E.ON Energy Research Center Series

Modeling the Spatial Diffusion of Agricultural
Biogas Plants
Reinhard Madlener, Christian Michelsen,
Giovanni Sorda, Yasin Sunak
Volume 2, Issue 1

E.ON Energy Research Center Series

Modeling the Spatial Diffusion of Agricultural
Biogas Plants
Reinhard Madlener, Christian Michelsen,
Giovanni Sorda, Yasin Sunak
Volume 2, Issue 1

E.ON Energy Research Center Series
ISSN: 1868-7415
First Edition: Aachen, December 2010
E.ON Energy Research Center,
RWTH Aachen University
Mathieustraße 6
52074 Aachen
Germany
T +49 (0)241 80 49660
F +49 (0)241 80 49669
post_erc@eonerc.rwth-aachen.de
www.eonerc.rwth-aachen.de

E.ON Energy Research Center Series

Modeling the Spatial Diffusion of Agricultural
Biogas Plants
Reinhard Madlener, Christian Michelsen, Giovanni Sorda, Yasin Sunak

Volume 2, Issue 1

Table of Contents
Executive Summary................................................................................................................................. 1
1

2

3

4

5

Introduction ...................................................................................................................................... 2
1.1

Goals of the project ................................................................................................................. 2

1.2

Biogas technology ................................................................................................................... 2

1.3

Heat storage and transport technologies ................................................................................ 4

1.4

Legislation and diffusion of the biogas technology in Europe ................................................. 5

1.5

Legislation and diffusion of the biogas technology in Germany .............................................. 7

1.6

Positioning of the project within the strategic goals of E.ON ERC ........................................ 10

Literature overview and methodology............................................................................................ 10
2.1

Spatial economics and diffusion of innovations theory.......................................................... 11

2.2

GIS data and its applications ................................................................................................. 12

2.3

Multi-Agent System ............................................................................................................... 14

2.4

Methodology .......................................................................................................................... 15

The model ...................................................................................................................................... 16
3.1

The agents ............................................................................................................................. 16

3.2

Dynamic cost-functions of substrate consumption and heat delivery ................................... 18

3.3

Estimation of earnings from waste heat sales ....................................................................... 20

3.4

Profitability requirements and adoption factors ..................................................................... 20

3.5

Description of the model’s algorithm ..................................................................................... 21

Data used ...................................................................................................................................... 24
4.1

Bottom-up calculation of substrate potentials ........................................................................ 24

4.2

Estimation of heat sinks ......................................................................................................... 26

4.3

Adoption of GIS data ............................................................................................................. 28

Results ........................................................................................................................................... 28
5.1

North Rhine-Westphalia ........................................................................................................ 29

5.2

Bavaria ................................................................................................................................... 31

5.3

Sensitivity analyses ............................................................................................................... 33

6

Conclusions ................................................................................................................................... 35

7

Future work .................................................................................................................................... 36

8

Acknowledgements ....................................................................................................................... 36

9

Literature ........................................................................................................................................ 36

10

Attachments ................................................................................................................................... 42
10.1

List of Figures ........................................................................................................................ 42

10.2

List of Tables ......................................................................................................................... 42

10.3

Publications generated by the project ................................................................................... 42

10.4

Short CV of scientists involved in the project ........................................................................ 43

10.5

Project timeline ...................................................................................................................... 44

10.6

Activities within the scope of the project ................................................................................ 44

i

Executive Summary
In this research project we study the viability and spatial diffusion of biogas technology in the
agricultural sector by means of a multi-agent simulation (MAS) model. The aim of the simulation
process is to estimate and display the regional spatial dissemination of agricultural biogas technology
over a 20 years period by explicitly taking resource potentials, subsidy schemes and alternative
technologies into account. The model is fed with Geographical Information System (GIS) data on the
community level. The data comprise geographical, agricultural and economic information. The spatial
diffusion model accounts for three alternative plant sizes (100 kW el, 500 kW el, 1 MW el) that generate
combined heat and power (CHP). The possibility to invest in three competing heat use technologies
(mobile storage, local district heating and ORC process) is also implemented. The latter allows us to
assess whether a more efficient utilization of waste heat can improve the economic viability of different
biogas plant sizes and lead to a faster market penetration process. Our analysis of the two German
federal states North Rhine-Westphalia and Bavaria enables to evaluate the extent to which subsidy
policies favor the adoption of alternative generation capacity and waste heat technology combinations.
The results from the sensitivity analysis and simulation runs provide evidence on the expected
diffusion dynamics and allow us to draw some policy conclusions. In particular, we recommend no
substantial reductions in the current feed-in tariff scheme in order to fully exploit the available
substrate resources and thereby enable the optimal diffusion of biogas technology.
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Introduction

In recent years, biogas produced from agricultural feedstock through anaerobic digestion has
experienced a significant increase in Europe (and especially in Germany), turning many farmers from
energy consumers into net energy producers and thus changing completely their external energy
needs. Energy derived from biomass (in particular biogas and biofuels) has become an important
subject of political debate and policy support.
The growing importance of renewable and distributed energy sources in power generation has
recently sparked new research activities worldwide. The aim of the present research project was to
develop a GIS-based spatial multi-agent simulation (MAS) model for the diffusion of agricultural biogas
plants. The starting point is a MAS model developed for Switzerland (Madlener and Schmidt, 2009)
that is extended (with the inclusion of waste heat management options) and adapted to suit specific
framework conditions of two regions in Germany (North Rhine-Westphalia and Bavaria) where
sufficient data was availability to us.

1.1

Goals of the project

The main goal of this research project is to adapt and further develop an existing GIS-based MAS
model recently developed form for Switzerland in such a way that it can be applied to new data sets
and used for more comprehensive policy analysis and recommendations. The following objectives had
to be accomplished in this project:

1.2

•

Gathering of economic, technical, institutional/regulatory and resource data that can be used
to model and analyze the spatial diffusion of agricultural biogas plants from an economic (a
social planner’s) perspective with the help of GIS data and a MAS model;

•

Exploration of possible extensions and refinements of the existing MAS model for
Switzerland that was taken as a starting point for the project;

•

Determination of the most influencing factors affecting diffusion dynamics (sensitivity
analysis);

•

Investigation into the possible impact of producing both electricity and heat through CHP
generation units on the dynamics of biogas diffusion;

•

Simulation runs over the modeling time horizon (i.e. 2008-2028);

•

Derivation of policy recommendations that are based on the outcome of the simulation runs,
sensitivity analyses and robustness checks.

Biogas technology

Agricultural biogas is a renewable energy source that can be used for combined heat and power
(CHP) generation, as vehicle fuel or fed into the gas grid as a substitute for natural gas (after
purification). Due to its high methane content and a comparatively low fraction of impurities (compared
to e.g. landfill gas), it is especially suited for electricity generation (Kaltschmitt and Hartmann, 2001).
The process of anaerobic digestion – a low-temperature chemical process – generates combustible
biogas as output. Biogas is a mixture of carbon dioxide (CO 2) and methane (CH4) and can be
transformed by secondary conversion technologies, such as engines and turbines, into electricity
and/or heat. In the process of anaerobic digestion, substrates such as liquid pig and cow manure

2

serve as basic feedstock for stabilizing the process. Additional feedstock inputs include poultry
manure, primary raw materials (such as energy crops and agricultural residuals) as well as organic
waste from households and the food industry. The process based on liquid animal manure is called
“wet fermentation”. In contrast, “dry fermentation” is an emerging technique that allows for the
production of biogas without liquid manure and that is relevant especially in cropland regions.
Agricultural biogas offers a number of environmental, agricultural and economic benefits
(Kaltschmitt and Hartmann, 2001). Due to its low carbon emissions over the whole lifecycle,
agricultural biogas can help mitigate climate change by replacing fossil fuels. Further environmental
benefits include improved fertilization efficiency and the recycling of agricultural waste. The production
of biogas could be economically beneficial in rural areas through the creation of added value from
1
typical by-products of the farming and agricultural sectors . Moreover, there are also a number of
political and technological benefits. For instance, biogas can play a key role in reducing the
dependency from imported natural gas. In addition, electricity from biogas can be delivered as base-,
medium- or peak-load. The flexibility in load use may contribute to the stability of the electric grid and
so to level out the fluctuating electricity generation from other renewable sources such as wind or solar
photovoltaics.
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Figure 1: Biogas production and usage
Source: EUPRON Bioenergie (2010), modified
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The new agricultural policy of the EU includes a realignment of the subsidy allocation which makes a number of existing
agricultural production patterns in some regions less attractive. Structural changes in the agricultural sector of the EU are likely.
Biogas may help farmers to compensate (or at least reduce) possible income losses.

