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Preface

This volume, entitled Sustainable Bioenergy Production: An Integrated Approach,
focuses primarily on the advantages and implications of sustainable bioenergy

production in terms of ensuring a more sustainable world despite its growing energy

demands.

This book addresses a new concept that focuses on the interactions between

different uses of agricultural land (e.g., agriculture for food, forage or energy and

nature conservation) and their ecological, economic and societal impacts. This

research concept provides new insights into the competition for resources and the

synergies between different land uses. It seeks to improve people’s understanding

of bioenergy’s potentials and the future of land use management and biomass

management. To date, the transition towards renewable energy has been

misunderstood as only an economic demand, rather than as a means to gain various

societal and ecological advantages. Today, biomass is produced to generate energy

and renewable raw materials, while simultaneously benefitting soil resources, water

resources and biodiversity. The transition to a ‘greener’ economy is an important

precondition to achieve the sustainable development of societies.

Chapter 1, Sustainable bioenergy production: An integrated perspective, by
Ruppert, Kappas and Ibendorf provides an overview of the controversial issue of

sustainable bioenergy production and sets the background for the subsequent

chapters.

Chapter 2, Bioenergy villages in Germany: Applying the Göttingen Approach of
Sustainability Science to promote sustainable bioenergy projects, by Schmuck,

Eigner-Thiel, Karpenstein-Machan, Sauer, Ruppert and Roland provides a retro-

spective overview of the early development of sustainable bioenergy projects in

Germany. Bioenergy villages such as Jühnde serve as best practice examples. This

approach points the way to the development of a future sustainable energy supply.

By means of integrated research, a holistic perspective is provided of the issues

concerning sustainable bioenergy production.

The future use of biomass as an energy type needs to be assessed comprehen-

sively and will require careful management of natural land resources such as soil and

water. Unsustainable biomass use would undermine bioenergy’s climate-related
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advantages. Precise estimations of the planet’s bioenergy potentials are needed on a

global, regional and local scale.

Chapter 3 by Kappas provides a short review of global bioenergy potentials and

their contribution to the world’s future energy demand. While there are many

estimations of the future biomass potential, it is clear that bioenergy will play an

important part in our future energy supply if we compare the average global

bioenergy production potential in 2050 with the highest predictions of global

primary energy consumption in 2050. This chapter provides a framework for

further estimations of the bioenergy potentials in a region (Germany as a whole)

and in a specific site (the local perspective).

State-of-the-art knowledge of the biomass potentials in Germany can be

provided by using the process-based vegetation model as described by Tum,

Günther and Kappas in Chap. 4. The chapter also presents an approach to estimate

sustainable straw energy potentials by means of a modelled Net Primary Produc-

tivity (NPP) product, which has been validated by empirical data on the managed

area and mean yields of the main crops in Germany. The Biosphere Energy Transfer

Hydrology Model (BETHY/DLR) is the theoretical framework to estimate the NPP

of the agricultural areas in Germany. The regional estimations of the bioenergy

potentials throughout Germany provide a basis to assess the bioenergy potentials on

a local scale (site-specific biomass potentials).

Chapter 5, Modelling site-specific biomass potentials by Bauböck, offers a new

tool to assess local-scale biomass potentials. For the assessment of site-specific and

larger area biomass potentials in Lower Saxony, a carbon-based crop model –

BioSTAR – was developed at the University of Göttingen. The first validations of

the model by means of measured agricultural harvest data from different farms in

Lower Saxony are providing convincing results. Chapter 5 concludes the topic of

bioenergy potentials and shows that the tools and estimations used to assess

bioenergy potentials are already available and that they deliver robust results for

future planning.

The next topic – the environmentally sound optimisation of bioenergy produc-

tion – is addressed in Chaps. 6 and 7.

Chapter 6, Integrative energy crop cultivation as a way to a more nature-
orientated agriculture by Karpenstein-Machan, focuses on the vision of integrative

energy cultivation concepts, which contribute to a more diverse and sustainable

rural landscape, keep nature in balance and conserve ecosystems. Integrated culti-

vation concepts are introduced that should harmonise the relationship between

utilisation/production and landscape protection. This integrated concept shows

convincing ways to prevent monocultures (e.g., of maize) through a diversified

energy crop cultivation system.

Chapter 7 by Saathoff, von Haaren and Rode focuses on the scale-relevant
impacts of biogas crop production: A methodology to assess environmental impacts
and farm management capacities. Typical research questions are: To what extent

can the ecological impacts of local biogas crop production be solved by integrated

farm management at the farm level? Can potential obstacles to species-friendly and

climate-friendly land management be reduced by providing optimal site-specific
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information about the potential advantages and disadvantages of implemented

conservation measures? The outcomes of Chaps. 6 and 7 are a view of the

environmentally sound optimisation of bioenergy production, which is important

for economic and social linkages.

Environmental and social costs are part of the economic system and include

external environmental costs. External diseconomies should be considered when

pursuing sustainable consumption and production. Hence the next topic “The

economic optimisation of bioenergy production.” For example, Chap. 8 by Daub,

Uhlemair, Ruwisch and Geldermann optimises bioenergy villages’ local heat
supply networks and provides important advice for a more decentralised energy

supply.

According to the examination of the current and future bioenergy potentials

(Chaps. 3, 4 and 5), the environmentally and ecologically sound optimisation of

bioenergy production (Chaps. 6 and 7) and the economic optimisation of a heat

distribution network relying on wood and crops (Chap. 8), the next contemporary

issue is the socially acceptable optimisation of bioenergy production (Chaps. 9, 10,

11 and 12).

Chapter 9 by Granozewski, Reise, Spiller andMusshoff first considers the growth
of biogas production in German agriculture by providing an analysis of farmers’
investment behaviour. In German agriculture, renewable energy production from

biogas has undergone a dynamic expansion over the past years, which is still

continuing. However, with regard to biogas plants, farmers differ in their investment

behaviour. A better understanding of farm-level decision-making structures is

particularly important for policy-makers and local authorities to estimate biogas

production’s future investment potential. This chapter also analyses the conflicts in

German agriculture regarding land rate leases and land use competition.

The question of willingness to invest in future bioenergy production is coupled

with the social acceptance of bioenergy use and the success factors of communal
bioenergy projects in Chapter 10 by Wüste and Schmuck. This chapter provides

insights into the highly dynamic development of bioenergy production facilities in

Germany, which are not all in line with sustainability criteria. A growing number of

people in Germany’s rural areas are directly or indirectly affected by increased

bioenergy utilisation. In many cases, bioenergy plants are mainly built for eco-

nomic considerations, without involving the local population and other

stakeholders. Growing fears caused by the local population’s lack of information

often lead to conflicts, resistance and lower acceptance of bioenergy projects.

Chapter 10 addresses potential avenues to sustainable bioenergy projects that

local populations will support.

Chapter 10’s results lead to the central challenge of applying the sustainability
science principles of the Göttingen approach to initiate renewable energy solutions
in three German districts as Schmuck, Karpenstein-Machan and Wüste describe in

Chapter 11. This chapter summarises an interdisciplinary and transdisciplinary

action research project that reports on the application of sustainability science

principles to convert the energy supply in three German districts of Lower Saxony

into renewables.
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Finally, different bioenergy concepts regarding sustainable development are

evaluated by Eigner-Thiel, Schmehl, Ibendorf and Geldermann in Chapter 12.

This chapter focuses on a sustainability assessment of different concepts of biomass

energy use in order to provide decision support that takes environmental, economic,

social and technical perspectives into consideration. Bioenergy concepts in rural

areas are of particular interest; possible technical and organisational concepts can,

for example, be a biogas plant operated by electric service providers, or a single

biogas plant owned by one farmer or a bioenergy village owned by a village

cooperative. This chapter describes the development of suitable ecological, eco-

nomic, social and technical criteria with which to assess the sustainability of

different concepts and the adaptation of existing indicator systems to the special

requirements of sustainable biomass use for energy. The results of this

sustainability assessment illustrate different biomass concepts’ advantages and

disadvantages according to multi-criteria decision analysis methods. This decision

support tool will facilitate mayors, district administrators, farmers and investors’

decision process regarding the most sustainable concept for a certain area.

Two specific topics – the combustion of wood and straw and producing

bioenergy on degraded soils – are addressed to complete the book’s holistic

perspective.

Chapter 13 by Seidel, Orasche, Ruppert and Schnelle-Kreis examines the

organic and inorganic emissions during the burning of wood and straw in heat

systems. The hazardous potential of the emitted pollutants’ particulate matter is not

at all well-known and is important for future acceptance of solid biomass sources

such as wood and straw.

Contaminated soils should not be used for the production of food or forage crops.

In Chapter 14, Sauer and Ruppert argue that energy plants should be grown in these

polluted areas. Since the process of the phytoremediation of soils contaminated by

heavy metal to acceptable low values requires several thousand years, it is more

feasible to leave the toxic elements in the soil. The metal transfer from the different

polluted soils to different energy plants was tested to find crops with low transfer

factors. The advantages of using such crops are that the fermentation process in the

biogas plant will not be impaired by heavy metals and that the residues of the biogas

production can be recycled in the fields from which the plants were harvested

without exceeding the maximum permissible values for heavy metal.

Energy alternatives based on locally available renewable resources, such as

bioenergy, are crucial to the creation of a new energy mix. At the same time,

increasing the energy efficiency of the whole economy and of all energy

alternatives is an essential precondition to transition to a renewable energy system

and a society oriented to sustainability.

To develop a modern, forward-looking energy supply from biomass, such as

biomass for heat and power generation and liquid biofuels for transport, there

should be a balance between the amount of biomass required for food production

and for material purposes. Crop types, production methods and conversion

technologies need to be matched with local conditions within the different

landscapes to establish a national transformation plan, to reduce the increasing
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land use competition between food/fodder and energy crop production as well as

the use of forests for energy.

Rethinking the linkages between bioenergy, climate change (limiting global

temperature change to 2 �C), land use and water requires an integrated assessment

of the energy, land and water nexus.

The advantages of sustainable bioenergy production use should always outweigh

the effect of its possible environmental damage. The current book is an outcome of

ongoing research in Lower Saxony, Germany, to provide an integrated approach to

sustainable bioenergy development.

Göttingen, Christmas 2012 Martin Kappas

Hans Ruppert

Jens Ibendorf
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Chapter 1

Sustainable Bioenergy Production:

An Integrated Perspective

Hans Ruppert, Martin Kappas, and Jens Ibendorf

Abstract Energy from crops, wood and biological residues should always be

viewed together with other renewable energy sources, such as wind and hydro

power, photovoltaic power, concentrated solar power, solar heating, etc. All of

them and the introduction of efficiency measures allow to attenuate climate change

as well as the future shortage and increasing price of conventional fossil and nuclear

energy sources. Bioenergy has several advantages that make it strategically impor-

tant: It can provide heat, electricity as well as liquid and gaseous fuels; it can be

stored and used when needed; and it can balance fluctuations in the electricity grid.

Owing to widespread malnutrition and a rapidly growing global population with

increasing calorie and livestock product requirements, estimates of the potential

areas where energy plants could be grown vary widely. A reduction in livestock

production on fertile soils, in harvest and postharvest losses and in the waste of food

would open up large areas for more sustainable farming as well as for energy crop

production. Bioenergy should not lead to monoculture; instead, it should increase

biodiversity in agricultural areas and enrich the landscape, thereby improving the
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population’s acceptance thereof. Owing to the state-of-the-art technology, green-

house gas savings – especially from biogas production for combined power and

heat plants – can be quite a bit higher than 70 %. The nutrients that are recycled

back into the fields with the digestate maintain soil fertility and save money.

In addition, this chapter discusses the application of Germany’s Renewable

Energy Source Act and the resulting National Biomass Action Plan. Moreover, it

highlights the quota system and feed-in tariffs as promoters of the successful

expansion of renewable energy forms.

Keywords Bioenergy potential • Efficiency • Greenhouse gas • Meat versus

bioenergy • Biodiversity • Feed-in tariff

1.1 Arguments for Renewable Energy Production

Together with population growth, energy and water shortages, declining arable land

and forests, soil degradation, climate change, ocean acidification, decreasing

resources and food insecurity are the major challenges of the twenty-first century.

To counter these unfavourable trends, concerted actions have to be taken to achieve

climate stabilisation, to conserve biodiversity, soil, and forests, to ensure the

availability and quality of water, economic and social development, human well-

being, global security and a secure, low-carbon energy supply, all of which should

be focussed on sustainable development on a local, national, and international level.

Today, fossil fuels (crude oil, natural gas, coal and uranium) account for

approximately 85 % of the global primary energy production (DERA 2011). In

the next few decades, renewable types of energy, including wind, water, solar

power and bioenergy, have to become the major energy suppliers, because:

• The reserves and resources of fossil energy sources (especially natural oil and

gas) are nearly depleted, even if shale gas and unconventional oil resources are

included in these reserves. Depending on the underlying models and estimations

of the global consumption of oil and gas, and on technical improvements and

prices, oil production may have passed its global peak or will do so in the

near future. This has important consequences for the supply and price of fossil

energy sources.

• As implied by the name, renewables, which are based on solar energy, will be

available as long as the reactor sun gives off energy; that is, for several billion

years to come. It has taken just two centuries for man to seriously deplete the

earth’s fossil fuels formed over millions of years in the sediments of the outer

earth crust.

• Under optimal circumstances, renewables’ CO2 emissions are far lower than

those of their fossil fuel counterparts, such as coal, oil and gas. The increase of

renewable energy sources counteract the climate change by reducing greenhouse

gas emissions.

• Municipalities save on fossil fuel costs, create jobs, collect taxes and lease

revenues by installing renewable energy systems (Mühlenhoff 2010).

4 H. Ruppert et al.



Strong efficiency measures should be in place when transforming energy

systems into renewables. In 2009, 80 % of the emitted greenhouse gases in Europe

originated from the energy sector (Boßmann et al. 2012). However, this sector has a

strong potential for decarbonisation as it offers a variety of technologies ranging

from carbon-neutral electricity generation by means of highly efficient energy

conversion processes to energy saving options (Boßmann et al. 2012). Europe’s

building sector has the highest final energy saving potential. The electricity and

petroleum sector has the highest potential for financial benefits. By 2050, the

overall final energy demand could be 57 % lower than the baseline projection,

which translates into cost savings of about 500 billion EUR per year (based on the

2005 value) (Boßmann et al. 2012). This will increase supply security while

decreasing Europe’s external fuel bill and enhancing its competitiveness in the

global economy. Therefore, the European Union’s Energy Roadmap’s target is to

reduce greenhouse gas emissions by at least 80 % by 2050 (Boßmann et al. 2012).

