africa, South Central Africa, Madagascar, mdg, mwi, mus, uga, zmb, zwe, rwa, xec, bwa, nam,

Malawi, Mauritius, Uganda, Zambia, Zimbabwe, Rwanda, Rest of Eastern Africa,
Botswana, Namibia, Rest of South African Customs, rest of the world

XSC, Xtw
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Table A2
LUCC DRIVER.
Region Period Commodity Variable Unit Scenario Scenario run
All regions see 2010 to 2050 in 5-year Wheat, coarse grains, oilseeds, sugar crops, rice Yields t/ha CHP-BAU, CHP-S, Only in inital run
Table Al increments and other crops Fuel-BAU, Fuel-S
All regions see 2010—2050 in 5-year Pasture Yield Percentage of Only in inital run
Table Al increments changes change to 2007
All regions see 2010 to 2050 in 5-year Wheat, coarse grains, oilseeds, sugar crops, rice Production t In each iteration
Table Al increments and other crops
All regions see  2010—2050 in 5-year Pasture Production Percentage of In each iteration
Table Al increments changes change to 2007
All regions see 2010 to 2050 in 5-year Wheat, coarse grains, oilseeds, sugar crops, rice area km? In each iteration (just
Table Al increments and other crops, pasture for comparison)
Table A3
LUCC RESULTS.
Region Period Commodity Variable  Unit Scenario Scenario run

All regions see

2010 to 2050 in 5-year

Wheat, coarse grains, oilseeds, sugar crops, rice and Average

t/ha CHP-BAU, CHP-S, Fuel-

In each iteration

Table Al increments other crops, pasture yields BAU, Fuel-S
All regions see 2010 to 2050 in 5-year Wheat, coarse grains, oilseeds, sugar crops, rice and Area km? In each iteration (just for
Table A1l increments other crops, pasture comparison)
Table A4
PRICE CHANGES.
Region Period Commodity Variable  Unit Scenario
Germany 2010 to 2050 in 5-year increments ~ Wheat, coarse grains, oilseeds, sugar crops  Price Index with 2007 =1  CHP-BAU, CHP-S, Fuel-BAU, Fuel-S

Table A5
BIOFUEL DEMANDS.
Region Period Variable Unit Scenario
Germany 2010 to 2050 in 5-year increments Crop based biofuel demand inPJ CHP-BAU, CHP-S, Fuel-BAU, Fuel-S
Germany 2010 to 2050 in 5-year increments Land based biofuel demand in ha CHP-BAU, CHP-S, Fuel-BAU, Fuel-S
Table A6
Assumptions within the models across scenarios.
CHP-BAU Fuel-BAU CHP-S Fuel-S

Macroeconomic Population

indicators
Gross domestic product (GDP)
World fossil energy price
Change in exogenous part of yield for
agricultural commodities (= technical
progress)
Bioenergy Germany - bioenergy in PJ
policies
(MAGNET)
Germany - land for bioenergy
Rest of the world - bioenergy in PJ
Rest of the world - land for bioenergy
Bioenergy Germany — available biomass for bioenergy
policies
(BENSIM) CO,-costs

Percentage changes up to 2050 based on USDA ERS (2013) for all world regions except Germany, from
Destatis (2009)

Percentage changes up to 2050 based on USDA ERS (2013) for all world regions except Germany, from
Destatis (2009)

European Commission (2013)

Developed countries 2.5% over 5 years and developing countries 4.5% over 5 years

From 125 PJ in 2010 to From 125 PJ in 2010 to From 125 PJ in 2010 to O PJ From 125 PJ in 2010 to

0 PJ from 2025 900 PJ in 2050 from 2025 onwards 670 PJ in 2035, then

onwards decreasing to 0 PJ in
2050

From 0.9 M ha in 2010 From 0.9 M ha in 2010 From 0.9 M ha in 2010 to From 0.9 M ha in 2010 to

to 3.2 M ha in 2020 to to 1.3 M ha in 2015 to 3.1 M ha in 2020 to 2.5 M ha 1.3 M ha in 2015 to

0.8 M ha in 2050 0.04 M ha in 2050 in 2040 to 3 M ha in 2050 1.1 M ha in 2050

[INAS (2014) for BAU scenarios. IINAS (2014) for sustainability scenarios

[INAS (2014) for BAU scenarios. [INAS (2014) for sustainability scenarios

Aggregate biomass potential with deduced projections for the not simulated sector in the respective

scenarios, based on AGEE-Stat (2013) and Nitsch et al. (2012), see Fig. 2.

Ca. exponential Ca. logarithmic Ca. exponential towards

towards 100€/t in towards 100€/t in 100€/t in 2050

2050 2050

Ca. logarithmic towards
100€/t in 2050
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Table A6 (continued )
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CHP-BAU

Fuel-BAU CHP-S Fuel-S

Exogenous (Research & Development)
investment cost reductions (for years of no
capacity expansion of the respective
technologies)
Land-use policies (MAGNET, LandSHIFT)
the world

Forest protection

Soil protection

Wetland protection

Aichi target 11

Grassland

One learning rate (e.g. 2—10% reduction
depending on technology) in 10 years

One learning rate (e.g. 2—10% reduction depending on
technology) in 3 years.

Protected area, rest of Protected areas (WDPA, 2012) in countries with a low Protected areas excluded

corruption index. from LUCC

(WDPA, 2012).

Full protection of
primary forests (Potapov
et al., 2008), no
deforestation allowed
Exclusion of land with
high risk of degradation
(Téth et al., 2012)
Exclusion from wetlands
(Lehner and Doll, 2004)
from LUCC.

17% of total territory of
each world region
protected.

Must not be ploughed up
from 2020 onwards in
the European Union.

Germany: no deforestation
ROW: Deforestation allowed

Not considered

Not considered

Not considered

No restrictions

Table A7

Biofuel demand and maximal available area for agriculture — assumptions in MAGNET for the various scenarios.

2010

2015 2020 2025 2030 2035 2040 2045 2050

Germany - biofuel demand in PJ

Fuel-BAU 125 291 326 436 651 822 852 881 901

Fuel-S 125 291 326 471 629 673 584 383 0

CHP-BAU 125 167 83 0 0 0] 0 0 0

CHP-S 125 167 83 0 0 0 0 0 0
Germany - available area for crop production in Million hectare

Fuel-BAU 15.5 15.0 15.1 15.3 15.9 16.2 16.3 16.3 16.3

Fuel-S 15.5 15.0 15.1 153 15.6 15.5 15.0 14.2 12.6

CHP-BAU 15.5 134 13.1 133 135 138 143 15.1 15.6

CHP-S 15.5 134 13.2 133 13.2 13.0 12.4 11.8 121
Rest of the world (excluding Germany) - biofuel demand in PJ

Fuel-BAU and CHP-BAU 2262 3070 3865 4639 5318 6141 6772 7410 7887

Fuel-S and CHP-S 2262 3389 4386 5237 4762 4100 3642 3406 2921
Rest of the world (excluding Germany) - available area for crop production in Billion hectare

Fuel-BAU and CHP-BAU 10.1 10.1 10.1 10.1 10.1 10.1 10.1 10.1 10.1

Fuel-S and CHP-S 10.1 10.1 10.1 72 72 72 72 7.1 7.1
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