3

1.3

Heat storage and transport technologies

Heat produced from the combustion of biogas in CHP units can be destined to a variety of uses. In this
study we consider local district heating, mobile storage and the Organic Rankine-Cycle (ORC) method
as complementary options to electricity generation. It should be noted that the production of waste
heat is relatively constant during the year, while heat demand follows a seasonal pattern.
1.3.1

Local district heating

Local district heating grids deliver heat to consumers located in the proximity of the CHP unit with a
system of insulated pipelines. Water is usually the heat-carrier circulated within the pipeline grid in a
complete inflow/return circle. About 80% of generated heat reaches the consumer. From a technical
point of view it is possible to install a pipeline network of up to 10 km from the heat source (Suttor,
2005). Typical applications involve customers with considerable heating needs, such as public
swimming pools, schools, large residential and commercial buildings or industrial facilities. It is also
possible to provide district heating to settlements in densely populated areas (LfU, 2007).
With regard to daily and seasonal variations of heat demand, two heat storage options are usually
adopted. A buffer system that can store heat for a couple of hours is useful for smoothening daily
variations. The use of a short-term buffer storage implies an annually constant heat demand. If the
heat demand shows significant seasonal variations, it may be more useful to implement a seasonal
storage system that stores heat in the soil or the groundwater.
Figure 1 shows the typical structure of a local district heating grid in the context of the biogas
production and different options of biogas usage.
1.3.2

Mobile storage

Mobile storage allows to cover long distances between the biogas plant and the heat consumer. Heat
is stored in a container and transported via truck. Most recent applications employ the latent heat
storage method. The latter captures thermal energy using a salt hydrate as a storage medium (phase
change material - PCM). The PCM is heated up until it reaches its melting point, where it changes
from solid to liquid status. During the phase change the PCM absorbs an increasing amount of heat
while its temperature remains relatively constant. With the usage of the latent heat storage method, it
is possible to make use of up to 60% of the waste heat (LfU, 2007). Mobile storage is generally
considered whenever the distance between the heat source and the heat consumer is greater than
one kilometer (Gaderer et al., 2007, p.52f.). Depending on its technical design, the storage capacity
ranges from 2.5 to 3.8 MWh. Table 1 gives an overview of some typical characteristics of mobile heat
storage devices.
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Table 1: Characteristics of mobile heat storage (TransHeat type )
Characteristics

TransHeat system

Mass storage

25 t

Mass container

28 t

Energy content per container

2.7 MWh

Thereof latent heat

1.8 MWh

Max. charge capacity (90/70)

500 kW

Discharge performance (48/38)

250 kW

Losses

10 kWh/24h

Source: Gaderer, Lauterbach, Fischer & Ebertsch (2007)

1.3.3

ORC Process

The possibility of heat usage in combination with biogas plants is limited by seasonal variations in
consumption and the availability of storage and transport processes. In order to reduce exergy
3
losses , the ORC Process is an interesting alternative that enables the conversion of heat to electricity
at low temperatures.
The ORC technology is an efficient method to generate electricity using CHP waste heat. Waste
heat is converted into steam that drives a turbine. This process is called the Clausius-RankineProcess (Kaltschmitt & Hartmann, 2001). The ORC method is also a steam power process but it uses
an organic medium like ammonia, R114 or toluol instead of water. The advantage of the ORC Process
is the conversion to thermal energy into electrical energy so to avoid heat transport. The main problem
of the ORC method is its low level of efficiency, which is between 10 to 20% (IUV, 2007). ORC
facilities in compact design are provided starting from 200 kW of electrical power.

1.4

Legislation and diffusion of the biogas technology in Europe

The relevance of biogas in the energy contribution matrix was first highlighted in the EU White Paper
4
on renewable energy sources of 1997 . A 12% share of energy from renewable sources was
5
envisaged for 2010. The Biomass Action Plan of 2005 reiterated the importance of biogas for
electricity generation, in particular with respect to small decentralized plants that may foster rural
development. The latter are part of the EU’s effort to increase energy derived from biomass from 69
mtoe in 2003 (4% of total energy demand) to the estimated potentials of 185 mtoe in 2010 and 215
6
mtoe in 2020 . In April 2009, EU Directive 2009/28/EC endorsed a mandatory 20% share of energy
from renewable sources by 2020. It further stated that agricultural material (manure, slurry, other
animal and organic waste) for biogas production has significant environmental advantages in terms of
heat and power production. Furthermore, priority and guaranteed access to the grid for electricity from
renewable sources should be maintained (in accordance also with EU Directive 2003/54/EC of 2003).

2

TransHeat GmbH is a company that provides mobile heat storage systems. According to the performance of the technology
they offer, heat transportation may be feasible in a radius of 30km from its source.
3
Exergy efficiency is adopted to estimate the efficiency of a process taking the second law of thermodynamics into account.
4
EU (1997). Communication from the Commission, Energy for the Future: Renewable Sources of Energy. White Paper for a
Community Strategy and Action Plan, COM(97)599final, Brussels, 26.11.1997.
5
EU. (2005). Communication from the Commission, Biomass Action Plan, COM(2005)628final, Brussels, 7.12.2005.
6
Biogas contributed 3 mtoe to the aggregate 69 mtoe of biomass energy supply in 2003.
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Figure 2: Production of biogas in the EU in 2008
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Source: Observ’ER (2010)

European primary energy production stemming from biogas amounted to 7.5 mtoe in 2008, a 4.4%
8
increment from 2007. Agricultural biogas accounted for 48.2% of the total, the share of landfill biogas
was 38.7% and waste treatment plants accounted for 13.2%. Electricity production from biogas
totalled almost 20 TWh in 2008, a 3.9% increase with respect to 2007 levels. Combined Heat and
Power (CHP) plants generated 18.3% (3,7 TWh) of total electricity from biogas, while the remaining
share was produced by electricity-only plants (Observ’ER, 2010).
Germany and the UK lead biogas production with over 70% of the European total (Figure 2). In
particular, Germany has come to dominate the European market (with 3.7 mtoe, equivalent to 49% of
EU’s output) thanks to investments in small farm methanization plants, which contribute to 71% of its
aggregate biogas supply. Germany is also the leading European supplier of electricity derived from
biomass (42% of the EU total). The country has witnessed a substantial increment in biogas facilities
over the last decade thanks to guaranteed feed-in tariffs, which are part of nationwide policies, aimed
at increasing the use of renewable energy sources (see Subsection 3.5).
In 2008 France (452 ktoe), Italy (410 ktoe), Austria (232 ktoe) and the Netherlands (232 ktoe) also
have had relevant biogas contributions to primary energy production (Observ’Er, 2010). Countries with
a significant agricultural production such as Poland have the potential to markedly increase their
biogas share of energy consumption in the future. Nonetheless, current estimates for EU member
states set biogas production at 8.2 mtoe in 2010, a low value compared to the 15 mtoe target
9
proposed in the White Paper of 1997 .

7

Projected values.
Agricultural biogas units (combining liquid manure with substandard cereals), centralized co-digestion units (liquid manure with
other organic matter and/or animal waste) and solid household waste methanization units.
9
Note that in the EU White Paper of 1997 it was not specified whether the biomass target for 2010 was referred to the member
states of 1997 (EU15) or whether it already included the envisaged expansion to the EU27 that took place in 2007.
8
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1.5

Legislation and diffusion of the biogas technology in Germany

The German federal government supports the generation of power and heat from biogas through the
Act on Granting Priority to Renewable Energy Sources (“Erneuerbare-Energien-Gesetz,” EEG), which
established guaranteed feed-in tariffs for electricity and heat production. The tariffs are directed to
biogas obtained from landfills, the treatment of biowaste or sewage water, and renewable primary
products such as animal manure and energy crops.
The EEG was introduced in 2000, followed by amendments in 2004 and 2009. With respect to
agricultural biogas plants, these amendments were necessary in order to stimulate further
investments. In 2003 and 2007-2008, there were almost no new installations of biogas plants.
Increments in substrate and co-substrate prices as well as the abolition of investment grants made
most projects unprofitable (LfL, 2007; Röhling and Wild, 2008). Until 2004, the EEG promoted biogas
without differentiating between substrate types or technologies. During this period of time, new
installations were based on animal manure and/or co-substrates, such as organic waste and residuals
from the food industry. The feed-in tariff at that time was too low for using energy crops as inputs.
The 2004 amendment introduced a differentiated feed-in tariff system for agricultural biogas plants.
In particular, the use of agricultural substrates was promoted and the adoption of energy crops
10
became profitable through an additional premium per kWh (NaWaRo-Bonus) . Furthermore,
additional premiums are granted for the external use of heat in case of cogeneration (KWK-Bonus)
and the implementation of innovative agricultural biogas technologies (Technologie-Bonus). This
stimulated the realization of a large number of new agricultural biogas plants between 2004 and 2006
years. The installation of biogas plants based on organic waste and residuals from the food industry
became less interesting since they only received the basic feed-in tariff and no “NawaRo-Bonus”. As a
result, the area under energy crops has been extended substantially since 2004 (LfL, 2007).

Figure 3: Number of biogas plants and installed capacity in Germany over time
Source: IE (2008), modified

10

The premium is paid when the biogas plant is solely based on renewable primary products such as substrates (“NaWaRoBonus”).
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In 2007, the installation of new biogas plants almost waned completely as a consequence of rapidly
rising world market prices for agricultural products (Röhling and Wild, 2008). The general feed-in tariff
for electricity from biogas was consequently increased in the second amendment of the EEG (2009)
and an additional premium per kWh for utilizing liquid animal manure in small-scale installations (up to
150 kW) was introduced. These changes became effective in the beginning of 2009 and are expected
to revitalize the market for agricultural biogas plants in Germany. In particular, the installation of smallscale biogas plants based on liquid animal manure is likely to expand (Röhling and Wild, 2008). Figure
3 shows the development of the cumulated number of biogas plants and installed capacity over time
(1991-2007).
In 2007, there were about 3764 agricultural biogas plants in Germany with an installed capacity of
1232 MW el (IE, 2008). These plants were generating about 7.4 TWh of electricity (equivalent to about
7.3% of the electricity generated from renewable energy sources and about 1.2% of the total electricity
generated in 2007) and 3.5 TWh of heat (BMU, 2008). However, the adoption and diffusion rate of this
technology varies between the different federal states in Germany. Bavaria and Lower-Saxony have
the highest number of agricultural biogas plants and share of installed electric capacity in Germany
(Figure 4 and Figure 5). Regions with a focus on stock farming sustain the majority of biogas plants
(IE, 2008; Negro and Hekkert, 2008).
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Figure 4: Share of biogas plants, by German federal states, 2007
Source: IE (2008), modified

Regional differences in the distribution of biogas plants are also reflected in the average generating
capacity of the facilities (Figure 6). In the South of Germany, decentralized farm-scale agricultural
biogas plants dominate while in the North and East centralized large-scale plants prevail. The
relatively higher cattle density in the southern federal states is a possible explanation for these
structural differences (Negro and Hekkert, 2008). For instance, in Bavaria and Baden-Württemberg,
agricultural biogas plants are usually set-up on single farms with cattle breeding. On the other hand,
agricultural biogas plants in the northern and eastern parts of Germany are usually managed by
several farmers per generating unit. As groups of farmers are involved in cooperative projects, the
availability of substrates and capital is usually higher. Moreover, it is possible to set-up a larger biogas
plant, thus exploiting economies of scale.