With regard to heating, house insulation and the functionality of stoves and

furnaces should be improved. More effective electricity devices should be used to

reduce the waste of electrical power. With regard to bioenergy, additional effi-

ciency measures include the energetic use of organic wastes and plant residues as

well as the energetic recycling of used materials, such as furniture, construction

wood, fibres, etc., which may be reused or co-fired at the end of their useful live (see

‘Cascade use’ in Box 1.1; WBGU 2008). Generating electricity from biogas should

always involve the use of ‘waste’ heat for household or industrial processes, such as

drying. Thus, combined heat and power (CHP) plants can offer double the total

usable energy (FNR 2009; FNR/GIZ 2010; see Box 1.1).

The energy transformation of fossil into renewable energy can also promote

sustainable development and better incomes in developing countries if similar

supporting transformations occur within the political, economic and social systems,

and the local, national and international authorities support them (WBGU 2011).

Box 1.1 Bioenergy Glossary

Sources: modified from REN21 (2012), WBGU (2008, 2011), IEA (2011).

Biomass is any organic living or dead material of biological origin, excluding

fossil fuels or peat. Biomass comes in solid or liquid forms. Examples are

wood, energy crops derived from dedicated plantations, wastes, organic

residues from industrial and municipal sources and manure. These materials

can be converted into biofuels, biogas or biomethane.

Bioenergy/Biomass energy refers to the final or useful energy derived from

biomass. Traditional bioenergy is produced by burning solid biomass, includ-

ing agricultural residues, animal dung, forest products, gathered fuel wood and

charcoal. These types of biomass are often burnt inefficiently in open

fireplaces, stoves, or furnaces to provide heat energy for cooking, comfort,

and small-scale agricultural and industrial processing, usually in rural areas of

developing countries. The emission of air pollutants during burning often cause

(continued)

1 Sustainable Bioenergy Production: An Integrated Perspective 5



Box 1.1 (continued)

health hazards due to incomplete combustion. In 2008, it was estimated that 2.7

billion people were dependent on biomass for cooking (Chum et al. 2011).

Therefore, about 85.6 % of global bioenergy is used in a traditional way

(WBGU 2008). Modern biomass energy is derived from solid, liquid, and

gaseous biomass fuels used, for example, for heat and power generation

(space heating and electricity) as well as for transportation. Modern bioenergy

involves burning biomass directly or converting it into more convenient fuels,

for example, through the pyrolysis and gasification of solid biomass to produce

liquid and gaseous fuels, the anaerobic digestion of suitable biomass materials

to produce biogas, the transesterification of vegetable oils to produce biodiesel,

and the fermentation of sugars to produce ethanol.

Biofuels comprise a wide range of liquid and gaseous fuels derived from

biomass – including the liquid fuels bioethanol and biodiesel as well as biogas.

Biofuels can be combusted in vehicle engines as transport fuels and in station-

ary engines for heat and electricity generation. These fuels can also be used for

domestic heating and cooking. Today, first-generation biofuels are mostly

used. These include sugar cane ethanol, starch-based ethanol, biodiesel, fatty

acid methyl ester (FAME) and straight vegetable oil (SVO) as well as biogas/

biomethane. Feedstocks typically used for the production of liquid biofuels

include: sugar cane and sugar beet, starch-bearing grains, like corn and wheat,

oil crops, like canola and palm, and, in some cases, animal fats. Advanced or
second-generation biofuels comprise different emerging and novel conversion

technologies that are currently in the research and development, pilot, demon-

stration or early commercial phases. Advanced biofuels include synthetic

biofuels, such as Fischer-Tropsch diesel, biomethane and biohydrogen, which

is produced by thermochemical processes, such as gasification and pyrolysis.

Biodiesel is a diesel-equivalent, processed biofuel used in diesel engines of

cars, trucks, buses and other vehicles. It can also be used for stationary heat and

power generation. Through the process of transesterification (a chemical pro-

cess that removes the glycerine from the oil), biodiesel is produced from

oilseed crops, such as soya bean (Glycine max), rapeseed (Brassica napus;
cultivar canola), oil palm (Elaeis guineensis) and, from other oil sources, such

as waste cooking oil and animal fats.

Bioethanol, which is mostly used as a gasoline substitute, is produced by

fermenting any biomass high in carbohydrates with the aid of yeast or bacteria.

Today, ethanol is made from starches and sugars (usually corn, sugar cane, or

small cereals/grains), but second generation technologies will produce it from

cellulose and hemicellulose. Small amounts of bioethanol can be used to

substitute gasoline for use in ordinary spark ignition engines (stationary or in

vehicles), or can be used in stronger blends (usually up to 85 % ethanol, or

100 % in Brazil) in slightly modified engines (flexible fuel vehicles).

(continued)
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Box 1.1 (continued)

Biogas/Biomethane: Biogas is a mixture of methane and carbon dioxide

produced through the anaerobic bacterial degradation of organic matter

(fermentation), such as agricultural and food industry wastes, sewage sludge,

biological remnants in municipal waste and – especially in Germany –

purposely cultivated energy crops (after ensiling). The digestion (biological

transformation) of organic material into biogas occurs in a fermentation

plant. The methane is the fraction of biogas that can be utilised for energy

recovery. Biomethane is nearly pure methane, which is separated from biogas

by removing carbon dioxide, hydrogen sulphide, siloxanes, water and some

other impurities. Biomethane can be injected into natural gas networks and

used as a substitute for natural gas. Biogas and biomethane can be burnt to

produce heat and power. Biomethane can also be used as a fuel for cars.

Greenhouse gases are those gaseous constituents of the atmosphere that, due

to their selective absorption of thermal radiation, cause warming of the lower

atmosphere. The primary anthropogenic greenhouse gases are carbon dioxide

(CO2), nitrous oxide (N2O) and methane (CH4). Other greenhouse gases are

traffic-caused ozone (O3) and industrial gases, such as hydrofluorocarbons

(HFCs), perfluorocarbons (PFCs), sulphur hexafluoride (SF6) and the ozone-

depleting chlorofluorocarbons (CFCs).

Carbondioxide (CO2) is a naturally occurring greenhouse gas. It is a product of

burning fossil energy carriers and biomass. Deforestation, wetland transforma-

tion (peat, swamps, etc.) in agricultural areas, other land-use changes and

industrial processes, such as cement production, all lead to additional CO2

emissions.

Methane (CH4) is a greenhouse gas emitted mainly from livestock and rice

cultivation. It is the principal component of natural gas and biogas.

Nitrous oxide (N2O) is a persistent greenhouse gas, which is mainly emitted

by nitrogen fertilisers in agriculture, the livestock sector (primarily cows,

chickens and pigs) and by the burning of fossil fuels.

Carbon dioxide equivalents (CO2 eq) are a measure of the degree to which a

mixture of gases contributes to global warming. With the aid of a conversion

factor, the global warming potential of non-CO2 greenhouse gases is

expressed as the quantity of CO2 that would cause the equivalent warming

effect. For example, in a 100-year time horizon, methane (CH4) will trap a lot

of heat, warming up the lower atmosphere 25 times and nitrous oxide (N2O)

298 times more than the same amount of CO2. The calculation of CO2 eq

makes it possible to include all greenhouse gases in one unit and allows for a

comparison of their individual impacts on global warming.

Cascade use refers to a strategy seeking to use resources, or products made

from such resources, for as long as possible within the economic cycle. The

(continued)
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Box 1.1 (continued)

material passes through as many phases of use as possible. This approach

boosts the overall value creation and improves environmental performance.

In the case of biomass, cascading can mean that the biomass is first used as an

industrial feedstock, after which its energy content is recovered at the end of

the product cycle. For example, furniture or wood used in construction can be

co-fired in a heat or power plant at the end of its service life.

Combined heat and power (CHP)/Cogeneration plants are facilities that

not only generate electricity during the combustion of fuel, but their waste

heat can also be used for space heating purposes (as in district heating

systems) or for heat/cool-dependent production processes in industry.

Ecosystem services are the benefits people gain from ecosystems. These

include supply services, such as food, water or energy, regulatory services,

such as carbon sequestration, protection against flooding, or against the

spread of disease, cultural or recreational services and support services,

such as nutrient cycles, as well as seed and pollen dispersal, all of which

maintain the Earth’s life-support systems.

Energy is the ability to do work. It comes in different forms, including

thermal, radiant, kinetic and electrical energy. Primary energy is the energy
embodied in natural resources, such as coal, natural gas, biological materials

and other renewable sources. Final energy is the energy that is available to

the final consumer in a usable form (such as electricity from an electrical

outlet), where it can provide services such as lighting, refrigeration, etc.

Energy crops are cultivated to extract energy from their biomass. This may

involve using either a specific part of the crop (e.g., maize grain or vegetable

oil extracted from seeds), or the entire above-ground biomass (e.g., field

crops or grass used for biogas installations, woody species, such as poplar

or willow for heat and power production). For more information, see Chap. 6.

Energy efficiency or energy conversion efficiency is the ratio between the

useful energy output of an energy conversion machine and the expended

energy input. It answers the question of how much input energy should be

applied to produce a certain amount of electric power, mechanical work, heat,

fuel, etc. The ratio is always smaller than one.

Joule/Kilojoule/Megajoule/Gigajoule/Terajoule/Petajoule/Exajoule: A

joule (J) is a unit of work or energy and is equal to the energy expended to

produce one watt of power for one second. A kilojoule (KJ) is a unit of energy

equal to one thousand (103) joules; 1 megajoule (MJ) ¼ 1 million (106)

joules; 1 gigajoule (GJ) ¼ 1 billion (109) joules; 1 terajoule ¼ 1 trillion

(1012) joules; 1 petajoule ¼ 1quadrillian (1015) joules; 1 exajoule ¼ 1 quin-

tillion (1018) joules. One barrel (159 l) of oil can store approximately 6 GJ of

potential chemical energy.

(continued)
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Box 1.1 (continued)

Land-use changes (LUC): The term land use refers to the human use of an

area of land for a certain purpose, while land-use changes refer to changes in

such human use. These include logging, afforestation, sealing, drainage, the

conversion of cropland to grassland (and vice versa), or the conversion of

cropland to fallow land. Land-use changes can take place directly, for

instance, when forests are cleared and the land is used to cultivate energy

crops. It is more difficult to identify land-use changes induced by indirect

mechanisms. When food crops are replaced with energy plants, the agricul-

tural production that previously took place on this cropland has to take place

elsewhere. We refer to such situations as indirect land use change (ILUC)

Pellets are a solid biomass fuel produced by compressing pulverised dry bio-

mass, such as waste wood and agricultural residues. Pellets are usually cylindri-

cal in shapewith a diameter of around1 cmand a length of 3–5 cm. They are easy

to handle, store and transport; they are used as fuel for heating and cooking

applications as well as for electricity and combined heat and power generation.

Renewable energy includes solar, wind, hydro, oceanic, geothermal, bio-

mass and other sources of energy derived from “sun energy”, which is thus

renewed indefinitely as a course of nature. Forms of useable energy include

electricity, hydrogen, fuels, thermal energy and mechanical force. More

broadly speaking, renewable energy is derived from non-fossil and non-

nuclear sources in ways that can be replenished, are sustainable and have

no harmful side effects. The ability of an energy source to be renewed also

implies that its harvesting, conversion and use occur in a sustainable manner,

i.e. avoiding negative impacts on the viability and rights of local communities

and natural ecosystems.

Short-rotation plantations (SRPs) refer to the cultivation of fast-growing tree

species (e.g., poplar and willow) on agricultural land to produce biomass. The

concept derives from coppicing, a method traditionally used to produce fire-

wood. The rotation period extends from the growth period until the trees are cut;

its duration thus depends on the use of the wood. For pulpwood or for woodchip

production, the trees are harvested after 3–5 years. The below-ground root mass

remains in the soil, enabling the growth of coppice shoots the following year.

Transformation refers to the initiation and progression of an active transition

or a change. The German Advisory Council on Global Change (WBGU 2011)

uses the term great transformation as “the modification of both the national and

the global economy within planetary guard rails in order to avoid irreversible

damages on the Earth system and its ecosystems, and the impact of these

damages on human kind”. Such guard rails prevent themean global temperature

from increasing more than 2 �C above the pre-industrial level, protect soil and

biodiversity, etc., in order to avoid risks and catastrophies and to preserve the

Earth systems resources and services and secure humankind’s natural life

support system and sustainable development.While transformation is primarily

(continued)
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1.2 Bioenergy – Pros and Cons

Biomass, especially wood, was the first energy form applied by man. It has been

used since just after the Ice Age (10,000 BC) and is still the most important heat

supplier in developing countries. IEA (2011), however, estimates that 1.3 billion

people have no access to electricity and 2.7 billion people are without clean and

effective cooking facilities. Of these people, 84 % live in rural areas. In 2008, their

traditional use of biomass, mainly wood, dung, etc. amounted to 8.5 % of the global

final energy consumption (REN21 2012), or 10.2 % of the primary energy supply

(Chum et al. 2011).

1.2.1 Bioenergy Pros

Bioenergy has three main advantages over other renewables:

• Reservable: Bioenergy is easy to store and can be used as required. It can

therefore balance the fluctuation of wind and solar power (regulating energy).

• Different usable forms: Plant material can be used in a solid (e.g., wood), liquid

(biodiesel and bioethanol) or gaseous state (biogas); the liquid and gaseous states

are easily obtained through chemical transformation processes.

• Versatility: The different states can be used for heat and power production, or as fuel
for mobility and other purposes. The other renewables produce mostly electricity.

Bioenergy production has additional advantages:

• Promotes biodiversity: Energy plant cropping may increase the biodiversity of

arable land if energy plantation concepts are realised as double cropping during

the year, or as the cultivation of plant mixtures instead of monocultures. Weeds can

also be used if they do not lower yields in general. In addition, short-rotation

croppingor agroforestry can be incorporated into energy crop farming (seeChap. 6).

Box 1.1 (continued)

focussed on the analysis of social, economic, cultural, and political changes, it

must also consider sustainable technological and ecological/environmental

improvements to ensure a sustainable future. In a broad sense, the WBGU

(2008, 2011) regards transformation as a chance to achieve the sustainability

goals of mitigating climate change by shifting from fossil fuel to renewable

energy sources and to overcome energy poverty in developing countries.