8

Economic factors directly influencing the investment decision are quite similar across German
11
12
federal states. Such factors include the feed-in tariff, low interest loans or government grants for
investments in new plants.
This leads to the hypothesis that differences in the spatial diffusion among the federal states might
stem from variations in local framework conditions. The latter may relate to the prevailing agricultural
structure (i.e. focus on livestock farming or crop production), the availability of substrates, the degree
of nutrient saturation of the farmland, the existence of heat sinks or differences in the acceptance and
awareness of potential adopters about the technology (i.e. existence of local knowledge networks).
Moreover, urban and regional planning aspects, such as zoning plans or building regulations, also
influence the adoption decision. Finally, local policies such as subsidies or information campaigns
promoting agricultural biogas plants could have an impact on the spatial distribution of this technology.
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Figure 5: Share of total installed electric power generating capacity, by German federal states,
2007
Source: IE (2008), modified

In this research, we examine differences in the spatial diffusion of a new technology applied to the
case of agricultural biogas plants in Germany. In particular, we focus on the role of different policy
measures and the adoption of alternative technology combination. For the purpose of this research we
explicitly account for different spatial framework conditions, such as available substrate potentials,
nutrient saturation and possible heat sinks. Due to the limited availability of data, we focus our analysis
on the federal states of North Rhine-Westphalia and Bavaria.

11

Credit from KfW, based on programs for renewable energy, as mentioned by the Federal Ministry of Environment, Nature,
Conservation and Nuclear Safety. See http://www.erneuerbare-energien.de/inhalt/42399/3055/
12
E.g. Agrarinvestitionsförderungsprogramm
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1.6

Positioning of the project within the strategic goals of E.ON ERC

This project helps to strengthen the methodological and empirical competence of the E.ON ERC with
respect to the spatial-temporal modeling of how innovative energy technologies diffuse the market,
depending on the local and regional resource endowments and other factors affecting the costeffectiveness of decentralized energy conversion, storage, and transport systems. Moreover, MAS
modeling is a core competence at both FCN and ACS, though used in very different contexts so far,
and thus helps to develop the integrated and interdisciplinary research collaboration across the five
E.ON ERC institutes. Also, a better understanding of the drivers for and barriers of the increased use
of biogas and of cogeneration help to achieving a more sustainable energy development. Finally, the
main results from the analysis allow for the derivation of important energy policy conclusions that
enables to foster the media presence of the center.

2

Literature overview and methodology

The distribution of scarce resources over space influences the location of economic activity in the
context of energy derived from biomass. Biomass is characterized by a low energy-to-volume ratio that
substantially increases transportation costs and confines the site of biomass conversion facilities to the
proximity of its input resources (Hamelinck et al., 2005). The theoretical and applied issues arising
from the allocation of resources over space are dealt within the realm of spatial economics. Spatial
economics covers location theory, spatial competition as well as regional and urban economics
(Duranton, 2008).
However, resources can be allocated to a variety of uses. The adoption and diffusion of a given
technology is an area of research in its own right (Stoneman, 2001; Thirtle and Ruttan, 1987). Issues
arising from innovation theory and spatial economics are intertwined in the research question that
defines the scope of our project.

10

In the next subsections we will present an overview of the spatial economics literature and its link
to research on technology diffusion. The surge in GIS data is discussed thereafter. Recent
applications to bioenergy related issues will illustrate how GIS data have increased the accuracy and
level of detail implemented to analyze location and dissemination questions. Finally, we present how
MAS models can be linked to GIS applications.
This section concludes with a description of the methodology applied. We highlight potential
weaknesses of the model and the necessary assumptions that were required to construct a
satisfactory data set.

2.1

Spatial economics and diffusion of innovations theory

Von Thünen (1826) pioneered the analysis of the spatial dimension in an economic context. The work
of Weber (1909) focused on the optimal location of an industry. Hotelling (1929) argued that the
spatial dimension may contribute to the creation of market power and affect the competition among
industries. Early trade theory has also included spatial elements. In 1821 Ricardo introduced the
notion of regional productivity differences (i.e. relative soil fertility, allocation of resources) that lead to
local comparative advantages in production.
The above publications have provided the cornerstones for the modern evolution of spatial
economics. More recent applications have focused on urban economics (Alonso, 1964; Fujita et al.,
1989; Henderson, 1974), trade and agglomeration (Krugman, 1991; Fujita et al., 1999) and the rapidly
growing body of literature on spatial econometrics (Anselin, 1988; Cressie, 1993).
As pointed out by Duranton (2008), current research has focused on locally-bounded increasing
returns to scale associated with knowledge spillovers, network externalities between feedstock
suppliers and producers as well as the creation of a more specialized labor market. It is in this context
that the role of technology adoption and diffusion plays a particularly important role. The mechanisms
that underpin the diffusion of a given technology are closely related to spatial features that may
explain regional differences.
Innovation diffusion covers subject areas such as economics, sociology and marketing. Mahajan
and Peterson (1985), Mahajan, Muller and Bass (1990), Geroski (2000), Stoneman (2001) and
Valente (1995, 2005) provide good overviews of the models adopted in the literature. In 1962 Rogers
published a seminal work where he identified five categories of adopters and related them to the
characteristic S-shaped function for the evolution of market shares (with respect to saturation level) of
any given product or technology (Figure 7). Hägerstrand (1967) provided another key contribution. The
latter linked the diffusion of innovations to a space-time dimension and suggested a methodology for
spatial simulations. The literature has then evolved to include three basic explanations, where
innovation diffusion is usually a result of (1) social interaction, (2) economic considerations, or (3) a
combination of both (Schwarz, 2007).
Social interaction, defined as information flows and the intensity of contacts between actors, has
been a key component in the Bass diffusion model (Bass, 1969), the work of Hägerstrand (1967) and
the theory of social impact by Nowak, Szamrej and Latané (1990). When economic considerations
drive technology adoption, it is usually assumed that an agent takes up an innovation whenever it
maximizes his or her utility. In this context the neoclassical paradigm assumes complete information
and rational behavior of homogeneous adopters, while evolutionary models relax these assumptions
(e.g. Nelson and Winter, 1982). In other publications social and economic aspects have been
combined, such that the exchange of information, learning or the behavior of other adopters have an
impact on the utility arising from innovations and influence their diffusion rate. A starting reference is
the information contagion model by Arthur and Lane (1993). The benefit arising from an innovation is
estimated from information given by earlier adopters. This model has been further developed and
applied to different cases (see Schwarz, 2007 for an overview). In other applications network effects
due to a higher number of adopters increase the advantages of a given technology to the individual.
Examples include Arthur (1989), Abrahamson and Rosenkopf (1996) and Jager (2000).
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Figure 7: Diffusion of technology in relation to adopters
Source: Rogers (2005)

In our framework we model directly the level of biogas diffusion and link it to the profitability
requirements for the investment in a given technology. We assume beneficial network and learning
effects associated with increased use of CHP generation from agricultural residues. We follow an
adopter’s approach similar to that of Rogers (2005). A higher level of technological diffusion relaxes
specific profitability requirements that vary across plant types and waste heat management options
(see section 4). However, the economic agents are purely driven by economic considerations.
Investment decisions are based on the maximization of Net Present Value (NPV) estimations of the
returns generated by a new biogas facility. While a higher diffusion of the technology lowers
profitability requirements, there is a trade-off with the local availability of the necessary resources.
The model links a geographically detailed description of substrate potentials to the decision-making
agents. The spatial distribution of the resources governs the rate and type of technology adoption. In
order to combine both elements two tools were adopted in our analysis. GIS data were coupled with a
MAS model for investment decision-making. GIS-based models will be discussed next.