Watt: A watt is a unit of power that measures the rate of energy conversion or

transfer. Power is the rate at which energy is consumed or generated. For

example, a light bulb with a power rating of 100 watts (W) that is switched on

for one hour consumes 100 Watt-hours (Wh) of energy, 0.1 kilowatt-hour

(kWh), or 360 kilojoules (kJ).

10 H. Ruppert et al.

http://dx.doi.org/10.1007/978-94-007-6642-6_6


• Ensuring good yields: These diversification concepts ensure energy plants’

yields, decrease soil erosion and increase the attractiveness of the environment

by providing more diversified landscapes.

• Element recycling for fertilisation: If remnants of the energetic use of crops, such

as the residual digestate from biogas plants or wood ashes, are recycled to the

areas from which the plants were taken, a nearly perfect recycling of the elements

is possible (except for nitrogen). This fertilisation can be done when the growing

plants need nutrients. It saves money and fertiliser resources (an important

example is phosphorous, whose extraction maximum should be reached in

2030; Cordell et al. 2009; Gilbert 2009).

• Monetary advantages: Bioenergy offers local farmers new income opportunities,

which could also reduce rural exodus and alleviate poverty, thereby decreasing the

gap between the rich and the poor in developing countries (WBGU 2011).

Bioenergy production can also decrease dependence on imported fossil fuels,

thus improving countries’ foreign exchange balances and energy security. Fur-

thermore, it can expand access to modern energy services and bring infrastructure,

such as roads, telecommunications, schools and health centres, to poor rural areas

(GBEP 2011; WBGU 2011).

• Job creation: The introduction of bioenergy may create new jobs. Growing,

harvesting and distributing bioenergy feedstock are specifically very labour-

intensive. Additionally, biomass, biofuels and biogas production have created

approximately 2.5 million technological jobs globally (REN21 2012).

To ensure bioenergy’s sustainable production, the Global Bioenergy Partnership

created 24 sustainability indicators with clear advice on how to handle them (GBEP

2011). Stakeholders and decision makers should be encouraged to use them as an

analytical tool and facilitate decisions on and planning for sustainable bioenergy

development. These indicators are based on interrelated environmental, social and

economic pillars. The pillars comprise indicators, such as greenhouse gas and pollutant

emissions, the productive capacity of the land and ecosystems, water availability,

biological diversity, land-use changes, access to land, jobs, labour conditions, social

development, human health and safety; efficiencies in bioenergy, production, conver-

sion, distribution and end-use; as well as economic, technological, and logistic devel-

opment and energy security.

1.2.2 Bioenergy Cons

Despite these benefits, the use of bioenergy has some limitations:

• Land use conflicts and food-fuel competition: The production of energy plants on
farmland leads to a competition for arable land for the production of food and

animal fodder.

• Monoculture: The production of only one high-yield plant, such as maize, in

consecutive years leads to an area poor in biodiversity, decreases the landscape’s
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attractiveness, degrades soils through humus losses, increases the erosion risk

and requires substantial fertilisation.

• Acceptance: In Germany, the increase in maize for energy use has decreased the

acceptance of bioenergy production. Moreover, the comfort of people who live

near a biogas plant might be affected due by increased traffic during the harvest

season.

• Greenhouse gas balance: The greenhouse gas balance is not neutral, especially
if the strong greenhouse gas methane escapes from fermentation plants during

biogas production. Furthermore, the intensified application of nitrogen to

increase energy crop yields produces the very strong climate gas nitrous oxide

(N2O).

• Emissions of toxic compounds: The ineffective burning of wood or charcoal in

developing countries, but also in old fireplaces in industrialised countries, emits

toxic compounds into the atmosphere.

• Financial implications: Besides breathing life into rural economies and the

creation of new jobs, the competition for land increases the price of comestible

goods if the production of food plants decreases due to increased energy

croplands. Additionally, the rent for farmland may increase.

Some of the limitations described above, such as the environmental implications,

should be compared with the conditions arising from the burning of oil, gas, or coal.

In the following section, we examine how some of the emerging conflicts can be de-

escalated.

1.2.3 Evaluating and Reducing Emerging Conflicts

1.2.3.1 Land Use Conflicts and the Food-Fuel Competition

To date, the amount of crops used for energy production is still small. In 2008,

about 74 % of the world’s agricultural production, which totalled about 10 billion

tonnes, was allocated to animal food (fodder), while 18 % was used for food, only

3.7 % was used for energy and 4.3 % for biomaterial production (Raschka and

Carus 2012). In that year, 260 million hectares (ha) of the 1,445 million ha of arable

land were used for food, 1,030 million ha were used for animal feedstuff, 55 million

ha were used for energy crops and 100 million ha were used for biomaterial

production (Raschka and Carus 2012).

It is difficult to expand the area suitable for agricultural use, since agriculture has

already cleared or converted 70 % of the grassland worldwide, 50 % of the

savannah, 45 % of the temperate deciduous forest and 27 % of the tropical forest

biomes (Foley et al. 2011). This conversion of land for agriculture has tremendous

impacts; it reduces habitats and biodiversity, depletes the humus in soils, soil

fertility, the freshwater available and the water quality. In turn, critical ecosystem

services are being depleted. It is hard to find areas for the production of energy

plants that do not compete with the production of food, fodder or plants for the

material or industrial sectors. In addition, the prevailing natural resources used by
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man have already exceeded the Earth’s carrying capacity (Rees 2006; WWF 2012).

The pressure will increase further in the near future, as agricultural production

needs to increase by 60 % over the next 40 years to meet the rising food demand

(OECD/FAO 2012).

On a global and a national scale, the estimates of the bioenergy potentials that are

available as part of a future sustainable energy supply are very contradictory. This is

because the estimates depend on many parameters with unknown influences (e.g.,

Chum et al. 2011; Haberl et al. 2011). Therefore, the following questions need to be

answered:

(a) How can the efficiency of crops, irrigation, nutrient supplies and cycling be

increased in order to close the yield gap (see Chaps. 5 and 6)?

(b) To what extent does increased CO2 fertilisation influence yields?

(c) To what extent will fertiliser (especially phosphorus) be available in future?

(d) How will soil degradation by means of salinisation, erosion, pollution, etc.

develop?

(e) How accurate is the evaluation of degraded and marginal land’s potential?

(f) Will improvements in management and technology, including the improved use

of biomass (plant residue and cascade utilisation), lead to more efficient systems

for agriculture or for consumers?

(g) What will the growth rate of the global population be?

(h) How will the competition between bioenergy and animal feed or bio-based

material production develop?

(i) How will rising temperatures, changing rainfall patterns (amount and distribu-

tion) and the increased frequency of extreme events influence cultivation and

plant yields?

Owing to these constraints, bioenergy could be a bridging technology for the

transformation from fossil-based energy systems to future energy systems potentially

based on wind and solar energy.

Chum et al. (2011) describe some of the difficulties of providing a global outlook

for bioenergy potentials in 2050. They estimate that, in the median scenario,

bioenergy will contribute 120–155 EJ/year to the global primary energy supply and

can contribute up to 265–300 EJ/year in the highest deployment scenarios. This upper

limit decreases to approximately 100 EJ/year if policy frameworks and enforcing

mechanisms are not introduced, or if there is strong competition with biomaterials.

These numbers should be compared to the total global primary energy supply, which

was 492 EJ in 2008.

The German National Academy of Science (Leopoldina) estimates that, in Europe

(EU25) and Germany, the potential for bioenergy is negligible, that it will only meet a

small percentage of the country’s primary energy needs and that it will mainly rely on

waste (Haberl et al. 2012). The same authors furthermore assume that almost all the

biomass that can be sustainably harvested worldwide will be required for human

food, animal feed, construction materials, or as a basis for chemicals, leaving very

little room for the use of biomass as an energy source, apart from wastes.
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In contrast, by means of model calculations Zeddies et al. (2012) estimate that, in

Germany, 2.4 million ha of land are available for 2020 for bioenergy production in

addition to the 2.1million ha that are already being used for energy crops (out of 12

million ha of arable land in Germany). By 2050, this area could increase to 7.5

million ha even if 2.4 million ha are used for food export. Since they believe that it

will be possible to obtain enough land to provide food security, the authors estimate

that, by 2050, 200–300 million ha of land will be globally available for energy crop

production.

Fritsche et al. (2012) estimate that advanced biofuels (see ‘Biofuels’ in Box 1.1.)

could cover up to 70 % of the fuel demand for all modes of transportation in

Germany by 2050, bearing in mind that fuel demand will be significantly reduced

by then and that biofuel demand will be met without land use competition or

additional imports. According to these authors, biofuels will be produced either

from residual biomass, or from agricultural areas that have been made available for

the production thereof. This biofuel production ought not to have a negative impact

on biodiversity, nor lead to the conversion of pastureland or meadows into crop-

land. Additionally, this production ought not to reduce Germany’s self-sufficiency

in food supply.

The world’s technical and sustainable biomass supply potentials as well as the

expected demand for biomass (primary energy), which are based on global energy

models and estimates of the world’s total primary energy demand in 2050 (see

Chap. 3), are shown in Fig. 1.1. The current world biomass use and the primary

energy demand are shown for comparative purposes.

In addition to bioenergy, there are other competitors for food and fodder

production areas: The replacement of all organic compounds in Germany’s chemi-

cal industry will require yields from 58 % of the country’s arable land, while the

replacement of lubricants with bio-lubricants will require a further 11 % thereof

(Bringezu et al. 2009).

On a global scale, the production of animal food (meat, milk and eggs) is by far

the most restricting factor with regard to the availability of fertile arable land area

for organic farming or energy crop production. Animal food production covers

1,030 million ha of farmland – about four times more than vegetable food produc-

tion (Raschka and Carus 2012). Livestock production covers an additional 3,550

million ha, which are mostly used as pasture and grazing lands. Meat production is

growing strongly. It has tripled between 1970 and 2009 from about 100 million to

300 million tonnes per year (OECD/FAO 2012).

A more specific description of the real land use conflicts does not cover food-

energy competition, but meat-energy competition. While grazing land that is

unsuitable for food production may ensure additional calories and proteins for

people, highly productive areas used for animal feed are a net drain on the potential

global supply of food (Foley et al. 2011) or bioenergy. Global meat consumption

differs quite dramatically: In about 20 developing countries, the yearly meat

14 H. Ruppert et al.

http://dx.doi.org/10.1007/978-94-007-6642-6_3


consumption per capita is below 10 kg compared to an average of 80 kg in

developed countries. Additionally, meat consumption in developing countries is

increasing constantly (FAO 2012).

1.2.3.2 Land Use Change Through Meat Production

The expansion of land for livestock development has been the main driving force

behind deforestation in, for example, Latin America and the Caribbean, while

overgrazing is prevalent in other regions (FAO 2012). In Argentina and Brazil,

Current world energy demand (500 EJ/ year)
Current world biomass demand (50 EJ/ year)

Total world primary energy demand in 2050  in world Energy Assessment (600 - 1000 EJ / year)

Modelled biomass demand in 2050 as found in literature studies (50 - 250 EJ / year)

Technical potential for biomass production in 2050 as found in literature studies (low range 
50 - 300 EJ/ yr; medium range 300 - 800 EJ/ yr; high range 800 - 1500 EJ / yr)

Sustainable biomass potential in 2050 (200 - 500 EJ / year), consists of: 
(i) residues from agriculture and forestry (~ 100 EJ); (ii) surplus forest production - net annual increment minus 
current harvest (~ 80 EJ); (iii) energy crops, excluding areas with moderately degraded soils and/ or moderate 
water scarcity (~ 120 EJ); (iv) additional energy crops grown in areas with moderately degraded soils 
and/ or moderate water scarcity (~ 70 EJ) and (v) additional potential when agricultural productivity increases
faster than historic trends thereby producing more food the same land area (~ 140 EJ)
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Fig. 1.1 Visualization of the technical and sustainable biomass supply potentials, expected

demand for biomass (primary energy) based on global energy models, expected total world

primary energy demand in 2050 (Bauen et al. 2009) and current world biomass use and primary

energy demand (Dornburg et al. 2008; figure modified from Bauen et al. 2009)
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for example, soya beans are cultivated to provide proteins for industrial livestock

farming in European countries, such as Germany. To meet the requirement to

generate 62 % of Germany’s energy from vegetal food products, about 10 million

tonnes of carbon are harvested from biomass every year. In contrast, annually, the

feeding of animals to produce meat, milk and egg products requires about 53

million tonnes of carbon from plant biomass, which are either harvested or grazed,

as well as about 9 million tonnes of imported carbon (about 5.4 million tonnes from

soya beans and soya bean products, 2.3 million tonnes from rapeseed and 1.2

million tonnes from maize) (Haberl et al. 2012). Between 2008 and 2010, Germany

used approximately 7 million additional ha of land outside Europe, thereby virtu-

ally increasing Germany’s agricultural area from 17 to 24 million ha (Bringezu

et al. 2009; Witzke et al. 2011). If the production of meat were to be reduced, the

cultivation of other food products, such as protein-rich plants, would have to

increase to ensure balanced human diets. However, this would require a much

smaller area than that which is currently used for livestock production. The meat

footprint of the average German is more than 1,000 m2 (including 230 m2 for soya

production in overseas areas). This means that more than 8 million ha are used for

meat production alone. Moreover, in Germany, 60 % of the grain and 70 % of the

oilseed plants are used as fodder (Witzke et al. 2011).

1.2.3.3 Environmental Impact of Intensive Meat Production

Besides consuming much of the land and water resources, intensive animal hus-

bandry or factory farming leads to many other problems:

1. Domestic animals emit large amounts of the greenhouse gases, methane and

nitrous oxide.

2. Fields become overfertilised with manure.

3. Surface water becomes contaminated with nitrate and phosphate (causing

eutrophication).

4. Nitrate and ammonia filter into the groundwater (posing a threat to human health

when used as drinking water).

5. Pharmaceutical ingredients (hormones, antibiotics, etc.) are transferred from

animals to the water.

6. Ammonia is released into the atmosphere where it is transformed into nitric acid,

which in turn acidifies rainwater and soils.

In Germany, approximately 2 of the 11.7 tonnes of CO2-equivalent emissions

that are annually released per capita, are released during the production, processing,

packaging, transport, marketing and consumption of agricultural products. An

additional 0.5 tonnes of CO2-equivalent emissions are annually released per capita

due to land use changes. In the value-added nutrition chain, 204 million tonnes of

CO2 equivalents are annually emitted in Germany. About two-thirds of these

greenhouse gas emissions can be attributed to animal products (meat, milk, eggs,

etc.) and one-third to plant products (Noleppa 2012). In addition, importing soya
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material as a cheap source of protein for animal feed is an important aspect of

factory farming in Europe. Approximately 85 % of the world’s total soya produc-

tion is used for animal feed. The international production of soya beans has

increased by a factor of 2 over the last 30 years; in South America, it has increased

by a factor of 4, with the strongest growth in Argentina and Brazil. These two

countries are currently also the largest producers of soya beans (Reenberg and

Fenger 2011).