2.2

GIS data and its applications

GIS link data to a map. They consist of software systems that capture, store, analyze and display
space-related information. Their application is cross-disciplinary and may be adopted in a variety of
fields, such as resource management, logistics, cartography, archaeology, urban planning,
environmental impact assessment and many others. GIS data represent real world objects whose
position may be identified via coded maps based on any coordinates systems (e.g. postal codes,
longitude, latitude and altitude or relative x, y, z vector grids). They may describe location points (e.g.
resources, plants, consumers), regions (e.g. municipal communities, forests, cultivation areas),
transmission or connection networks (e.g. roads, railroads, electrical grids) and continuous variables
(e.g. altitude, vegetation type, population density). In general, GIS include two types of information
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sets. Spatial data portray the absolute and relative location of geographic features. Attribute data
illustrate characteristics of the spatial features. These characteristics may be qualitative and/or
quantitative. Spatial data generally distinguish between discrete objects (e.g. a house) or continuous
fields (e.g. soil fertility, amount of rainfall, elevation). Vector data models are usually adopted to
describe discrete features, such as specific point locations and information summarized by area or
line/polyline characteristics. Continuous numeric values (e.g. elevation) and continuous categories
(e.g. vegetation types) are represented in raster data models.
Biomass and bioenergy have also been studied with the help of GIS tools. Three research
questions dominate current publications. The location of biomass conversion facilities, the assessment
of bioenergy potential and the optimal exploitation of dispersed resources.
Voivontas et al. (2001) develop a decision support system (DSS) to assess the potential for power
production from agricultural residues. They apply an iterative procedure to GIS-based data for the
island of Crete. Goor et al. (2003) evaluate the potential biomass yield from forestry, short rotation
coppice and perennial grasses in the district of Polesine, Ukraine. Freppaz et al. (2004) propose a
decision support system (DSS) for heat and power production from forest biomass. The model
optimizes biomass exploitation by taking into consideration variable plant sizes, heat and electricity
output as well as the type and location of the feedstock. The site of the plants and the energy
production technology is exogenously determined. GIS data is combined with a mixed-integer linear
optimization framework. The system is applied to a case study in the Val Bormida region in Liguria,
Northern Italy. Batzias et al. (2004) estimate the potential production of biogas from livestock residues
based on their regional distribution in Greece. Ranta (2004) evaluates the potential contribution of
logging residues to the supply of energy. The availability of forest resources is constrained by a
function of transport costs. A linear programming model is implemented to allocate the feedstock to
the closest demand node (i.e. power plants) within a 100 km range under the consideration that the
potential demand for loggings exceeds the possible supply. Oettli et al. (2004) estimate the
contribution of biomass for energy generation in Switzerland. The spatial distribution of bioresources is
combined with a marginal price variation method for transport costs based on Noon et al. (2002).
Ma et al. (2005) develop an analytic hierarchy process (AHP) method to model site selection
for the production of methane gas from an anaerobic digester of dairy manure. They complement their
framework with spatial and non-spatial data and apply it to Tompkins County, New York. Masera et al.
(2006) propose a model to evaluate the sustainability of wood as a source of energy. They integrate a
spatial description of woodfuel demand and supply patters within a single interface (WISDOM) and
present study cases for Mexico, Slovenia and Senegal. Panichelli and Gnansounou (2007) provide a
decision support system (DSS) to allocate forest wood residues to a predetermined set of torrefaction
plants that have to supply a gasification unit with torrified wood for the production of electricity. The
site selection is based upon a least cost approach that minimizes transport and feedstock expenses
between the forest storing facility, the torrefaction plants and the gasification units. A case study is
carried out for northern Spain, taking into account variable farm-gate prices and the existing road
infrastructure as the transportation network. Lovett et al. (2009) estimate the potential yield of energy
crops and the regional distribution of bioenergy generation in England. The authors consider
miscanthus as the crop of choice for their study and evaluate the possible extent of its cultivation.
Beccali et al. (2009) assess the bioenergy potential in Sicily with respect to economic and technical
feasibility criteria.
The application of GIS tools for the study of the diffusion of renewable energy technologies is
limited. Berger (2001) proposed a methodology to combine GIS data with a Multi-Agent System
model to evaluate the diffusion of innovations and resource use changes. This approach has been
adopted by Madlener and Schmid (2009) to model the adoption of anaerobic digestion techniques for
biogas production in Switzerland. Our research builds on these foundations, includes the modeling of
heat use and extends the scope of the analysis to North Rhine-Westphalia and Bavaria. Before we
describe the methodology adopted in our study, we briefly introduce MAS models and highlight their
characteristics.
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Attribute data is also known or referred to as tabular data.
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2.3

Multi-Agent System14

A Multi-Agent System usually refers to a group of interlinked players that make (partially) autonomous
decisions under limited information and decentralization. Sycara (1998) identifies four characteristics
that define the Multi-Agent System framework: (1) each agent has incomplete information or
capabilities for solving a problem; (2) there is no system global control; (3) data are decentralized; (4)
15
computation is asynchronous .
Multi-Agent System models are particularly useful in the study of collective behavior of independent
agents that interact with each other and their environment. Even if the strategies assigned to the
individual players are simple, Multi-Agent System can reproduce complex aggregate actions.
In general terms, Multi-Agent Systems are software programs that assign data and behavioral
algorithms to representative actors. The organization of the Multi-Agent System defines the role,
behavioral expectations and authority relations among various agents and sets the framework for their
interaction (Sycara, 1998). Each agent is then assigned specific responsibilities and problem-solving
resources. There are two broad categories of individual actors: sophisticated players can reason about
the non-local implications of local actions, form expectations and possibly solve harmful interactions.
Reactive agents simply respond to a stimulus within their local environment. They do not take into
consideration the implications of their actions at the aggregate level nor do they form expectations.
The myopic behavior of reactive players may lead to unpredictable or unstable system outcomes.
Sophisticated individuals help to improve the coherence of the system and achieve consistency in a
global equilibrium solution. However, the computation time and complexity of the programming effort
required to model sophisticated agents is significantly higher. In addition, reactive systems may be
more useful representations of rapidly changing environments. For an introductory overview of MultiAgent Systems we refer to Shoham and Leyton-Brown (2008), Wooldridge (2002) and Ferber (1999).
Multi-Agent System frameworks have been applied to various fields, such as artificial intelligence,
online trading, financial portfolios, social structure analysis, disaster response, telecommunications
and process and manufacturing control. Multi-Agent System have also been addressed to investigate
resource allocation questions. Economics often provides simple formal models that can be readily
implemented. Players are driven by the maximization of self-interest. Characteristic behaviors of
selfish agents have been reproduced and evaluated. The overuse of common resources (Hardin,
1968), the implications of heterogeneous preference or transaction costs (Thomas and Sycara, 1998)
as well as the effect of lying for personal advantages have been simulated (Myerson, 1989).
More recent applications have also focused on energy-related issues. Lagorse et al. (2010)
implement a bottom-up approach for the management of distributed power sources. Van Dam et al.
(2006) model electricity infrastructure as a Multi-Agent System. Yu et al. (2008) represent the dayahead electricity market with interacting autonomous actors that have learning capabilities. Janssen
(2002) edited a collective volume article on the theory and application of Multi-Agent Systems to
ecosystem management.
Multi-Agent System frameworks have also been integrated with GIS tools. Ferrand (1996) propose
a methodology to combine a GIS interface with reactive and cognitive players. Batty and Jang (1999)
present three examples to evalutee space-time dynamics of cellular automata within GIS. Lombardo et
al. (2004) study retail location dynamics with the coupling of a Multi-Agent System and ArcGis.
Indiramma and Anandakumar (2008) analyze group decision-making in a distributed environment.
In our study we also integrate a Multi-Agent System framework with GIS data to study the spatial
diffusion of biogas technology in an approach similar to that of Berger (2001) and Madlener and
Schmid (2009), respectively. In the next section we present the methodology employed, the ad-hoc
assumptions necessary for its implementation and a justification for the remaining weaknesses of the
model.
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In the informatics literature, the term Multi-Agent System is predominantly used as an all-encompassing framework for MultiAgent Simulation (MAS) models. We believe that the term Multi-Agent Simulation better captures the modeling approach
applied in our research.
15
Sycara (1998), p.80.

14

2.4

Methodology

We model the diffusion of biogas technology by linking the investment decision of separate agents
with feedstock availability in a given territory. The underlying idea is that a biomass conversion facility
is confined to the proximity of its required resource location.
The actual investment in a biogas plant depends upon its profitability. An NPV valuation is
estimated with respect to the different feed-in tariffs granted by the government, the cost of substrates
and heat delivery, the earnings from producing electricity and heat, the resale value of the equipment
and minimum profitability conditions used to discount future cash flows. The investment choice is
further associated with an optimal selection of plant sizes and waste heat management technologies.
In order to represent individual and independent decision-makers spread across the territory, we
employ a MAS model linked to GIS data. The MAS framework provides an algorithm to proceed with
the investment decision (a detailed description is given in Section 5). The GIS data links resource
availability with the decision makers (for a more detailed exposition see Section 6).
The model provides a framework that can be applied to any region (or country) endowed with
sufficiently detailed socio-economic and geographical data. In order to provide an example of the
simulation tool, we illustrate its use in two regions (federal states) in Germany – North RhineWestphalia and Bavaria – and present a large-scale example of the methodology adopted.

Figure 8: Map of North Rhine-Westphalia with an example district and its communities
Source: FCN

The extent of geographical detail reaches the district (Kreis) and community/municipality (Gemeinde)
level within the German administrative system (see Figure 8). The local availability of resources is
based upon the substrate potential within each community. The substrate potentials are calculated
with a bottom-up approach based on estimated quantities of animal manure and energy crops. The
amount of animal manure is a function of the number of cattle, pig and poultry in a given community.
The availability of energy crops depends upon the area of grassland in each Gemeinde. Section 6
presents in detail the parameters used to derive the substrate levels.
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The data employed for the bottom-up derivations are taken from statistical figures provided by the
federal states of North Rhine-Westphalia and Bavaria. Since the micro-data on livestock units on the
community level were not publicly available, we analyzed the records via controlled remote data
processing.
The estimates of heat sinks are based on the heat demand of the total gardening area (especially
greenhouse area) and the number of piglets at the community level. The technical potential of the heat
use is equivalent to 20% of the aggregated heat demand. The parameters used for the estimations are
presented in detail in Section 5.
The accuracy of the modeling approach is associated with the level of detail granted by the data.
The total availability of substrates is an approximation of the actual potential of the region. However,
there are no existing statistics that provide exact descriptions of the potential feedstock for biogas
production. In addition, we do not take into account specific infrastructures or incentive programs that
are locally bound to a given district or region.
Nonetheless, we allow for knowledge spill-overs and positive externalities in the production of
biogas (see Section 5). Finally, we do not model directly transportation costs (but provide an
approximation to determine average substrate and heat delivery expenditures) nor the potential biogas
feed-in in the existing natural gas network.

3

The model

The MAS model builds upon Madlener and Schmid (2009). Economic decision making is linked to a
spatial sub-module that describes socio-economic and biophysical data according to their actual
geographical distribution. Agents make an investment decision in an approach similar to that of Berger
(2001). The investment decision determines the installation of biogas plants in a given location based
on a positive NPV estimate of the underlying economic and spatial parameters. The choice of a CHP
biogas plant of a particular size class (150, 500, 1000 kW el) is coupled with four different alternatives
for dealing with the waste heat produced during electricity generation (no-use, local district heating,
mobile storage, ORC process). The presence of local heat sinks affects the adoption of specific
technology combinations. The diffusion of biogas plants over time is influenced by the availability of
substrates, dynamic cost functions of substrate and heat consumption, the rate of technology adoption
and variable feed-in tariffs. The model comprises of eight agents that interact with each other. The
iteration process spans over 20 periods that last one year each and starts in 2008 in case of North
16
Rhine-Westphalia and in 2010 in the case of Bavaria, respectively.
In the next subsections we present the characteristics of the various agents, describe the derivation
of dynamic cost functions and illustrate how the diffusion of biogas technology influences the
profitability requirements. Finally, we introduce the algorithm that runs the model in order to evaluate
the sequence of steps that lead to the adoption of a given technology combination and its diffusion
over time.

3.1

The agents

MAS models consider each actor as an autonomous entity that is embedded in its environment and
reacts to changing framework conditions in a rational way in order to reach its goals (Billari et al,
2006). Two types of agents are represented in our framework. The agents Federal Government, Bank,
Electric Utility and Plant Manufacturer only provide information. The agents Substrate Supplier,
District, Decision Maker and Heat Consumer perform calculations that eventually lead to an
investment decision (see Figure 9).

16

We obtained statistics on biogas facilities that were updated to 2007 and 2009 for North Rhine-Westphalia and Bavaria,
respectively.
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Figure 9: The model’s agents
Source: Own Illustration

Federal Government. It determines the feed-in tariffs paid to the owners of biogas plants that supply
green electricity to the grid. Feed-in tariffs vary for plants of different sizes and heat technologies
according to the EEG of 2009 (see Section 6).
Bank. The bank provides loans and sets the repayment interest rates for investments in biogas plants.
It is assumed that the bank acts uniformly and independently of the diffusion rates across the regions
taken into consideration. The loans and interests charged are an important element in the
determination of the economic viability of an investment prospect.
Electric Utility. This agent pays the biogas plant owner for its supply of electricity and heat according to
the feed-in tariff set by the federal government. We neglect any negotiation process, discriminatory
provision of access to the grid or other potential issues arising from the Electric Utility’s dominant
position to the grid.
Plant Manufacturer. It offers three types of biogas plants according to installed electric capacity: 150
kW el, 500 kW el and 1000 kW el. The plant manufacturer also determines plant-specific techno-economic
parameters, such as investment costs (i.e. the selling price inclusive of installation), total operating
hours over the expected plant lifetime and production output.
Substrate Supplier. The substrate supplier calculates the feedstock available for biogas production in
any given period by taking into consideration the community’s potential and the demand by existing
plants. Available substrate levels are re-assessed in each period in order to account for the installation
of new facilities. The available feedstock potential is calculated at the community level and then
aggregated to determine the total potential in each district. In addition, the substrate supplier
determines the cost of feedstock to be paid by the biogas plant. Subsection 5.2 explains how
substrate costs are calculated.
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District. This agent plays a key role in the model and it will be described in detail. Each district is
composed of a variable number of communities. Each community is represented by a single abstract
decision-maker that autonomously decides the technical specifications to adopt and whether to invest
in a biogas plant (see Decision Maker for more details). Since each biogas plant can be supplied with
substrates from its own community as well as the neighboring communities, the order in which this
decision takes place is relevant. First, the district with the highest available substrate potential is taken
into consideration. Due to regional characteristics as well as technical, financial and economic
limitations, it is possible to build up only one biogas plant per district per year. Within the selected
district, the community with the highest available potential comes first and a decision is made as to
whether an investment should take place or not. Note that if no plant is built, the model still considers
the community with second highest substrate potential. This is done because the algorithm for an
investment decision will take into account the substrates that may be delivered from neighboring
communities. This is important, as feedstock delivered from nearby communities does affect the
decision to build a plant, but it does not appear in the initial ranking associated with local substrate
potential. As long as no plants are built, the process continues until all communities have been
considered. Once a district has been evaluated, the next one follows according to the estimated
rankings. A complete simulation of all the districts (and communities) counts as one period/year.
Decision Maker. Each community has an unspecified number of investors that are embodied by a
single representative agent. The decision maker takes into account the financing conditions (bank
loans, interest rate, expected annual revenues and expenditures) and his technology options in order
to calculate the profitability of the investment for the three plant types considered. The NPV of the
17
investment is determined by eq. (1) :

NPV  aia[a, b]  t 1
n

ju  sci
wg
wvw
n
 t 1

t
t
(1  mpcel [a, b])
(1  mpch [a, b]) (1  mpcel [a, b]) n

(1)

It is relevant to notice that the aggregate substrate costs (sc) and the minimum profitability conditions
(mpc) are dynamic functions that depend on the local availability of feedstock and on the diffusion of a
given technology, respectively.
Heat Consumer. The Heat Consumer contains NPV calculations of four technology applications for
waste heat management. The examined options include local heat network, mobile heat storage, ORC
and non-heat usage. The agent determines earnings and costs associated with each alternative. The
latter are then adopted to determine the optimal combination of plant size and waste heat control. In
addition, the Heat Consumer computes the available heat potential in each community at a given time
period.

3.2

Dynamic cost-functions of substrate consumption and heat delivery

A biogas facility may use substrates that are located in its own community or in the neighboring
communities. The origin of the feedstock affects the cost paid by the plant owner. We assume that the
17

The abbreviations included in eq. (1) denote the following:
aia: expenditure of the investment
a: type of biogas plant
b: type of waste heat technology
n: duration of investment
ju: annual net income
sci: total cost of substrates for plant in community i
wg: earnings from heat sales (see Subsection 5.3)
mpcel: minimum profitability condition for electricity production (see Subsection 5.4)
mpch: minimum profitability condition for waste heat technology (see Subsection 5.4)
wvw: resale value of the plant
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fixed charge (substrates cost rate) for feedstock located in the decision maker’s own community
amounts to 35 €/t, while the cost rate parameter for substrate delivered by the neighbor corresponds
to 52.5 €/t. The fixed cost rate is assumed to be linearly correlated with distance, hence the 50%
18
higher charge .
In addition to the above component, the cost of substrates is subject to a dynamic price formation
19
process and depends on the already exploited potential of a given community . A modified sigmoid
function describes the evolution of costs. Equation (2) illustrates the marginal cost rate of an extra unit
of substrate coming from community k and destined for a plant located in community i, where k may
refer to the plant’s own community or to one of its neighbors (i.e., k  i,j). The substrates cost rate is
specified as:

sci ,k ( pot )  (1  0.5*(1 

2
1 e

12( pot ( k ) 0.5

))  (substrates cost rate)i ,k

(2)

Equation (2) follows the S-shape pattern typical for a (successful) diffusion process. Initially, the cost
of substrates increases slowly. After reaching the inflection point the increment is steeper and
eventually flattens out when the potential is almost fully exhausted. When no potential has been
exploited, it is easier (and therefore cheaper) to collect the substrate feedstock. According to the
above formula, when half of the substrate potential has been used, its cost will be 35 €/t. When the
entire potential is still available, the feedstock cost is estimated at 17.5 €/t. Finally, when the entire
potential has been used up, the cost reaches 52.5 €/t, which corresponds to the substrate cost rate of
the neighboring communities.
Due to the characteristics of the above function, it may be possible that the marginal cost of
substrates delivered from a neighbor community are lower than those of the plant’s own community
(i.e. this is the case if the substrates in the own community are almost completely exhausted, whereas
neighbors still have a comparably high spare capacity). Nonetheless, the model assumes that a
biogas producer will import feedstock inputs from a neighbor if and only if the available substrates in
its own community are not sufficient to satisfy its demand. The total cost of substrates for a plant in
community i is therefore expressed by the following function (sci):

sc i  sc i ,i ( pot )(sub.demand ) i   j sc i , j ( pot )(sub.demand ) j

(3)

where (sub.demand)k refers to the amount of substrate demand satisfied with feedstock delivered from
community k (where k  i,j) . Note that the algorithm in the model always chooses first the neighbor
community that offers the lowest substrate prices (i.e. with the highest available potential).
The cost of waste heat supply to the local community follows a similar sigmoid functional form. The
one substantial difference lies in the fixed values associated with the waste heat supply cost rate that
appears in the marginal expenditure function for heat delivery (wci,i) as described in eq. (4), while the
total cost of waste heat supply (wci) by a biogas plant in community i is given in eq. (5). Notice that
waste heat production is delivered only to heat sinks within the own community, due to the
technologies taken into consideration here. The fixed cost rate for waste heat delivery to the own
community is estimated at 2 €ct/kWh.

wci ,i ( pot )  (1  0.5*(1 

2
1 e

12( pot ( i ) 0.5

))  (waste heat supply cost rate)i ,i

wci  wci ,i ( pot )(waste heat supplied)i

(4)

(5)
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We are aware that the cost of substrates may differ substantially because of the underlying production process, land rental
and other parameters. An online calculation of the substrates costs can be found on the KTBL website (KTBL, 2009). In
addition, communities can vary in size and shape, and so do the location of the resources within of a community. Nonetheless,
we make the above simplifying assumption for ease of computation and due to some unavailable data.
19
The already exploited potential is measured as pot(k) in eq. (2).
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It is also relevant to mention that in the NPV calculation of the investment in biogas facilities (eq. (1)),
the costs associated to the waste heat supply are included in the earnings from heat sales expressed
by the wg variable (see the next Subsection).