Germany uses approximately 2.6 million ha of land outside the European Com-

munity to satisfy the need for soya products for livestock production (Witzke et al.

2011). In Brazil and Argentina, soya cultivation has expanded to land previously used

for grazing or for natural habitat. This leads to direct land use changes by affecting the

local savannahs and to indirect land use changes by exerting pressure on the tropical

rainforest of Amazonia causing negative effect on the global carbon dioxide budget

and on biological diversity (Barona et al. 2010; Reenberg and Fenger 2011). Addi-

tionally, the majority of soya bean crops in the USA and South America are geneti-

cally modified (GM) and become part of the meat and milk production, even in

countries like Germany, where GM food is not accepted on the market. Another

aspect is animal welfare: Nearly 75 % of the world’s poultry production, more than

50 % of its pork production, and 60 % of all egg production occur in large-scale

intensive industrial production systems (FAO 2009). Factory-farmed animals are

usually confined to small pens, cages, sheds, or indoor stalls. They therefore mostly

do not have access to pastures, fresh air and sunlight, and are unable to perform many

of their natural behaviours (MacDonald 2012).

All of these arguments suggest that high meat consumption needs to be

questioned. The reduction of meat production will:

• ease the pressure on the land areas used by man,

• open up space for a more ecological agriculture or for bioenergy plants,

• reduce emissions of greenhouse gases,

• reduce mostly inhumane industrial livestock farming,

• improve people’s health and food security, and

• may lower the cost of basic food.

Greatly altered human behaviour is a prerequisite for change and is a crucial

challenge. Creating awareness of the consequences of the disproportionate con-

sumption of animal products is one of the prerequisites for a sustainable future.

Besides the meat-fuel competition, the following aspects also influence the

availability of land areas:

1.2.3.4 Postharvest Food Losses and Food Wasting

Postharvest food losses occur during threshing, grading, packaging, transport,

storage, processing, distribution and marketing, or due to biological or chemical

contamination and deterioration. Between one-fifth and one-half of produced food

is estimated to be lost early in the supply chain segments (the dominant form in
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developing countries), or wasted at the consumer end (the dominant retail and

household levels in industrialised countries), globally amounting to about 1.3

billion tonnes per year (Parfitt et al. 2010; Grethe et al. 2011; Gustavsson et al.

2011). Every German throws away an average of more than 80 kg of comestible

food every year (Noleppa and von Witzke 2012; Kranert et al. 2012; Noleppa

2012). This equates to 25 billion EUR, 2.4 of the 16.9 million ha of agricultural land

and to 40 million tonnes of CO2 equivalents per year.

1.2.3.5 Health Aspects

Between 1980 and 2008, the worldwide prevalence of obesity (overweightness)

almost doubled (WHO 2012). By 2008, 10 % of men and 14 % of women in the

world were obese. The reasons for this include a higher consumption of calories and

increased consumption of animal products, salt, sugar and processed and fried

foods. From a health perspective, significant reductions in meat consumption in

the OECD would be preferable (McMichael et al. 2007; Witzke et al. 2011). In

Germany, the adoption of more healthy, less animal-biased nutrition would release

1.8 Mio ha of productive land (Noleppa and von Witzke 2012) and would lower

greenhouse gas emissions by 27 million tonnes per year (Noleppa 2012). A stronger

awareness of the health aspects and optimal portion sizes of meat, egg and dairy in

people’s daily diet not only helps fight obesity, but also opens up areas for food and

fodder production.

1.2.3.6 Land Deals for Bioenergy Production

Land deals (grabbing) with Africa, Latin America and Southeast Asia for the large-

scale production of food, cash crops and biofuels have increased in recent years.

Domestic and transnational companies, governments and individuals’ land grab-

bing quickly escalated after the increase in food prices in 2007–2008 – especially in

sub-Saharan Africa. In many cases, this has led to the expropriation or displacement

of rural populations and to an increase in food prices in these countries. Countries’

institutional infrastructure may be ill equipped to handle an upsurge in investor

interest. Together with weak land protection rights, this may lead to uncompensated

land loss due to the land users’ exiting businesses or land being given away or sold

at well below its true social and economic value. Over 46 million ha of large-scale

farmland acquisitions or negotiations were announced between October 2008 and

August 2009 (Deininger and Byerlee 2011). To compensate for the negative effects,

we have, amongst others, formulated the following principles for responsible agro-

investments:

• respect land and resource rights,

• ensure food security,

• ensure transparency,
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• ensure that all the affected people are consulted and that they participate in all

the important decisions,

• safeguard social sustainability by making investments that have a desirable

social and distributional impact, and

• promote environmental sustainability by minimising and mitigating the risk and

magnitude of the negative impacts.

If these principles are followed, there is a chance that countries with large tracts

of currently uncultivated land suitable for cultivation, or with large gaps between

potential and actual yields, may increase their outputs and welfare. Private investors

may then provide their farmers with knowledge, technology, infrastructure, market

access and relevant institutions.

To summarise, energy crops should only be cultivated in areas in which the food

demand has been satisfied and crops can be produced without their having a

harmful impact on the forests, wetlands, nature conservation areas, etc. Bioenergy

production should not jeopardise food security, but rather strengthen it. Food

security and environmental sustainability have to be integral parts of energy crop

production. It should also be taken into account that, for millennia, bioenergy

(especially in the form of heat), together with food and water, has been essential

for human survival and that many people in developing countries still rely on it.

1.2.3.7 Monoculture and Acceptance

There is a strong movement against bioenergy in Germany. This is especially due to

many people’s unwillingness to accept the increase in maize crops (a high produc-

tivity energy plant) – a process to which they refer to as ‘Vermaisung’ (a verb

formed from the German noun “Mais” (maize)). This is mainly because the plants

grow up to 2.5 m, blocking people’s views. However, crop rotation, inter-cropping,

double cropping and introducing agroforestry or short-rotation cropping can

enhance the landscape’s appearance, thus increasing people’s acceptance of energy

cropping. Other concepts for increasing biodiversity through energy plants are

described in Chaps. 6 and 7.

1.2.3.8 Greenhouse Gas Balance (GHG) and Other Environmental Impacts

Agriculture contributes 30–35 % of global greenhouse gas emissions. In particular,

land use change – in the form of deforestation, grassland transformation, methane

emissions from livestock and rice cultivation, nitrous oxide emissions from

fertilised soils and unsustainable water withdrawals – contributes to this (Foley

et al. 2011).

Theoretically, bioenergy is carbon dioxide-neutral. Crops and trees take up

carbon dioxide (CO2) from the atmosphere and water (H2O) from the soil and

transform it by turning the external energy source sunlight into organic compounds
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(simplified CH2O) and oxygen (O2). This process is called photosynthesis. The very

simplified reaction is:

CO2 þ H2Oþ sunlight hνð Þ ! CH2O biomassð Þ þ O2:

Inversely, biomass can be oxidised (e.g., the burning of wood) and thus produce

carbon dioxide, water and energy. Another way to produce energy from biomass is

to include the intermediate step of producing methane or liquid biofuel, which can

be burnt in a second step. In the case of methane, biomass is fed into an anaerobic

digester (biogas plant). During several stages, bacteria systematically transform the

biomass into methane (CH4) and carbon dioxide. This is done according to the

following simplified reaction:

2 CH2O ! CH4 þ CO2:

In a gas burner or engine, the methane can be oxidised by air oxygen to carbon

dioxide and water, releasing energy:

CH4 þ 2 O2 ! CO2 þ 2 H2O:

In the end, all the carbon that plants take from the atmosphere is quantitatively

released back into the atmosphere. This process is completely carbon-dioxide-

neutral and produces no additional greenhouse gas.

Criticism of the greenhouse gas balance, especially with regard to biogas

production, arises due to:

• methane leaks in biogas plants,

• the release of greenhouse gases (methane and nitrous oxide) during and after the

application of nitrogen fertiliser and the liquid biogas digestate to soils and

• the direct and indirect land use change of forests, grasslands and wetlands.

Methane and nitrous oxide have a strong warming potential. According to Haberl

et al. (2012) and of EMPA (2012), bioenergy generated from specially grown energy

crops instead of waste or plant residues (domestic and industrial organic waste,

manure, straw, wood remnants, etc.) releases more CO2-equivalent emissions for

the production of bioethanol and biodiesel than fossil fuel combustion does. The

reasons for this are the application of nitrogen fertilisers, which produce nitrous

oxide, as well as direct and indirect land use change, which releases CO2, etc.

An exception is the production of biogas from crops and grass that have a

slightly more favourable greenhouse gas balance than the production of biodiesel

and bioethanol (EMPA 2012). A systematic review by Liebetrau et al. (2012)

reveals that, under typical conditions in Germany, the generation of electricity

from biogas emits 70 % less greenhouse gas than the production of conventional

fossil electricity. If the technical installation is optimised and biological and crop

residues are used, this percentage can increase to 90 %. The energetic use of
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biomass in stationary combined power and heat plants is economically and

ecologically more advantageous than the production of liquid fuels (Bringezu

et al. 2009). A mid-class car would be able to travel 67,000 km with the biogas

fuel produced from one ha of land, while it would achieve 41,000 km with biodiesel

(including its by-products) produced from the same amount of land, and only

36,000 km with bioethanol (valid for agricultural yields in Germany; FNR 2012).

Biogas fuels therefore have a much better greenhouse gas balance.

On the other hand, land use changes in terms of forests or grasslands transformed

into croplands for energy crop production have a very unfavourable greenhouse gas

balance. Replacing forested areas with, for example, oil palm plantations will lead

to substantial greenhouse gas emissions and considerable biodiversity losses. Con-

versely, if degraded areas are transformed into cropland for energy plants, such as

oil palm, jatropha, sunflowers, etc., the plants and the soils could act as a carbon

sink. However, the land use change argument can not be applied to countries in

which biomass crops are produced on already existing farmland. These countries

would not have to cut down forests or transform grassland and wetland into arable

land, nor does the argument apply to countries where wood for energy is gathered

from forest residues or offcuts from the wood processing industry.

The EMPA study (2012) lists additional negative environmental impacts, such

as the eutrophication and acidification of soils and water, which increase their

toxicity (e.g., contaminating them with nitrates and ammonium), the enrichment

of toxic particulate matter in the air during biomass burning, the depletion of water

resources in scarcity areas and the consumption of fertilisers. If, on the other side,

greenhouse gas effects are considered in addition to these harms, the environmental

sustainability of traditional biomass production is clearly better than conventional

oil and gas utilisation.

Therefore, areas’ individual greenhouse gas balance and their real environmen-

tal impact should be estimated. Bioenergy systems’ impact assessments should be

compared to those of replaced systems, which are usually based on fossil fuel

combustion, but also to the impact systems of replaced crops cultivated for food or

fodder. The digestion of manure in biogas plants is much more environmentally

friendly than storing it in a container and applying it directly to fields. The digestion

process significantly reduces manure’s methane, nitrous oxide, ammonia and its

unpleasant smell. Moreover, using the residues of a fermentation plant will

decrease the need for additional fertilisation, because the nutrients are quantita-

tively recycled. This digestate can be applied to the farmland from which the crops

were originally harvested. The negative environmental impact of the extraction,

transport and processing of fossil oil and gas should also be considered when

calculating environmental damage. The assessment should also include water

consumption and pollution, methane emissions installations, transport, accidents,

such as oil spills, oil tanker collisions, etc. Embodied energy (¼ the total amount of

energy used for buildings, machines, fertiliser, pesticides, transport, etc. in order to

produce something) should also be taken into account when assessing the impact of

bioenergy. A total life cycle assessment, including the direct and indirect impacts, is

necessary to compare the production and use of bioenergy and fossil energy.
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1.2.3.9 Emissions of Toxic Compounds During the Combustion of Biomass

(for More Information, See Chap. 13)

There is a lack of systematic comparative studies of toxic emissions from fossil fuel

and bioenergy sources. It can be assumed that the burning of biogas and biomethane

for heat and power generation emits similar, but negligible, amounts of harmful

substances as natural gas. The situation regarding biofuels and fossil liquid fuels,

which are burnt in engines or in household oil heaters, may be slightly different:

Fossil oil contains a higher concentration of vanadium, molybdenum, nickel,

cobalt, zinc, copper and sulphur (Jungbluth 2007) than liquid biofuels do. Liquid

fossil fuel has a higher emission rate of these elements when burnt if they are not

removed when the oil is processed. The emission of critical organic substances is

assumed to be low in both biofuels and fossil oil if optimum burning conditions

prevail. When burnt to generate heat and electricity, the emissions of the solid fuels

lignite and coal can be compared with emissions from the burning of wood. As a

former plant material, coal contains critical elements such as antimony, lead,

cadmium, cobalt, copper, nickel mercury, sulphur, selenium, vanadium, zinc,

thallium, uranium and tin (for data on coal, see Dones et al. 2007; for data on

biomass, see Chaps. 13 and 14). Coal can be additionally enriched by these

elements during the diagenesis process (when it is transformed from plant material

into coal) and often by means of secondary inputs through formation water. This

accumulation of elements is the reason why coal burning leads to a significantly

higher emission of critical elements than wood burning if the emission is not

reduced through filters. To compare the emissions, they have to be related to the

produced energy, because the heating value of dry wood fuel is approximately half

of that of hard coal. There has been no systematic comparison of the harmful

organic compounds emitted from coal and biomass burning.