3.3

Estimation of earnings from waste heat sales

The estimation of earnings from heat sales depends on the technology of heat supply adopted. Plant
owners opt for the technology that guarantees the highest returns. However, the choice is contingent
on the availability of heat sinks as well as the size of the plant installed. Waste heat delivery may turn
out to be unprofitable (hence the case with no heat supply).
The ORC process converts heat into electricity. The electricity is fed-in into the grid and generates
returns based on the tariffs set by the government (represented by the variable C in eqs. (6) and (7).
For small biogas plants (150 kW el) it is never convenient to use the ORC process. We assume that
medium-sized biogas plants (500 kW el) are able to convert 10% of their waste heat production
(hORC,500kW) in electricity (eq. (6)), while larger units (1000 kW el) can transform up to 12% (eq. (7)). The
earnings from heat derived from the ORC process are, therefore, given by the following specifications:

wgORC ,500kW  0.1 hORC ,500 kW  C

(6)

wgORC ,1000kW  0.12  hORC ,1000 kW  C

(7)

When district heating or mobile storage are adopted, the returns from either technology depend on the
availability of a sufficiently large heat demand in the own communities. When the heat demand in the
own community surpasses or equals the heat production of the biogas plant, the proceeds from heat
20
sales are given in eq. (8) :

wga,b  ha ,b  ( pheat  wci ,i )

(8)

Note that, even if the heat demand in the own community is smaller than the total heat generated in
the plant, waste heat will not be delivered to the neighboring communities. This is the case because
the average distance to be covered via district heating pipelines or mobile storage would render the
investment option unprofitable.

3.4

Profitability requirements and adoption factors

The minimum profitability conditions (mpc) for electricity (eq. (9)) or heat production (eq. (10)) are an
important component of the NPV calculation for the investment in a biogas plant. The mpc is made up
of a time-related component (t) and a parameter that varies according to the technology adopted and
its diffusion in a given district (af).

mpcel  (1  0.02  t )  af a
mpch  (1  0.02  t )  afb

(9)
(10)

The profitability condition for an investment decreases steadily by 2% every year, even if no feedstock
potential has been previously exploited in a given district. That is equivalent to say that in 2027 there
will be a 40% lower profitability requirement than in the starting year 2008.
20

(a) refers to the plant size (150, 500 or 1000 kWel). (b) refers to the waste heat technology adopted. In this case, (b) may
refer to mobile storage or district heating. As reported in Section 5.2, wci,i are the cost of heat delivery to the own community.
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The diffusion parameter (af) captures varying degrees of innovation associated with different
classes of technology adopters (Rogers, 2005). The underlying idea is that there are positive spillovers in the management, construction and efficiency of plants and waste heat use the more widely
adopted a given technology is. The diffusion parameter (af) varies in relation to the type of biogas
facility or heat management system as well as the cumulative density function of the diffusion process.
In the model the diffusion process is approximated by the percentage of exhausted resources relative
to the aggregate potential of substrates (or heat demand) in a given district. Admittedly these
assumptions are somewhat crude, but allow the integration of key aspects of technology adoption in
the model. Table 2 and Table 3 present the adoption factors by plant type, waste usage type and
adopter category.
Table 2: Adoption factors by plant size and adopter category
Type of adopter
Innovators
Early adopters
Early majority
Late majority
Laggards

Technology diffusion
0% < f < 2.5%
2.5% < f < 16%
16% < f < 50%
50% < f < 84%
84% < f < 100%

150 kWel
10%
10%
10%
10%
10%

Plant size
500 kWel
16%
14%
13%
12%
11%

1000 kWel
25%
23%
15%
15%
15%

Note: f denotes the cumulative density of the diffusion process
Source: Schmidt and Madlener (2008), modified

Table 3: Adoption factors by waste heat usage and adopter category
Type of waste heat technology
Technology
Type of adopter
diffusion
None Local heat
Mobile storage
Innovators
0% < f < 2.5%
20%
25%
Early adopters
2.5% < f < 16%
18%
23%
Early majority
16% < f < 50%
15%
20%
Late majority
50% < f < 84%
12%
18%
Laggards
84% < f < 100%
10%
15%

ORC
10%
10%
10%
10%
10%

Note: f denotes the cumulative density of the diffusion process
Source: Pohl (2009)

3.5

Description of the model’s algorithm

The investment in a biogas plant involves, among other issues, the selection of a specific technology
combination for electricity production and waste heat management. The decision process is governed
by an algorithm that underlies the model’s structure (see Figure 10).
At the beginning of each period, the Substrate Supplier calculates the available substrate potential
in each community and elaborates a ranking of the districts with the highest obtainable feedstock. The
district with the largest resources will be considered first. The communities within the aforementioned
district are themselves ranked according to substrate availability. The decision maker corresponding to
the community with the largest availability of substrates is then asked to make an investment decision.
If in the own and neighbor communities the available substrates are sufficient for the largest biogas
plant (1MW el) to run, the Decision Maker will evaluate whether it is profitable to invest in the latter and
it will choose the waste heat technology to employ. If the NPV calculation for a 1 MW el plant turns out
to be negative, or if feedstock inputs are not sufficient, the next smaller plant will be considered until all
three plant types have been taken into account.
Once the availability of sufficient substrates has been verified at the community and neighbors
aggregate level, the algorithm checks whether it can install the biogas facility using only the resources
of its own community. If that is not the case, the resources will also be pooled from the neighbors.
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Next, the waste heat technology has to be chosen. The potential heat demand is calculated and
ranked by the Heat Consumer agent. The ranking follows a procedure similar to the one adopted by
21
the Substrate Supplier, so that the communities with the highest potential demand are serviced first .
If the aggregate heat demand of the own community is smaller than the waste heat capacity of the
plant size taken into consideration, the ORC application will be chosen. If the aggregate heat demand
equals or surpasses the waste heat capacity of the plant, the technology choice will be between
mobile storage, local district heating or no heat delivery (depending on which option produces the
highest net profit.
Finally, the investment in the biogas plant takes place if the plant size and waste heat technology
are associated with a positive NPV. If the latter is not the case, the procedure will start again by taking
into consideration a smaller plant size and then determining the optimal waste heat technology to
combine it with. The investment decision process in a given community ends when all the three plant
types have been considered.
If all three plant types have been considered and the NPV in all cases turned out to be negative,
the community with the second highest substrate potential in the district undergoes the same
procedure. If, on the other hand, an investment in one type of biogas plant has been decided, the
district with the second highest substrate potential will be considered after the substrate availability
has been recalculated. The procedure repeats itself until all districts (and communities) in Bavaria and
North Rhine-Westphalia have been processed. At this point a one-year-period has ended. The next
investment period starts again following the same algorithm.
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In this way, due to the dynamic cost function described in Subsection 5.2, heat is delivered according to a least cost merit
order.
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Source: Own Illustration
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4

Data used

The data underlying the simulations were obtained from different sources. The feed-in tariffs paid by
the Electric Utility agent are defined in the EEG (2009). Each technology combination requires specific
feed-in values, as highlighted in Table 4. Similary, waste heat production is supported via
predetermined tariffs that vary across plant size and delivery technology (Table 5)
Table 4: Electricity and heat feed-in tariffs and bonuses
Type of tariff and bonus
Basic tariff
Emissions bonus
Renewables bonus
Liquid manure bonus
CHP bonus
Technology bonus
Rural conservation bonus

Tariff (€cent/kWh) per plant size
Up to 150 kW
Up to 500 kW
11.55
0.99
6.93
3.96
2.97
1.96
1.98

9.09
0.99
6.93
0.99
2.97
1.96
1.98

Up to 5000 kW
8.17
3.96
2.97
1.96
-

Source: EEG, (2009)

The technical and economic parameters that define the characteristics of the different types of biogas
plants were collected from manufacturers and guidelines for plant operators (Energetik und Umwelt,
2006). They define electricity and heat production and energy conversion efficiency as well as
investment costs, operating costs and the level of substrate demand (see Table 6 for a complete
overview). The estimation of substrates and heat demand potentials in each community are presented
in Subsection 6.1 and Subsection 6.2, while Subsection 6.3 describes how the GIS tool was linked to
the MAS model in order to simulate the geographic diffusion of biogas plants.
Table 5: Technical and economic parameters of plant types
Technical parameters
Primary energy demand [P] (kW)
Electric power [Pel] (kW el)
Thermal power [Pth] (kW th)
Electric efficiency [ηel] (%)
Thermal efficiency [ηth] (%)
Total efficiency [ω] (%)
CHP coefficient [σ]
Total investment (€)
Feed-in electricity (kWh/y)
Operating costs (€/y)
Substrate demand (t/y)

150 kWel
395
150
182
38
46
84
0.83
525,000
1,164,000
129,438
3,531

Size of plant
500 kWel
1,220
500
488
41
40
81
1.02
1,000,000
3,880,000
255,727
10,909

1000 kWel
2,439
1000
1,017
41
41.7
82.7
0.98
2,475,000
7,760,000
499,248
21,818

Sources: Energetik und Umwelt (2006); ASUE (2005); manufacturer information provided by Pro2 (2008)