Since biofuels are often wet and contaminated and inefficiently burnt in small,

traditional stoves – especially in poor households in developing countries – indoor

air pollution (chiefly organic emissions, such as black carbon) is also a concern

(Chum et al. 2011). In 2008, 2.7 billion people were estimated to be dependent

on biomass for cooking. In total, indoor, air-pollution-related diseases cause 1.6

million additional deaths and casualties, including those of 900,000 children

under five, and a loss of 38.6 million DALYs (Disability Adjusted Life Years)

per year. Cleaner fuels and more effective and safer stoves that produce fewer

emissions are beyond most of these households’ reach. Advanced biomass

cooking appliances include biomass gasifier-operated cooking stoves that run on

solid biomass, such as wood chips and briquettes. These appliances have signifi-

cantly lower emissions and are far more efficient than the traditional biomass

cooking stoves (three-stone fires) that are still widely used in developing

countries. Switching from traditional to modern bioenergy reduces the death

and disease count from indoor air pollution significantly, frees women and

children from having to collect fuel wood and reduces deforestation (GBEP

2011; Chum et al. 2011).
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The local environmental and social impacts of activities (e.g., coal mining) and

their effects on the surrounding areas (landscape destruction, water pollution through

elutriated sulphuric acid and elements as well as emissions such as methane) should

also be taken into account when comparing renewable and fossil energy sources (for

coal, see Dones et al. 2007). These kinds of impacts are negligible in the case of

regenerative bioenergy sources. Furthermore, the residues from coal and lignite

burning (ashes) should be deposited in landfills, or, for example, used as an additive

for cement production. The residues from bioenergy generation, however, can be

recycled back into the areas from which the biomass was harvested: Fermentation

plant residues can be recycled back into the farmland and grate ash residues can be

recycled back into forests.

The emission situation regarding nuclear energy differs greatly from energy

generation from organic materials. Energy from nuclear power is assumed to have

very low emission rates of critical substances; however, there are important risks: The

mining and processing of the uranium ore, as well as the reprocessing treatment of the

spent nuclear fuel rods may release radioactive radiation (the Chernobyl accident,

April 1986). Moreover, operating errors, equipment failure, natural catastrophes,

such as earthquakes or tsunamis (the Fukushima accident in March 2011), as well

as the consequences of landslides and floods may release radioactive material from

nuclear reactors and should thus be taken into account. In addition to these risks, none

of the 31 countries with nuclear power plants has as yet found an optimal solution for

the ultimate storage of nuclear waste.

1.2.3.10 Financial Implications

While bioenergy production might contribute to increases in food prices, its impact

is less severe than that of weather conditions, changes in food demand, production

efficiency and increasing energy costs (Zeddies et al. 2012). While benefitting

farmers, increases have adversely affected the poor, food security and nourishment

in developing countries. On the other hand, bioenergy provides these countries with

opportunities to progress with regard to rural developments and agricultural growth,

both of which lead to job creation. If sustainability frameworks are properly

designed, implemented, monitored and adhered to, they may help minimise nega-

tive socio-economic impacts and maximise the benefits of bioenergy production,

particularly for local people (Chum et al. 2011; WBGU 2011). The real

implications of bioenergy have to be investigated individually with regard to each

form of bioenergy.

1.3 Bioenergy in Germany

In 2007, Germany’s government established the German Integrated Energy and

Climate Change Programme. Its main objectives are to ensure a secure, economi-

cally efficient and environmentally friendly energy supply. At the same time, the
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programme is supported by on-going legislative initiatives (e.g., the Renewable

Energy Source Act, see Box 1.2) that aim to create more competition in the energy

markets and offer new regulations for emissions trading.

One of the programme’s initiatives is the National Biomass Action Plan, which

provides a holistic solution for increasing bioenergy’s contribution to Germany’s total

energy supply. Bioenergy is considered a means with which to mitigate the effects of

climate change, to secure energy supply and enable the sustainable development of

societies. It has also helped Germany increase its domestic value creation, especially

in rural areas.

Box 1.2 Important renewable energy implementations in Germany

1. The Renewable Energy Sources Act (EEG) 2012:

• passed on 1 January 2012, replacing the previous acts of 2009 and 2004

• most effective funding instrument at the German government’s

disposal

• purpose: To further increase the share of renewable energies in elec-

tricity generation by 2020 as part of an integrated energy and climate

protection programme

• internationally observed as exemplary law.

2. The Renewable Energies Heat Act (EEWärmeG) 2008:

• goal: to increase the percentage of renewable energies in heat supply to

14 % by 2020

• purpose: to promote renewable energies in the heat sector

• to achieve the sound management of fossil resources and decrease

dependency on energy imports

• to facilitate the sustainable development of energy supply and

• further develop technologies to generate heat from renewable energy

sources.

3. The Biomass Ordinance 2001 specifies:

• which substances are recognised as biomass

• which technical processes may be used for electricity generation

• which environmental standards have to be met.

4. TheBiomass ElectricityOrdinance (BioSt-NachV) andBiofuel Sustainability

Ordinance (Biokraft-NachV) 2009:

• implements the EU’s Renewable Energy Directive (RED) regarding the

sustainability criteria for biomass and

• specifies the legal and technical rules for recognising certification

systems and certification bodies.
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The National Biomass Action Plan will be integrated into the German

government’s Renewable Energy Action Plan according to the requirements of

the EU Renewable Energy Directive. The main goals are to:

• increase the percentage of renewable energy in electricity production to at least

30 % by 2020;

• use biofuels to further reduce greenhouse gas emissions in the transport sector;

from 2015, biofuel quotas will be based on net greenhouse gas reductions rather

than set relative to their energy content.

• increase the percentage of biofuels in the overall fuel consumption to reduce the

net greenhouse gas emission by 7 % by 2020 (equivalent to approximately 12 %

energy content).

• increase the percentage of renewables-generated heat from the current 12 %

energy content.

Bioenergymet 8.2% ofGermany’s final energy consumption needs in 2011 (BMU

2012c; Fig. 1.2). This amount will have increased by 2020 due to the targets stated in

the EU Climate and Energy Package in April 2009 and in the German Integrated

Energy and Climate Change Programme, which was launched in August 2007. Bio-

mass is themost important contributor to the renewable energymix (Fig. 1.2). Nuclear

power’s contribution to the energy mix has decreased by 30 % due to Germany’s

decision to abolish it. In contrast, owing to governmental subsidies, the total renewable

energy supply (electrical and thermal power) grew by 9 % in 2011, which shows an

Fig. 1.2 Shares of renewable energies in relation to the total final energy consumption in 2011

(Source: BMU-KI III 1 based on working Group on Renewable Energy-Statics (AGEE-Stat) and

Centre for Solar Energy and Hydrogen Research Baden-Württenberg (ZSW), according to AGEB

(BMU 2012c); deviations in the totals are due to rounding; 1 PJ ¼ 1015 J; as at: July 2012; all

figures provisional)
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impressive increase in the development of renewable energies to 12.2 % of the total

final energy consumption. Figures 1.3 and 1.4 demonstrate the development of bio-

mass use for the respective supply of heat and power over the last few years.

Fig. 1.3 Development of biomass use for heat supply in Germany since 2007 (Source: BMU-KI

III 1 based on Working Group on Renewable Energy-Statics (AGEE-Stat); image BMU/ Brigitte

Hiss; as at: July 2012; all figures provisional (Source BMU 2012c))

Fig. 1.4 Development of biomass use for electricity supply in Germany since 1990 (Source:

BMU-KI III 1 based on Working Group on Renewable Energy-Statics (AGEE-Stat); image BMU/

Brigitte Hiss; as at: July 2012; all figures provisional (BMU 2012c))
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The German Biomass Action Plan specifies the potential of biomass use in

Germany and reveals Germany’s strategies to promote bioenergy use in the heating,

electricity and fuel sectors. Depending on the raw material used, biomass is a

manifold energy source. Moreover, it can be used in many different technologies:

wood is mainly used for heat production, biogas for both heat and power generation,

while oil seed is used as biofuel in power stations.

According to Fig. 1.5, wood, agricultural sources (mostly energy crops) and

wastes are the main sources of biomass (for an explanation of the biomass sources,

also see Box 1.1). Figure 1.6 shows the ways in which heat, power and fuels are

generated from biomass.

Fig. 1.5 Sources of biomass for the production of bioenergy (modified from Ladanai and

Vinterbäck 2009)
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1.4 The Promotion of Renewable Energies: Quota Systems

and Feed-in Tariffs

According to the European Union’s targets, renewable energy sources should comprise

20 % of the total energy supply by 2020 (European Commission 2012). At this stage,

fossil energy production is still more cost-effective than renewable energy production.

All countries should therefore have financial support schemes in place in order to

“facilitate a sustainable development of energy supply, to reduce the costs of energy

supply to the national economy, also by incorporating external long-term effects, to

conserve fossil fuels and to promote the further development of technologies for the

generation of electricity from renewable energy sources” (BMU 2012a).

All the individual countries in the EU have different goals and methods to

achieve such schemes. Thus, each country also has its own means of promoting

the development of its renewable energy sector. There are two general instruments

that can be used to promote the use of renewable energies in the electrical power

sector: the quota system and feed-in tariffs.

1.4.1 Quota System

Some European countries, including Great Britain, Sweden, Belgium and the

Netherlands, have applied the quota system. The system requires energy operators

and energy supply companies to share the quota of renewable energies to be

Fig. 1.6 Ways to provide heat, power and fuels from biomass (Modified from FNR/GIZ 2010)
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contributed to the total electrical power supply. Therefore, each company is expected

to contribute a specific percentage of electrical power generated from renewable

energy sources to the power grid. The federal government defines this quota, which

therefore varies from country to country. In some cases, the sharing quota depends on

the type of renewable energy source, i.e. there might be different quotas for wind

power and photovoltaic power.

The quota scheme rewards operators with certificates or penalises them, as this is

known to stimulate the market and therefore reduce the total cost of changing the

energy system. The reward and penalising approach is aimed at specifically pro-

moting renewable energy systems with the lowest operating costs. In turn, this will

facilitate access to markets without federal supply systems. Energy operators and

energy supply companies can guarantee their quota if they produce the power

themselves, or if they buy certificates from renewable installation companies.

These certificates are therefore available on the market. Those energy supply

companies that cannot guarantee a fixed quota, are penalised. The calculation of

the certificates’ prices and the penalties’ amount differ significantly from country to

country. These calculations are, however, the key factors for the success of the

quota system and determine whether or not renewable technologies will be devel-

oped and will achieve their energy production targets.

The quota system not only applies to the electrical power sector, but also to the

production of liquid biofuels. Fuel companies have to guarantee a certain percentage

of biofuel in their gasoline. This percentage has been increased over the years to

support the biofuel industry and to systematically reduce dependency on fossil fuel.

1.4.2 Feed-in Tariffs

Sijm (2002) defines feed-in tariffs as follows: “Usually, this term refers to the

regulatory, minimum guaranteed price per kWh that an electricity utility has to pay

to a private, independent producer of renewable power fed into the grid”. Feed-in

tariffs have been enacted in 50 countries, including Germany, Austria, Denmark,

Canada and China. They have three key functions:

• To prioritise the connection to the grid system

• To appoint long-term contracts for electricity generation

• To base the purchase price on production costs.

1.4.2.1 Feed-in Tariffs in Germany

Feed-in tariffs were enforced in Germany in 1991 (BMU 2000). The Renewable

Energy Sources Act (EEG), in which the feed-in tariffs are defined, was implemented

in 2000. In order to address certain developments in the energy sector, including the

federal decision to change the whole energy system from fossil-based to renewable-
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based production, the Act was amended in 2004, 2009 and 2012. The following key

elements were added to the Renewable Energy Sources Act (BMU 2004):

• The prioritisation of the purchase and transmission of electricity

• The guarantee of a consistent fee – generally for a 20-year period – minus a

degression rate

• The nation-wide equalisation of purchased electricity and the associated

payable fee.

The main intention of the Act is to guarantee a high investment security for 20

years and to guarantee a tariff system that covers more or less all the installation and

running costs over the 20-year period. This reduces installation companies’ invest-

ment risks, because grid operators have to pay fixed tariffs for the feed-in of

electricity from renewable energy sources. Moreover, the Act supports the installa-

tion of renewable energies and influences the quality of the production (e.g., of

bioenergy) by adjusting the tariffs accordingly.

In principle, the fee that the grid operators have to pay depends on the energy

source and on the installation size. Innovative technologies receive an additional

bonus. Differentiated fee systems apply to bioenergy (see paragraph below). The

fees generally depend on the materials used (bioenergy: variety of plants, wood,

manure, etc.), the installation size and the installation type. The grid operators can

take the additional expenses set by the Renewable Energy Sources Act into

consideration in their charges for the use of the grid. Therefore, the total costs are

apportioned to the electricity consumer.

A yearly degression rate, which depends on the energy source, reduces the costs.

The reduction rate of all types of renewable energy varies if the costs of the

technology decrease. The costs, for example, of installing photovoltaic systems

have been reduced by about 65 % over the last few years (BSW 2012). Therefore,

the degression rate was reduced several times between 2010 and 2012.

Since 2009, operators have had the opportunity to sell energy directly on the

market at the price that the spot market determines plus a compensation payment.

This firstly reduces the costs of the tariff-in scheme and facilitates entrance to the

market. Furthermore, in 2012, a flexibility premium was established for bioenergy

as it has the capacity to generate electricity on a demand basis. The aim of this is:

• to feed in electrical power when there is a high electricity demand, thus

• to reduce the amount of electricity that needs to be stored and

• to stabilise the grid by reducing the generation of power from biogas plants if too

much electricity is generated by wind and solar power.

Figure 1.7 illustrates the share of the renewables according to different con-

sumption schemes. It is noteworthy that electricity consumption is increasing

continuously. In 2011, wind, photovoltaic, bioenergy and hydropower already

provided 20.3 % of the gross electricity consumption. The percentage of wind

and photovoltaic power also shows a rapid increase.
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1.4.2.2 Feed-in Tariffs in the Bioenergy Sector

The Renewable Energy Sources Act (EEG) has set different fees for the use of

bioenergy, depending on the input material used. The biomass ordinance “regulates

which substances are classed as biomass, the substances for which an additional

substance-based tariff may be claimed, which energy-related reference values are to

be used to calculate this tariff and how the substance-based tariff is to be calculated,

which technical procedures for electricity generation from biomass fall within the

scope of application of the Act and which environmental requirements must be met

in generating electricity from biomass” (BMU 2012b). As mentioned above, the

EEG promotes the quality of bioenergy production. Since 2012, bonuses are only

paid if 60 % of the electricity is generated from combined heat and power plants, or

if manure is used to generate 60 % of the electricity in biogas installations.

Furthermore, maize, including corn-cob mixes, may not comprise more than

60 % of input substances in biogas installations (BMU 2012a).

Fig. 1.7 Renewable energy sources and their share of the energy supply in Germany (Sources:

Targets of the German Government, Renewable Energy Sources Act (EEG); Renewable Energy

Sources Heat Act (EEWärmeG), EU-Directive 2009/28/EC, Total consumption of engine fuels,

excluding fuel in air traffic, calculated using efficiency method; Source: Working Group on

Energy Balances e.V. (AGEB)) (Source: BMU-KI III 1 based on working Group on Renewable

Energy-Statics (AGEE-Stat); image BMU/Brigitte Hiss; as at: July 2012; all figures provisional

(BMU 2012c))
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Chapter 2

Bioenergy Villages in Germany: Applying

the Göttingen Approach of Sustainability Science

to Promote Sustainable Bioenergy Projects

Peter Schmuck, Swantje Eigner-Thiel, Marianne Karpenstein-Machan,

Benedikt Sauer, Hans Ruppert, Walter Girschner, and Folker Roland

Abstract This chapter describes the history of bioenergy villages in Germany

between 2000 and 2008, providing an exemplifying introduction to the more

detailed aspects of sustainable bioenergy use. Developed by a team of scientists

at the University of Göttingen, the electricity and heat supply of an entire village

was transformed from conventional to biomass energy sources between 2000 and

2005. This lighthouse project, the first “bioenergy village” in Germany, was

realised through the active participation of the entire population of Jühnde, a village

in Southern Lower Saxony (800 inhabitants). The technical concept comprises (1)

an anaerobic digestion plant (fuelled by energy crops and liquid manure) with a
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combined heat and power (CHP) generator producing electricity and heat, (2) a

central heating plant fired by locally produced wood chips to satisfy the additional

heat demand during the winter as well as (3) a hot water pipeline delivering the heat

energy to the connected households. The chapter explains the history of the project,

its social implementations and the results thereof regarding the ecological, eco-

nomic and social changes in the village. Furthermore, this chapter describes the

successful transfer of the model to dozens of other villages in Germany. The

process of developing bioenergy villages is embedded in the methodological

framework of sustainability science, which is based on the principles of inter- and

transdisciplinary collaboration and on participatory action research aimed at sus-

tainable development.

Keywords Sustainability science • Action research • Bioenergy village

Within a broader sustainability framework, this chapter focuses the methodo-

logical background of our scientific approach to replace our heat and electricity

supply with renewable bioenergy. The authors of this chapter, most of whom are

founding members of the Interdisciplinary Centre for Sustainable Development

at the University of Göttingen, initiated the complete conversion of the heat and

electricity supply of Jühnde from fossil to biomass fuels. We follow an elaborated

approach, which we call the “Göttingen Approach of Sustainability Science”.

We start with a short introduction on our understanding of “sustainable develop-

ment” and “sustainability science”. Thereafter, we describe how sustainability

science emerged in the village of Jühnde, focussing mainly on the processes

leading to the first success. The methodological basis for the ongoing project

“Sustainable use of bioenergy: bridging climate protection, nature conservation

and society” was partly provided by the systematic research that complemented

the bioenergy village project from 2000 to 2008.

2.1 Sustainable Development

We share the view that the current environmental, social and economic problems

require all societal groups of all countries to cooperate closely if the problems are to

be solved (Cervinka and Schmuck 2010). If we want to find (1) alternatives to fossil

and nuclear fuels with their known impact on the environment, (2) alternatives to

the disparities in the distribution of resources between countries as well as within

countries and (3) alternatives to the economy-driven and ever-increasing consump-

tion of meat-based diets and automobile-centred transportation, we have to bundle

our efforts as scientists and, with the cooperation of other societal groups, create

new and sustainable ways of life. The concept of “sustainable development” is

explained in Box 2.1
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Box 2.1 The Sustainable Development Concept

Sustainable development embedded in intra and intergenerational justice may

serve as a guideline (despite some limitations of the concept; see Schmuck

and Schulz 2002) if it is based on at least five principles:

1. The respect principle maintains that all forms of life have an equal right

to live (Schweitzer 1991; Gorke 1999).

2. The precautionary principle is aimed at avoiding irreversible human-

caused changes in the balance of our biosphere/ecosphere (Komiyama and

Takeuchi 2006, p. 5): “The primary objective is [. . .] to achieve, as soon as
possible, substantial improvements in [. . .] the interaction between the

sciences and decision-making, using the precautionary approach, where

appropriate, to change the existing patterns of production and consumption

and to gain time for reducing uncertainty with respect to the selection of

policy options”.

3. The principle of participation encourages the population to take part in

searching for, evaluating and implementing sustainable ways of life. Many

chapters in Agenda 21 emphasise this principle, i.e.: “The primary objec-

tive is [. . .] to achieve, as soon as possible, substantial improvements in

[. . .] participation of people in setting priorities and in decision-making

relating to sustainable development” (UNO 1992, Chapter 35.6). “The

objective is to promote broad public awareness as an essential part of a

global education effort to strengthen attitudes, values and actions which

are compatible with sustainable development. It is important to stress the

principle of devolving authority, accountability and resources to the most

appropriate level with preference given to local responsibility and control

over awareness-building activities” ( UNO 1992, Chapter 36.9).

“Governments at the appropriate level, with the support of the relevant

[. . .] regional organizations, should [. . .] launch applied research on par-

ticipatory methodologies, management strategies and local organizations”

(UNO 1992, Chapter 14.22). “The public should be assisted in communi-

cating their sentiments to the scientific and technological community

concerning how science and technology might be better managed to affect

their lives in a beneficial way” (UNO 1992, Chapter 31.1).

4. The goal of the efficiency principle is to avoid wasting limited resources.

5. The consistency principle is aimed at replacing the use of finite resources

(the actual main base of our economy) with renewable resources without

any waste products, thereby following naturally occurring biospheric

cycles. The input of harmful substances and nutrient matter into the

ecosystem should be minimised. The state of our landscapes has to be

improved to increase future generations’ living conditions.

2 Bioenergy Villages in Germany: Applying the Göttingen Approach. . . 39



2.2 Sustainability Science

Sustainability science, which was initially formulated by Kates et al. (2001), is a

new approach to tackling today’s global problems with scientific tools. The

methodological principles of traditional science have to be complemented by addi-

tional principles. The classical view regards scientific activities as value-free

endeavours to mainly develop and test hypotheses in laboratories in a

monodisciplinary, analytical and linear way by means of basic research and with

a strict division between research and application as the ideal. The main motivation

to include new approaches lies in the nature of today’s global problems: They are

based on non-linear, highly interwoven complex processes and there are often long

time lags between actions and their consequences. Therefore, the advocates

of sustainability science believe that the chances of contributing substantially

to solving the current global problems are greater if science (1) acts explicitly to

support sustainable development, (2) tries an interdisciplinary approach and (3) if

science is transdisciplinary in terms of undertaking action-oriented research. In

action-oriented research, scientists apply ideas for sustainable development to a

society and simultaneously investigate the interactions that occur between the

members of this society once they have adopted a more sustainable approach. The

following sections summarise some of the most convincing arguments for the

proposed new approach within science.

2.2.1 Science for Sustainable Development

Agenda 21, an environmental plan of action drawn up by global political

representatives, clearly mentions scientists as co-responsible for creating sustain-

able life patterns; for instance, Chapter 35, entitled “Science for sustainable devel-

opment” states: “The sciences should continue to play an increasing role in

providing for an improvement in the efficiency of resource utilisation and in finding

new development practices, resources, and alternatives. [. . .] Thus, the sciences are
increasingly being understood as an essential component in the search for feasible

pathways towards sustainable development” (UNO 1992, Chapter 35.2). This new

role of science is confirmed in several later scientific documents. For instance,

Kates et al. (2001, p. 642) emphasise that “research itself must be focused on the

character of nature-society interactions, on our ability to guide those interactions

along sustainable trajectories, and on ways of promoting the social learning that

will be necessary to navigate the transition to sustainability. Science must be

connected to the political agenda for sustainable development”. According to

Clark and Dickson (2003, p. 8059), we need “international consensus on goals

and targets for targeting problem-driven research in support of a sustainability

transition”; Komiyama and Takeuchi (2006, p. 3) state that “sustainability science

must therefore adopt a comprehensive, holistic approach to identification of
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problems and perspectives involving the sustainability of these global, social, and

human systems. [. . .] The ultimate purpose of sustainability science is to contrib-

ute to the preservation and improvement of the sustainability of these three

systems”. To conclude, we see a growing consensus within the scientific commu-

nity that science should direct its efforts explicitly to supporting sustainable devel-

opment (for more details see Schmuck and Vlek 2003; Sheldon et al. 2000).

2.2.2 Interdisciplinary Approach

Komiyama and Takeuchi (2006, pp. 4–5) believe that sustainability science “can

help resolve one of the fundamental dilemmas of contemporary scholarship – the

inability of our overly specialised disciplines to offer comprehensive solutions to

the conditions that threaten the sustainability of global, social, and human systems”

by replacing “the current piecemeal approach with one that can develop and apply

comprehensive solutions to these problems”. Likewise, Kates et al. (2001, p. 641)

see the success of the new approach as dependent on close collaboration between

scientists: “Progress in sustainability science will require fostering problem-driven,

interdisciplinary research”. In Agenda 21, the “Science for Sustainability” chapter

also stresses the interdisciplinarity of research as a precondition for solving global

problems. Specifically, the social sciences are seen as an indispensable part of

interdisciplinary teams: “The primary objective is [. . .] to achieve, as soon as

possible, substantial improvements in [. . .] cooperation between scientists by

promoting interdisciplinary research programmes and activities” (UNO 1992,

Chapter 35.6). “The scientific and technological means include [. . .] supporting
new scientific research programmes, including their socio-economic and human

aspects, at the community, national, subregional, regional and global levels, to

complement and encourage synergies between traditional and conventional scien-

tific knowledge and practices and strengthening interdisciplinary research related to

environmental degradation and rehabilitation” (UNO 1992, Chapter 35.9).

“Social processes are subject to multiple variations across time and space,

regions and culture. They both affect and are influenced by changing environmental

conditions. Human factors are key driving forces in these intricate sets of

relationships and exert their influence directly on global change. Therefore, the

study of the human dimensions of the causes and consequences of environmental

change and of more sustainable development paths is essential” (UNO 1992,

Chapter 35.10).

2.2.3 Transdisciplinary Approach

In broad terms, transdisciplinarity means the close collaboration between (interdis-

ciplinary interconnected) groups of scientists on the one hand and the broad public

on the other. The necessity of such a collaboration is cogently expressed by Kates
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et al.: “In a world put at risk by the unintended consequences of scientific progress,

participatory procedures involving scientists, stakeholders, advocates, active

citizens, and users of knowledge are critically needed” (2001, p. 641). Similarly,

Clark and Dickson (2003, p. 8059) argue that “the multiple movements [. . .] with
the goal of creating and applying knowledge in support of decision making for

sustainable development [. . .] are grounded in the belief that for such knowledge to
be truly useful it generally needs to be “coproduced” through close collaboration

between scholars and practitioners”. Moreover, Komiyama and Takeuchi (2006,

p. 5) conclude that “[i]f sustainability science is to contribute practical solutions to

the problems we face, cooperation among researchers, industry, and the general

public is imperative”. In Chapters 31 and 35 of Agenda 21, we find that such

argumentations are particularly relevant when “the cooperative relationship

existing between the scientific and technological community and the general public

should be extended and deepened into a full partnership” (UNO 1992, Chapter 31);

or when the “participation of people in setting priorities and in decision-making

relating to sustainable development” is required (UNO 1992, Chapter 35).

The transdisciplinary approach implies that scientists following this new

approach have a double role. In addition to the classical role of the analyser of

objective data patterns, scientists today also form part of social groups that con-

jointly create and apply demonstration models for new production, distribution

and consumption patterns. Research and application take place simultaneously.

Kates et al. argue that “pertinent actions are not ordered linearly in the familiar

sequence of scientific inquiry, where action lies outside the research domain. In

areas like climate change, scientific exploration, and practical application must

occur simultaneously. They tend to influence and become entangled with each

other” (2001, p. 641).

According to Clark and Dickson (2003, pp. 8059–8060), scientists have new

roles. They argue that “perhaps the strongest message to emerge from dialogues

induced by the Johannesburg Summit was that the research community needs to

complement its historic role in identifying problems of sustainability with a greater

willingness to join with the development and other communities to work on

practical solutions to those problems. This means bringing our science and technol-

ogy to bear on the highest-priority goals of a sustainability transition, with those

goals defined not by scientists alone but rather through a dialogue between

scientists and the people engaged in the practice of meeting human needs while

conserving the earth’s life support systems and reducing hunger and poverty. [. . .]
The commitment of sustainability science to problem-driven agenda setting does

not mean that it has been confined to ‘applied’ research. Indeed, the pursuit of

practical solutions to the pressing challenges of sustainability has driven the field to

tackle an array of fundamental questions”.

This new kind of close interconnectedness of basic and applied research seems

to be an important and unavoidable characteristic of sustainability science, as

Komiyama and Takeuchi (2006, p. 5) explicate: “One problem unique to

sustainability science lies in the process of shifting from the stage of phenomena

identification and analysis to that of problem solving. For sustainability science this
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process necessarily differs from the conventional transition from basic to applied

research, because solutions to problems may have to be sought before those

problems have been sufficiently analysed or even identified. Global warming is

the prime example of this dilemma. Future scenarios predicted by various models of

global warming remain unverifiable, yet the search for solutions cannot wait. [. . .]
What is demanded of sustainability science is not only the development of scientif-

ically sound models for predicting future scenarios and evaluating the effects of

different countermeasures and solutions but also effective management of the

process by which these forecasts and evaluations are accepted by society, to

generate the social reforms necessary to ensure global sustainability”.

To summarise this section, the advocates of sustainability science call for

science and scientists to accept a double role within society: Instead of restricting

their role to producing scientific knowledge (Role A), scientists are additionally
invited to apply that knowledge in transdisciplinary teams to solve urgent global

problems (Role B). This does not mean that science’s traditional role, which lies in

its objective methodology (Role A), is abandoned: The new scientist does not fill

either the one or the other role, but can apply, combine and balance both roles.

2.3 The Göttingen Approach of Sustainability Science

In this section, we describe how we integrated the defining characteristics of

sustainable development and sustainability science into our approach. It consists

of seven elements comprising the specific tasks scientists have to fulfil during the

research cycle. The approach requires a group of scientists willing to cooperate and

who share an intrinsic sustainability motivation. The first task is defined as the

traditional scientist’s role (traditional research producing scientific knowledge,

Role A). The other six tasks comprise different practical problem-solving activities

(the application of scientific knowledge in inter- and transdisciplinary teams, Role

B) that occur consecutively (Fig. 2.1).

The research activities are distributed over the whole cycle, whereas the

problem-solving activities are modelled consecutively. The detailed description

starts with the latter.