4.1

Bottom-up calculation of substrate potentials

We estimate substrate potentials in each community from bottom-up calculations based on agricultural
statistics and technical parameters. Animal manure, energy crops and agricultural residues are
assumed to be the source of biogas feedstock. Note that we do not take into account potential biogas
input resources such as food residues or organic waste.
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We derive the amount of animal manure from the number of cattle, pigs and poultry in each
community. Similarly, we estimate the amount of energy crops and agricultural residues available for
biogas production given the area of cropland.
We combine these elements with specific parameters for calculating the substrate potential. In the
case of animal manure, the parameters are taken from various sources (Kaltschmitt and Hartmann,
2001; KTBL, 2008; Wilfert and Schattauer, 2002) and summarized in Table 7. In addition, we assume
that only a fraction of the manure can be used for biogas production (defined as technical potential in
Table 7). It may be reasonable to collect manure only above a certain minimum number of livestock
units (e.g. cattle as well as poultry are kept outside of stables for parts of the day).
The approach to estimate the biogas potential from energy crops and agricultural residues is
similar. In the first step, we determine the extent of cropland in each community (based on data from
the Statistische Ämter des Bundes und der Länder, 2009). We then assume that 9% of the cropland
can be used for the cultivation of energy crops destined to the production of biogas. The relevant
surface is expected to produce 43.5 tons of corn (wet mass) per hectare based on average cultivation
yields (Energetik und Umwelt, 2006). Given the projected wet-mass yield, we determine the substrate
potential in each community. Table 8 presents the conversion factors. Corn has been chosen as the
crop-feedstock of choice because it can be easily stored for long periods of time and it can be adopted
as unique substrate feedstock in the fermentation process, even though it is usually mixed with liquid
manure.
Table 6: Parameters for the estimation of substrate potential from animal manure
Excrements
Biogas
Technical
Cattle
Pigs
Poultry

Liquid
Solid
Liquid
Solid

(per livestock unit per year)
3
18 m
8t
3
15 m
6.5 t

a

b

yield
3
19.3 m
3
42.5 m
3
23.8 m
3
129.7 m

potential
75%
75%
90%
75%

c

Note: b Values refer to biogas yield per m 3 of liquid feedstock input or per ton of solid feedstock input
Sources: aKTBL (2008), b,c Wilfert and Schattauer (2002)

Table 7: Parameters for the estimation of substrate potential from corn
Yield
Dry mass
Energy crop
tons (wet mass)/ha
% of wet mass
Corn
43.5
30

Biogas yield
3
m /t(wet mass)
173

Source: KTBL (2006)

The following Figure 11 illustrates the distribution of biogas plants at the community level in North
Rhine-Westphalia, as well as the estimated biogas potential based on local feedstock availability
(animal manure and energy crop residuals). It is evident that biogas facilities are concentrated around
the area with the highest feedstock potential.
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Figure 11: Distribution of biogas plants and biogas potential in NRW in 2007
Sources: LDS (2007), LWK (2007); own calculation of biogas potential and illustration

4.2

Estimation of heat sinks

The heat produced via CHP technologies can be destined to heat up nearby stables or greenhouses.
The potential for heat demand therefore depends on the presence of animal farming and greenhouse
cultures in the proximity of the biogas plant.
4.2.1

Heat sinks in greenhouses

We consider greenhouses that are used to grow ornamental plants or vegetables. The cultivation in
greenhouses requires a considerable amount of heat and they are often located in close proximity to
biogas facilities. North Rhine-Westphalia and Bavaria account for about 42% of greenhouse cultivation
area in Germany (Statistisches Bundesamt Deutschland, 2005). In addition, in North Rhine-Westphalia
and Bavaria, ornamental plants and vegetables are prevailing greenhouse cultivations with a share of
94% and 88%, respectively (LDS, 2005; LWG, 2005). The two cultivations are characterized by
different heating requirements, as summarized in Table 9.
Table 8: Parameters for the estimation of heat demand in greenhouses
Indoor Min. outdoor Difference
Specific
Share
Share
temp.
temp.
in temp
heat demand in NRW in Bavaria
Type of cultivation
θi (°C)
θa,min (°C)
∆θ (°C)
q (kWh/year)
(%)
(%)
Ornamental plants
10
-10
20
200
83.35
69.11
Vegetables
5
-10
15
60
16.65
30.89
Source: Buderus (2003); Lange, et al. (2002); own assumptions.
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Data on the aggregate surface cultivated in greenhouses in each community is provided by the
Federal Statistical Department of North Rhine-Westphalia (LDS, 2005). In each community
greenhouse surfaces are distributed between ornamental plants and vegetable according to fixed
shares. The shares vary between North Rhine-Westphalia and Bavaria due to differences in the
average type of cultivations (LDS, 2005; LWG, 2005). The aggregate heat demand due to greenhouse
cultivations in community i is then estimated by summing the specific heat requirements of ornamental
and vegetables greenhouses given their respective surface share (eq. (11)).
.

.

.

Q greenhouse,i   ( Acreageornamental ,i  q ornamental  Acreagevegetables,i  q vegetables )

(11)

However, we do not assume that waste heat generated from CHP units can satisfy the entire heating
requirements of greenhouse cultivations. Considering a CHP annual load duration curve, peak load is
reached only for a few hours per year. We assume that the technical potential of heat usage in
horticulture actually corresponds to 20% of the theoretical potential estimated. The remaining heat
demand is satisfied by conventional heating systems, such as gas or oil boilers.
4.2.2

Heat sinks in animal farming

Despite the existence of different heating systems for animal farming compounds, we consider only
the case of under-floor heating in stables. The advantages of this process include a reliable regulation
of the heat supply as well as the possibility to combine different generation systems (e.g. biogas,
natural gas, fuel oil). However, under-floor heating is also characterized by relatively expensive heat
distribution networks, costly control technology and heat losses (for a detailed discussion of alternative
heating options in animal farming see e.g. Feller, 2008).
In addition, we focus our estimation of heat sinks only on piglet farms. Statistical data on the
number of piglets in each community are provided by the Federal Statistical Departments of North
Rhine-Westphalia and Bavaria (LDS, 2007; LSD, 2007). The heat demand of a single piglet is
estimated at 20 kWh per year (Feller, 2008). Given the total number of piglets in a community, we can
then derive the theoretical heat demand potential. As it was the case for cultivation in greenhouses
(described in Section 6.2.1 above), we expect to cover 20% of the peak-load via heat waste from CHP
units. A conventional boiler is assumed to satisfy the remaining heat demand. It should be mentioned
that in some instances data on greenhouses and piglet farms at the community level was not available
due to privacy protection regulation. We could, however, estimate or approximate the missing values
based on data for the remaining communities and at the aggregate district level. The distribution of
heat sinks in Bavaria is portrayed in Figure 12.
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Figure 12: Distribution of heat demand in Bavaria in 2007
Sources: LSD (2007), LWG (2005); own calculation of heat demand and illustration

4.3

Adoption of GIS data

We adopt ESRI’s ArcGIS Desktop in order to link our data to a map. The software setup contains
version 9.3 of ArcMap and ArcCatalog. ArcMap is predominantly used for compiling and visualizing the
22
shp-files (shape files) . ArcCatalog is adopted to manage and implement the geodatabase.
We obtained the shp-files from the Department of Geography at RWTH Aachen University. The
files contain information about the territory and boundary lines of North Rhine-Westphalia and Bavaria
at the district and community level. Within the shp-files each single community (and the district to
which it belongs) is defined as a polygon with a unique ID number. Through the ID number we were
able to link every community with specific attribute spreadsheet tables (in MS Excel format) that
contain information on surface extent, animal livestock population and agricultural area, number of
biogas plants and installed capacity, as well as substrate and heat sinks potentials.

5

Results

In this section we summarize the simulation results obtained for North Rhine-Westphalia and Bavaria.
We highlight the diffusion process over time, evaluate the type of technology combinations (plant size
and heat use) that proved to be successful given local substrate and heat demand constraints as well
as inspect the robustness of the results with sensitivity analyses on key parameters.
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A shp-file is a file format used to store and interchange geometry-data.
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5.1

North Rhine-Westphalia

Statistics from the Landwirtschaftskammer Nordrhein-Westfalen report 243 agricultural biogas plants
in North Rhine-Westphalia, with a total installed electric capacity of 78 MWhel in 2007. During the 20
years simulation period spanning from 2008 to the end of 2028, a further 269 new biogas plants are
built for an additional 194.5 MW el. The aggregate results would then prospect a total of 512 biogas
plants in North Rhine-Westphalia in 2028, with an aggregate electric capacity of 272.6 MW el.
Whereas the number of new plants is relatively similar to that of existing facilities, new biogas units
are expected to have higher conversion efficiencies and a significantly larger electricity generating
potential. The average electricity capacity of biogas plants active by the end of 2007 was 321 kW el.
The simulations expect new biogas plants to have an average size of 800 kW el.
23
Figure 13 shows the distribution of new and old biogas plants in North Rhine-Westphalia in 2028 .
As expected, plants are geographically concentrated in the northern and north-western part of the
federal province, where the majority of the substrate potential is located (see also Figure 11 for
comparisons with the location of biogas plants in 2007 and the distribution of substrate potential
across North Rhine-Westphalia).
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Figure 13: Distribution of total biogas plants and installed electric capacity per community in
NRW in 2028
Source: Own simulation results

The adoption of biogas technology over time is displayed in Figure 14. The first ten years of the
simulation are characterized by an increase in the number of new facilities. As the substrate
availability decreases and its costs increase, new units are built at an ever decreasing rate. In the last
year of the simulation no new plants are constructed. Under the assumption that agricultural and cattle
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The triangles in the figure do not represent the exact location of the plants, but rather identify the community they belong to.
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production remains unchanged over the years, 93% of the substrate potential is allocated to satisfy the
feedstock demand of biogas plants in North Rhine-Westphalia.
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Figure 14: Cumulative number of new biogas plants in NRW over the 2008-2028 simulation
interval
Source: Own simulation results