2.3.1 Problem-Solving Activities

2.3.1.1 Select a Critical Global Problem

Problem-solving activities start with the selection of a problem. If the global level is

taken into consideration in this early phase, the more serious problems will be given

priority. When the urgency of certain global problems, such as climate change,

water crises, etc. is examined, one concludes that the world scientists should focus
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their energy on the most pressing problems if they want to prevent other

catastrophes, like the oil disaster in the Gulf of Mexico in 2010, the nuclear disaster

in Fukushima in 2011, or the increased melting of the Arctic ice.

2.3.1.2 Formulate Alternative Solutions Starting at a Regional Level

When formulating possible solutions to a global problem, the regional level seems

to be an appropriate place to start, because scientists usually have neither the power

nor the will to change world politics directly. Therefore, the creative process could

be started in the area in which an active group of scientists live and work.

2.3.1.3 Find Political and Financial Support

The vast majority of scientists are mostly specialists in specific science subjects

and are not explicitly assigned or have the financial means to pursue inter- and

transdisciplinary sustainability science. Therefore, political and financial support is

needed for sustainability projects. In order to obtain this support, it is helpful to

refer to international and, where applicable, national political agreements regarding

the promotion of sustainable development. Here, Agenda 21 again serves as an

example as it contains many paragraphs on the energy sector; For instance,

“governments [. . .] with the cooperation of [. . .] non-governmental organizations,

should [. . .] promote the research, development, transfer and use of technologies

and practices for environmentally sound energy systems, including new and

renewable energy systems” (UNO 1992, Chapter 9.12). In Article 20a of the

Role A (1) RESEARCH

Role B (2-7) CONTRIBUTION TO SOLVE GLOBAL PROBLEMS

(2) Select a critical
gobal problem

(7) Transfer of the solution
to the regional, national 
and global level

(3) Create an 
alternative
solution

(4) Search for 
political and
financial support

(5) Search for
partners in 
practice

(6) Run a local 
demonstration 

model

Fig. 2.1 Seven elements of the Göttingen approach to sustainability science
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German constitution, entitled “Protection of the natural bases of life”, the following

formulation is found: “Mindful also of its responsibility toward future generations,

the state shall protect the natural bases of life through legislation and, in accordance

with law and justice, through executive and judicial action, all within the frame-

work of the constitutional order” (Federal Ministry of the Interior 1998).

There are two ways for scientists to become active in sustainability science: The

one is to wait until governments or funding agencies create funding programmes for

sustainability research. However, it is also possible for scientists to take the first

step, meaning they need to share their sustainability research ideas with political

authorities, which is what happened in the bioenergy village project under discus-

sion. This is described in more detail in the next section.

2.3.1.4 Search for Practice Partners

The next step comprises motivating practice partners outside the research commu-

nity to collaborate on the sustainability project.

2.3.1.5 Run a Pilot Project on the Local Level

During a project’s implementation, scientists are focused on providing practitioners

with scientifically based advice. Clark and Dickson (2003, p. 8059) express this

idea as follows: “The transcendent challenge is to help promote the relatively

‘local’ (place or enterprise-based) dialogues from which meaningful priorities can

emerge, and to put in place the local support systems that will allow those priorities

to be implemented”.

2.3.1.6 Transfer to the Regional, National and Global Level

After realising the pilot project successfully, an additional task could be to actively

support the transfer of the model to other regions and, where applicable, to other

countries.

2.3.2 Research Activities

The results of traditional research are, if available, a more or less suitable base for

problem-solving activities. Thus, when selecting a critical problem to investigate,

researchers should consider which global problems are the most harmful (the group

of scientists’ competence fields will, of course, limit this) to ensure they tackle

only very relevant problems. The researchers’ actual scientific knowledge of the -

problem fields should then be assessed. These fields include, among others, water,
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energy, health, agriculture and biodiversity (the WEHAB priority targets as

defined at the Johannesburg Summit; Clark and Dickson 2003, p. 8060). During

the later problem-solving process, scientific and technological knowledge should

guide all the individual steps. Before the first demonstration of the alternative

solution models are held, hypotheses regarding the consequences – in, for instance,

longitudinal designs – should be posited and tested if possible. This would

mean that new scientific knowledge can be produced from such alternative demon-

stration models.

2.4 Application of the Göttingen Approach

in the Bioenergy Field

In the following sections, we describe the implementation of our approach within a

specific problem field. Following the notion of the two roles of those scientists who

accept the challenge of sustainability science, we start with the problem-solving

activities to provide some background to the research activities and results that

follow. However, when implementing a project in practice, the problem-solving

and the research activities are closely interwoven and sometimes occur simulta-

neously. However, the linear sequence of the text requires us to discuss these two

aspects separately.

2.4.1 Specific Problem-Solving Activities

At the University of Göttingen, scientists from seven disciplines (sociologists,

psychologists, political scientists, economists, agronomists, agrarian economists,

biologists and geologists), who share the intention to contribute actively to sustain-

able development, came together for two days during the spring of 1997 for a

“future workshop” (Zukunftswerkstatt). The goal of this workshop was to initiate a

model project in the field of sustainable development, demonstrating that it is

possible to change our ways of life and enable future generations to have a good

life. Robert Jungk developed the “future workshop” concept in the 1970s (Jungk

and Müllert 1991) in order to exploit modern societies’ democratic potential and

creativity to solve their problems. This workshop concept is often used in commu-

nal processes in Europe, but has not been widely used in scientific settings, probably

because many members of the scientific community still undervalue the systematic

inclusion of emotions and intuitions. Such a workshop mainly comprises three

phases: the criticism phase, the phantasy phase and the realisation phase.

46 P. Schmuck et al.



2.4.1.1 Select a Critical Global Problem: The Side Effects of Exploiting

Fossil and Nuclear Energy Resources

During the criticism phase, actual problems and challenges are outlined and one

problem field, which combines the interests and competencies of the group of

persons present, is selected. In our case, we decided to focus on energy production

and distribution questions, because we agreed that there are unsolved problems of

energy production based on fossil and nuclear resources (mainly their finite nature

and the side effects of their waste products such as carbon dioxide and nuclear

waste). Furthermore, they are causally interconnected with many other adverse

effects (e.g., climate change, decreased biodiversity, and socially unfair distribution

patterns).

2.4.1.2 Formulate an Alternative Solution at a Regional Level

The second phase of the future workshop is a phantasy and brainstorming process

enriched by creativity-evoking activities, like game-playing, listening to music,

meditation, dreaming, or drawing pictures of one’s visions for the future. Here,

the goal is to foster the participants’ creative processes to find alternative solutions

to the specified problems. The method was successful: During the first day,

the idea of a “bioenergy village” emerged: Motivating an entire village to partici-

pate in a collective effort to convert the village’s energy supply – based on non-

renewable sources – into one that uses locally available biomass to provide

electricity and heat (see Fig. 2.2); to plan the necessary processes and help the

villagers implement them.

Public 
electric grid

Central
heating plantVillage 

heating 

grid

Anaerobic
digestion

plants
Combined heat 
and power station 
(CHP)

Biogas
Liquid manure

Crops from arable land

Wood chips

Electricity

Electricity

Fig. 2.2 Heat and electricity production and distribution in a bioenergy village
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In the concluding phase of the workshop – the realisation phase – the goal is to

formulate the concrete steps required to put the idea into practice. Here, we agreed

that the most important step would be to obtain political and financial support from

the authorities outside the University.

2.4.1.3 Obtain Political and Financial Support

In 1998, after many further in-depth discussions on the very complex problems and

their interconnectedness, a research project was formulated. Since there was no

viable funding programme for our idea, we sent the project proposal to ten funding

agencies and German ministries. All of them dismissed the proposal as unrealistic:

It was considered too unlikely that a whole village would accept such a transfor-

mation. However, refusing to give up, we contacted leading people in the German

Ministry for Food, Agriculture and Consumer Protection (BMELV) to convince

them of our cause.

In 2000 – the industrialisation of the German agriculture over the previous

decades had already led to a dramatic decrease in rural employment – the

BMELV decided to back the project financially as it appreciated the project’s

potential to provide sustainable employment in the countryside. The Ministry

wanted us to first choose a model village to demonstrate that our idea would

work both economically and socially. If this succeeded, we would subsequently

be allowed to apply the idea to other villages to revitalise the role of agriculture in

Germany’s labour market. The project kicked off in October 2000.

2.4.1.4 Search for Practice Partners: Village Competition

From 2000 to 2002, the first project phase was focussed on identifying a suitable

village in the Göttingen rural district that would possibly participate in the project.

A kick-off meeting with local politicians and some press publicity resulted (unex-

pectedly) in several villages showing a great interest in participating in the project.

The project team then presented the idea to 17 interested villages; four of these,

which had particularly suitable criteria, such as a broad agricultural base and social

coherence, were formally invited to apply to be partner villages for the model

project. This led to a competition – which we had not foreseen – between the four

villages, indicating the villagers’ strong motivation to transform their villages into

ones with renewable energy sources with our support. In these four villages, an

engineering company developed concepts for the technical implementation. On the

basis of these technical concepts and the suitability criteria developed by the group

of scientists, the village Jühnde – located 12 km southwest of Göttingen and with a

population of 800 inhabitants at that time – was selected as our model village as it

had the best prerequisites for the transformation into a bioenergy village.
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2.4.1.5 Run a Pilot Project on the Local Level: The Transformation

Process in the Bioenergy Village Jühnde

Between 2002 and 2004, preparations were undertaken to technically install a new

infrastructure in Jühnde. During this phase, the scientists’ main role was to develop

and offer technical, economic and social support. Furthermore, the project not only

required the villagers to install the technical equipment in the village themselves,

but also to plan the details of the conversion project. Consequently, the residents

were involved in the planning process and worked on site from the very beginning.

After the initial general meetings with all the villagers, eight working groups were

formed. In these working groups, several relevant project aspects, which the

university’s team proposed and initially moderated, were discussed: agricultural

resources, electricity production, heat production, the heat distribution grid, the

form that the company to be founded would take, the housing technique, public

relations and the energy crop cultivation.

The results of the groups’ work had to be communicated to the villagers.

The university team suggested establishing a central planning group comprising

the heads of the specific planning groups and the local authorities, for example, the

mayor, members of the district council, the chairpersons of village clubs, etc. When

formed, the inhabitants would legitimise the group by public acclamation. During

the subsequent planning phase, the central planning group made important

decisions; for example it decided on the location and the power capacity of the

energy plants as well as determined the prices of the biomass and heat energy. The

combination of planning processes at different levels within (1) the specific

planning groups and (2) the central planning group, as well as (3) the regular

inhabitants meetings led to a transparent and very powerful participatory process.

By implementing a planning procedure based on intensive village participation, the

scientists ensured that the project would become the villagers’ venture, although

they had conceived the idea. The plan worked: The villagers accepted responsibility

for the project and required less and less support from the university team.

After the green energy plants (see more information on energy plants in Chap. 4)

have been harvested, they are chopped and stored on three concrete plates, where

the plant material, due to its compaction and the subsequent lack of air, is

transformed into silage. If properly stored, silage is stable for many months. The

technical equipment responsible for using silage to ultimately produce electricity

and heat in Jühnde, was installed between 2004 and 2005 and consists of three main

components:

1. A combined heat and power (CHP) generator with an electric capacity of

680 kW that produces electricity and space heat by burning biogas. The capacity

is adapted to the required electricity and heat output to run the plant economi-

cally. Biogas is generated from biodegradable organic matter in an anaerobic

digestion plant. The plant contains two fermentation units with a combined

capacity of 7,800 m3. Over the course of two months, micro-organisms enzy-

matically digest liquid manure (about 10,000 m3/year) and crops cultivated on

approximately 220 ha of arable land around Jühnde under anaerobic conditions
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and transform these into biogas. The CHP unit converts the energy content of the

biogas into roughly 35 % electricity and 50 % usable heat energy. The electricity

is fed into the national electricity grid. German law guaranteed a feeding-in price

of about 17 Eurocent/kWh in 2004 for 20 years (BMU 2004), thus promoting

energy production from biomass. The CHP station’s heat output is partly used

for the digestion process. However, most of the heat can be used for space

heating and to meet about 75 % of the village households’ hot water demand. In

summer, surplus heat is used to dry wood chips and cereals. Consequently,

renewable fuels replace fossil fuels, like oil, gas, coal and nuclear power, as

sources of heat and electricity.

2. In winter, a central combustion furnace with a thermal capacity of 550 kW, fired

by locally produced wood chips, provides the additional heat energy required in

the Central European climatic conditions. The capacity of the wood chip plant

covers the peak heat demand in winter. Furthermore, an oil-fired peak load boiler

with a capacity of 1,600 kW has been installed to provide heat for the peak load

in winter and if the biomass plants were to fail and during their routine

maintenances. Less than 5 % of the heat demand is covered by oil. The whole

system is therefore highly reliable.

3. The heat energy from the plant is fed into a 5.5 km long hot water grid, which

delivers the heat energy to the connected households in the village. The heat

transfer in the houses occurs through heat exchangers (with a heat meter

included), which have replaced the individual heating systems.

2.4.1.6 Publicising the Project on a Regional, National and Global Level

The successful outcome of the model project, which was completed in 2005, has

been widely communicated via public relations activities (mass media, scientific

publications and practical guides for formulating the generalised principles for the

conversion process from fossil fuels to bioenergy). This has attracted the interest of

many of Germany’s rural population, especially farmers and local politicians, such

as mayors and district administrators. Consequently, inspired by the successful

implementation of the first bioenergy village in Germany, several other activities

were initiated:

Between 2006 and 2009, again with the university team’s support, four other

villages in the Göttingen district (Reiffenhausen, Wollbrandshausen, Krebeck

and Barlissen) followed the Jühnde model and installed similar communally

organised bioenergy systems (for details see Wüste et al. 2011). In 2010, a process

was started to initiate bioenergy villages in the biosphere sanctuary region Schorf-

heide in the federal state of Brandenburg. Five villages in the region showed interest

in the conversion. The governments of the federal states Baden-Württemberg,

Mecklenburg-Vorpommern and Brandenburg decided to support the development

of bioenergy villages financially. In 2008, following the success of the bioenergy

villages, the German government started a grant programme to support bioenergy

regions: 210 regions in Germany applied for support. From 2009 to 2012, networking

activities in 25 bioenergy regions in Germany were supported financially.
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In two federal competitions held in 2010 and 2012, 35 and 41 individual villages

respectively competed for the prize that the German government offered for the

“most innovative bioenergy village” in Germany. This is indicative of the many

German villages following our, or a similar, project model.