North Rhine-Westphalia is characterized by relatively large communities with a sufficient amount of
manure and agricultural residues to sustain biogas facilities with a considerable electrical capacity.
According to the simulation results, the 269 new plants include 155 units with an installed capacity of 1
MW el, 64 facilities with a 500 kW el size and an additional 50 plants with a capacity of 150 kW el (see
Table 10).
Heat technology is chosen as a function of both the size of the plant and the availability of nearby
heat sinks. Local district heating is implemented in most of the new plants. In only four cases waste
heat is not further processed, while the ORC method for the conversion of heat into electricity is
employed in sixteen out of the 269 new biogas facilities. Table 10 further breaks down the combination
of plant size and heat technology adopted in North Rhine-Westphalia.
Table 9: Plant size and technology combinations of new plants in NRW in 2028
Plant size
No heat
use

Disctrict
heating

Mobile
storage

ORC

Total

150

4

46

0

0

50

500

0

56

0

8

64

1000

0

147

0

8

155

Total

4

249

0

16

269

Source: Own simulation results
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Heat technologies

5.2

Bavaria

According to data from Bayerische Landesanstalt für Landwirtschaft (LfL), at the end of 2009 there
were 1,691 agricultural biogas plants in Bavaria with a total installed electric capacity of 422 MW el and
an average generating capacity of 250 kW el per plant. Over the following 20 years, the model
simulates the construction of 419 additional biogas plants with a total electric capacity of 175 MW el.
The average electric capacity of new plants is 418 kW el. The aggregate projected generating capacity
amounts to 579 MW el,with a total number of 2110 plants in 2030.
The diffusion of biogas facilities over time displays a sharp increase in new plants during the first
few years of the simulation. Local substrate resources are quickly exhausted and no new biogas
facilities are built between 2021 and 2030 (see Figure 15). In comparison to North Rhine-Westphalia,
in Bavaria the simulations produce a significantly faster increment in biogas facilities that is
concentrated in the first few years. At the end of the diffusion process 86% of available substrate
resources are exploited by biogas production (substrate consumption reached 93% in North RhineWestphalia).
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Figure 15: Cumulative number of new biogas plants in Bavaria over the 2010-2030 simulation
interval
Source: Own simulation results

The distribution of installed capacity in 2030 is shown in Figure 16. The electricity generation from
biogas is most significant in the south-eastern and the mid-western regions. The territorial allocation
of capacity generation corresponds to the areas with the largest substrate potential. Note that it was
not possible to display the number of plants in each municipality because data protection restrictions in
Bavaria did not allow the disclosure of the community location of individual plants already in operation.
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Figure 16: Distribution of total installed electric capacity of biogas plants per community in
Bavaria in 2030
Source: Own simulation results

New biogas facilities are characterized by their relatively small size compared to North RhineWestphalia (see Figure 17). At the end of the simulation period, 53% of new plants have an electric
capacity of 150 kW el. The remaining biogas units are split between medium-sized plants (500 kW el
facilities have 26% of total share) and larger units (21% of new plants are 1 MW el units).
North Rhine-Westphalia

Bavaria

18%

21%

150 k Wel

150 kWel

58%

500 kWel

24%

1000 kWel

53%
26%

500 kWel

1000 kWel

Figure 17: Shares of new biogas plants by plant size in NRW and Bavaria at the end of the
respective simulation periods
Source: Own simulation results

The adoption of a given heat technology is affected by the electric capacity of the generating unit as
well as the presence of a sufficiently large heat sink. In our simulations for Bavaria, no heat use and
the ORC turn to out to be the preferred options in 177 and 186 cases, respectively. District heating, on
the other hand, is chosen 55 times (see Table 11).
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Table 10: Plant size and technology combinations of new plants in Bavaria 2030
Plant size
(kW el)

Heat technologies
No heat

Disctrict

Mobile

use

heating

storage

ORC

Total

150

177

45

1

0

223

500

0

9

0

99

108

1000

0

1

0

87

88

Total

177

55

1

186

419

Source: Own simulation results

5.3

Sensitivity analyses

We shock key parameters in order to test the robustness of the simulations’ results. Feed-in tariffs,
investment costs, annual costs (which include operating and mortgage repayment costs) and
substrate demand are varied by 25% with respect to their original values. Each parameter is altered
individually ceteris paribus. The model is re-run and its output compared with the original results in
order to obtain simulated confidence intervals.
5.3.1

North Rhine-Westphalia

The most staggering outcome is obtained with an alteration of the existing feed-in tariffs. The
aggregate number of newly installed biogas plants oscillates between 253 (with 25% lower feed-in
payments) and 295 (in the +25% scenario) in comparison to 269 in the standard simulation, a
reasonable and not particularly significant change. However, the actual installed electric capacity
changes significantly. On the one hand, if feed-in payments were 25% lower compared to current
values (see Table 4), no 1 MW el units would be installed and the majority of the biogas plants (a total
of 235) would have a 500 kW el potential. On the other hand, higher feed-in tariffs hardly affect the
results already obtained. The numbed of installed 1 MW el units would be 153 instead of 155. Similarly,
only a few more 150 kW el facilities (62 compared to 50 in the standard version) and 500 kW el plants
(80 instead of the original 64) would be built. Figure 18 summarizes the evolution of cumulative
installed electric capacity over time, under the two alternative scenarios with a 25% change in feed-in
tariffs. It is evident that lower feed-in payments would strongly influence the type of plants installed and
the aggregate electricity potential of the region, while higher tariffs produce a similar outcome to the
original version.
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Figure 18: Cumulative electric capacity of newly installed biogas plants in NRW
Source: Own simulation results

Changes in investment costs, annual costs and substrate demand do not considerably alter the
outcome of the basis simulation. The difference in the number of newly installed biogas facilities, the
choice of plant size and the aggregate electric capacity fluctuate around the results of the original
scenario within small interval bands.
5.3.2

Bavaria

Sensitivity analyses conducted for Bavaria display the same outcome encountered in North RhineWestphalia. A reduction in value of the feed-in tariffs impedes the full exploitation of available
substrate resources and induces lower electricity generation from agricultural biogas plants. On the
other hand, higher feed-in tariffs do not substantially modify the outcome of the original simulation and
neither do changes to investment costs, annual costs and substrate demand.
Under the scenario with lower feed-in tariffs, only 212 new plants are built (in comparison to 419 in
the original case). In this case, no 1 MW el facilities are constructed (compared to 88 in the standard
case), while the most adopted plant size is 500 kW el with 171 units (instead of 108). The total number
of 150 kW el facilities drops from 223 (in the case with current feed-in tariffs) to 41 units. The final
outcome is an installed electricity capacity that drops from 175 MW el to 92 MW el (see Figure 19).
Higher feed-in tariffs do not produce a comparable result in the opposite direction and neither the
adoption of biogas agricultural technologies nor the aggregate installed capacity is altered.
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Figure 19: Cumulative electric capacity of newly installed biogas plants in Bavaria
Source: Own simulation results

6

Conclusions

Over the next few years, agricultural biogas has the potential to increase its contribution to the
production of energy. Given today’s technologies and governmental support, new conversion facilities
can increasingly take advantage of agricultural by-products and wastes scattered across the territory.
Our GIS based MAS model estimates an additional economic potential of 370 MW el in North RhineWestphalia and Bavaria alone. The inclusion of an efficient use of waste heat produced by the CHP
plants further increases the potential energy contribution.
Electricity generation is characterized by relatively small conversion units located in the proximity of
substrate-rich areas. Accordingly, we expect biogas plants to be built in areas with abundant
agricultural resources and concentrate in the northern and north-western regions of North RhineWestphalia and in the south-eastern and mid-western areas of Bavaria.
However, the future diffusion of biogas CHP technology for electricity generation is strongly
dependent on the current feed-in tariffs in place. As the sensitivity analyses have shown, the model’s
results are particularly sensible to reductions in the current scheme of feed-in payments. If the latter
were to be reduced by -25%, aggregate installed generating capacity would drop by 42% to 212 MW el
in North Rhine-Westphalia and Bavaria, a staggering change.
On the other hand, raising current tariffs by 25% hardly modifies the model’s results. One reason
for the difference in the response to higher payment schemes lies in the availability of substrate
resources. At the current rates, the model estimates that 93% and 86% of substrate available in North
Rhine-Westphalia and Bavaria, respectively, will be exhausted at the end of the simulation. Hence,
higher tariffs cannot induce a much larger generation capacity. On the contrary, lower feed-in tariffs
remove a key incentive to build biogas plants. As the availability of substrate decreases and their price
increases, without adequate compensation investors will not adopt biomass-based CHP facilities.
The model’s outcome has proved to be robust to changes in investment costs, annual costs and
substrate demand. This reduces the margin of error caused by possible incorrect assumptions in the
above-mentioned parameters. The level of geographical detail granted by data availability has allowed
us to define the potential biogas-based electricity generation at the community level. Differences in the
diffusion dynamics taking place in North Rhine-Westphalia and Bavaria are related, among other
things, to the size of the communities, which in Bavaria have a significantly smaller average surface.

35

However, the model’s results are highly significant at the aggregate regional level and indicate a
considerable unused electricity generation capacity already available with the existing conversion
technology. A key policy recommendation based on this study is the maintenance of current feed-in
tariffs in order to guarantee a full exploitation of the biomass resources for electricity generation with
biogas-run CHP units.

7

Future work

Future research may consider an even greater spatial-geographical resolution of the data, if available.
The exact location of biogas plants may be linked to existing infrastructure and resource networks
(roads, natural gas grid, electricity grid). Difficulties associated with the availability of data remain. The
greater the geographical detail of the model, the more difficult it is to find adequate information (in
particular with respect to agricultural residues and by-products) over extended territories.
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