2.4.2 Selected Research Activities and Results

Between 2000 and 2008, before, during and after the communal transformation

process in Jühnde, scientific analyses were undertaken of the ecological, economi-

cal, and social changes in the village. The essential research results are outlined in

the following sections (for more details see Karpenstein-Machan and Schmuck

2007, 2010):

2.4.2.1 Natural Science: Reduction of Greenhouse Gas Emissions

The programme “Globales Emissions-Modell Integrated Systems (GEMIS)” Ver-

sion 4.5 (Ökoinstitut 2008) was used to calculate the decrease in the greenhouse gas

emissions in Jühnde after it changed to bioenergy supply. With this programme, it is

possible to calculate the greenhouse gas emissions of various energy production

models. The energy used (a) for the construction of the biogas plant and the other

structures such as the silage plates (e.g., concrete, PVC granulate, rock wool and

steel), (b) for the production and transport of the energy crops and manure to the

biogas plant and to recycle the digestion residues on the fields and (c) for the

maintenance of the processes in the fermentation plant (electricity and heat) is

transformed into comparable accumulated CO2 equivalents. For example, the

production of corn silage needs energy to provide the seed, to transport it, to till

the cropland, to sow the grains, to fertilise (including the energy required to produce

and supply the fertiliser), to apply pesticides, to harvest, to transport it to the silage

plate, etc. The cumulated energy demand can be converted into CO2 equivalents

and can be compared with emissions from conventional power stations that deliver

the same amount of electricity.

The 2007 electricity and heat production data were used to calculate the decrease

in greenhouse gas emissions in Jühnde (Sauer 2009). In 2007, 4,933 MWh of

electricity and 3,956 MWh of heat were generated (Friehe 2007). Subsequently,

3,379MWh of waste heat from the CHP was turned into useful heat, while the wood

chip heating plant produced and an additional 577 MWh of heat. Only the amount

of heat that was actually used to heat the households and the digester was included

in the calculation. The total amount of generated electricity was included because it

is fed into the public power grid and fully consumed completely. The less heat is

wasted – especially during summer – the more CO2 equivalents can be saved.

Table 2.1 shows a comparison between the greenhouse gas emissions from

Jühnde’s bioenergy facilities and those of other power plants.
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The Jühnde CO2 emission data for electricity production were compared with

the whole of Germany’s 2005 electricity emissions data. As 3,379 MWh of heat

from the CHP are used at Jühnde, these emissions are already calculated at the

electricity side. With regard to heat production, Jühnde only emits CO2 equivalents

of 577 MWh, which the wood chip heating plant and the heating grid generate.

However, in comparison, a village the size of Jühnde and mainly using fossil fuel

heating systems would consume 3,956 MWh of heat.

In sum, the conversion of Jühnde into a bioenergy village prevents about 4,400 t

of CO2 equivalents every year. Approximately, 440 persons in Jühnde are

connected to the heat grid. If we attribute the decrease in greenhouse gas emissions

to these people, everyone has saved 10 t of CO2 equivalents annually. In 2007, the

average total greenhouse gas emission in Germany was around 11.9 t of CO2

equivalents per capita and year (data from the Umweltbundesamt 2012). Compared

to the average German, Jühnde showed an 84 % decrease in greenhouse gas

emissions per capita. An ecologically acceptable worldwide annual average lies

around 2.5 t per capita. The balance for Jühnde is very favourable, because

approximately 2.5 times more electricity is generated than the village uses. There-

fore, it also prevents others from emitting greenhouse gas emissions.

Table 2.1 Comparison between the CO2-equivalent emissions of the Jühnde bioenergy facilities

and those of other power plants (From GEMIS; Öko-Institute 2008)

Electricity generation

Emissions of 4,933 MWh electricity (CO2 equivalents

in tons)

Coal-fired power plant 2005 5,396

Gas-fired power plant 2005 2,116

Brown-coal-fired power plant

(Rhenish) 2005

6,158

Nuclear power plant 2000a 158

Electricity mix Germany 2005 3,213

Bioenergy facility Jühnde 267

Avoidance in Jühnde compared

to the German electricity mix

�2,946

Heat generation Emissions of 3,956 MWh heat (CO2 equivalents in tons)

Oil heating system 2005 1,486

Emissions of 577 MWh heat (CO2 equivalents in tons)

(heat from CHP plant already subtracted)

Chip wood heating plant Jühnde

and heating grid

20

Avoidance in Jühnde compared

to oil heating

�1,467

Avoidance in Jühnde regarding

electricity and heat

�4,413

aThe low value of nuclear power plants is misleading, because the storage/processing of spent

nuclear fuel and the decommissioning of the plant are NOT included as there are no reliable data

on these aspects. There is currently no final storage space for nuclear waste in Germany. Just the

auxiliary energy used to store nuclear waste for at least 100,000 years would counteract the good

CO2-emission value of nuclear power
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2.4.2.2 Agriculture

Since 2005, three types of organic substances have been used to generate enough

power to satisfy Jühnde’s electricity and heat energy needs: (1) energy crops,

cultivated on arable land to produce electricity and heat energy in a biogas plant,

(2) liquid manure from husbandry farms and (3) wood chips mainly burned in a

central heating plant during winter. About 80 % of the total produced energy is

generated from annually cultivated crops fermented in the biogas plant. This means

that energy crops and their sustainable cultivation are very important for the

village’s energy concept. Therefore, this section is mainly focussed on sustainable

energy crop cultivation and the relevant advising of the farmers.

Energy crop cultivation can contribute positively to achieving climate goals.

However, if not implemented carefully, it could exacerbate the degradation of land,

water bodies and ecosystems as well as increase the greenhouse gas emissions,

leading to the citizens’ rejection of the initiative.

The energy cultivation concepts regarding biogas use differ from cultivation

concepts regarding food crops (Karpenstein-Machan 1997, 2002, 2005). The selec-

tion of crops, varieties, seed densities, harvest time and fertilisation have to be

managed to gain a high fermentable biomass yield. To sustainably manage these,

the following criteria were included in the energy crop cultivation concept

implemented in Jühnde:

• A high diversity of crops – no monoculture

• Reduce agricultural pesticides

• Avoid nitrate and pesticide leaching to groundwater

• Avoid soil erosion and humus degradation

• Optimise nutrient recycling

• Optimise crop yields

• Optimise the energy input–output ratio of energy crop cultivation.

Locally adapted and environmentally friendly concepts for energy crop produc-

tion were developed and tested over many years at the University of Kassel-

Witzenhausen (Scheffer and Stülpnagel 1993; Karpenstein-Machan 2003, 2005,

Karpenstein-Machan and Stülpnagel 2000). These new concepts were implemented

in the crop rotations of the food and feed crops in the Jühnde district.

Furthermore, part of the energy crop farmland is located in the water protection

area of the Jühnde district. Scheffer and Stülpnagel’s (1993) “double-cropping

system” with its more balanced nutrient extraction was tested on different soils to

investigate whether the ground water quality could be improved by decreasing the

leaching of nutrients.

Another goal was to integrate all the available liquid manure from husbandry

into the fermentation process to avoid further climate-change-relevant gas

emissions from the husbandry farms. Nutrient recycling was thus optimised and

the consumption of mineral fertiliser reduced.
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Energy balances of the crop cultivation and the operation of the biogas plant had

been made to get information about efficiency of energy production.

The following sections describe selected results, starting with crop rotation.

Crop Rotation

Before the implementation of the biogas plant, the Jühnde farmers’ produce

consisted of 72 % winter cereals – mainly winter wheat and winter barley –,

20 % winter rape and 8 % maize. After the implementation of the energy plants,

the wheat and barley cultivation for the market was reduced to 11 % and replaced

with triticale and rye cultivation for the biogas plant. The maize cultivation area in

the district was expanded to 11 % and the winter rape cultivation area to 22 %.

On fairly fertile soils that have a German soil fertility number higher than 40 (the

best fertility number is 100), the farmers changed their crop rotation from winter

rape – winter wheat – winter wheat – winter barley to a more diverse rotation of

winter rape – winter wheat – energy winter triticale – green manures (mustard) –

maize. Owing to the early harvest of winter triticale for biogas production, a second

crop is feasible in the same year. In Jühnde, mustard or other green manure crops

were sown to cover the soil during winter, thus preventing soil erosion and nitrate

leaching. In the following year, energy maize could be sown between the stubbles

of the dead green manure (which is killed by frost) with minimum tillage. On less

fertile soils (with a soil fertility number lower than 40), the crop rotation winter

rape – winter wheat – winter barley was changed to winter rape – energy winter

triticale – energy winter rye – winter barley.

On both soil types, winter wheat and winter barley were replaced with energy

crops. The replacement of wheat and barley in the crop rotation improves the

environment. The replaced crops, which were extensively cultivated in the district,

required several pesticide and herbicide applications as well as treatments against

diseases. Replacing these with triticale and rye, two rarely cultivated and healthier

crops, improved the crop rotation in Jühnde.

Optimal Harvest Time for Digestion

Biogas is the final product of an anaerobic transformation process caused by

bacteria in the fermenter. The anaerobic bacteria only develop stable life

communities under ideal environmental conditions, i.e. an optimal temperature,

pH value and nutrient composition in the fermenter. Such conditions are a prereq-

uisite for high gas yields. Given these requirements, the feeding of the biogas plant

with energy plants plays a central role. In order to supply the biogas plant with

easily degradable substrates rich in energy, annual crops should be harvested at the

milk-ripe stage or early dough ripeness when the whole plant contains 25–35 % dry

matter (Karpenstein-Machan 2005). This ensures that the bacteria can easily
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degrade the green plants’ organic substance. At this stage of their development, the

plants’ lignification is not yet very advanced.

To meet these requirements for digestion, the optimal harvest time for triticale,

wheat, rye and oats was explored in Jühnde area. We looked for a high dry matter

yield in combination with a dry matter content of about 30 %. Samples of winter

crops were taken from the beginning of June until the end of July at different stages

of their development. All tested cereals still showed high dry matter increments in

June, which lasted until the beginning of July.

With 16 t of dry matter per hectare, the highest biomass yields were reached at

the end of June with a dry matter content of 32 %, which is still optimal for

digestion. After this time, the dry matter yield declined in triticale, rye and wheat,

while the dry matter content increased to 40 %, which is suboptimal for digestion.

The younger oat plants reached the highest dry matter yield later – in the middle of

July – amounting to 17 t of dry matter per hectare.

Regarding both parameters – high dry matter yield and optimal dry matter

content – we can conclude that, under the specific climatic conditions of the hilly

areas of southern Lower Saxony, the optimal harvest time for winter cereals is from

the end of June until mid-July.

Regarding maize cultivation, the development of the crop is limited by the

vegetation time in autumn. Location-adapted varieties, which reach the milk-ripe/

dough stage of development in autumn, should be chosen for cultivation. These

varieties can be harvested at the end of their vegetation time – which is normally

mid-October for maize in the climatic conditions of southern Lower Saxony.

Pesticide Use and Fertilisation of Energy Crop Cultivation

Table 2.2 shows a comparison between the nitrogen fertilisation and pesticide use

in conventional crops – like winter wheat for grain production, or maize for fodder

production – and in crops for energy production (triticale and maize). These data

Table 2.2 Nitrogen fertilisation in kg N/ha regarding the percentage of area treated with pesticides

and the number of pesticide treatments applied to the energy crop cultivation (triticale and energy

maize) compared with that applied to winter wheat for grain production and fodder maize

N fertilisation

(digestate and

mineral N)

Growth

regulator Herbicides Fungicides Insecticides Treatments

Crops kg N ha�1 % of area Numbers

Energy

triticale

152 58 68 58 17 2–3

Winter wheat

grain

production

196 100 100 100 88 6–7

Energy maize 146 100 0 20 1–2

Fodder maize 170 100 0 20 1–2
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were provided by Jühnde farmers who produce biomass for the biogas plant. In the

energy triticale, the nitrogen fertilisation was 44 kg N/ha lower than in the wheat

production for grain use. Only two fertilisation treatments were applied to energy

crops while three were applied to wheat grain production. Digestate from the biogas

plant was used for the first intensive application. The second nitrogen application

was less intensive and was applied by means of mineral fertiliser. A comparison of

the pesticide use shows that fewer pesticides were applied to energy triticale

production than to wheat grain production. The use of insecticides, fungicides

and growth regulators was specifically reduced. This result indicates that far

fewer pesticide treatments were applied to energy triticale. Many tests have

shown that, in winter, the application of herbicides, fungicides and growth

regulators to energy producing winter cereals rarely increases the biomass yield

and is mostly not economically feasible (Sodikin 1994; Karpenstein-Machan 1997,

2002; FNR 2008).

The pesticide treatments of maize for fodder and energy production are very

similar. Compared to the winter cereal production, the treatments are generally on a

lower level as the plant health of the maize is still good. The amount of nitrogen

fertiliser applied to energy maize is lower than that applied to maize for fodder

production.

Concluding our analysis of the pesticide and nitrogen applications, we point out

the positive aspects of energy crop production in the Jühnde district’s water

protection area. In the long term, this means that the quality of the drinking water

from the water protection area can be improved by the cultivation of energy crops.

The area’s water protection administration is aware of these reduced applications

and promotes the cultivation of winter crops for biomass energy. Further ecological

and economical improvements could be realised in the district if the farmers were to

eliminate growth regulators and reduce herbicide input. The application of growth

regulators on marginal soils is critical and can lead to a biomass yield decrease,

especially under drought conditions in early summer (Karpenstein-Machan 1994).

Furthermore, a shorter culm leads to lower biomass yields (von Buttlar 1996).

However, farmers fear crop lodging and therefore apply growth regulators. The use

of varieties with stable culms and an adapted nitrogen fertiliser input are preferred

means of fertilisation and prevent crop lodging.

Yield and Yield Stability

The energy crops triticale and maize have been cultivated in the Jühnde district as a

fodder for the biogas plant since 2004. Within three years, the yearly average yield

of the triticale biomass was 11.1 t of dry matter per hectare (1.8 t/ha standard

deviation). The maize yields were 12.6 t of dry matter per hectare and year, but with

a much higher standard deviation (4.7 t/ha).

Triticale cultivation was mainly planted in soils with lower fertility

(fertility numbers 30–50) and the maize was cultivated in soils with higher fertility

(fertility numbers above 50). The correlation between the yield and the soil

fertility was low with regard to triticale and high regarding maize. This shows
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that triticale is adaptable to a wider range of soils. More than 40 % of the soils in the

Jühnde district have soil fertility numbers below 40. Therefore, the cultivation of

winter triticale as an energy crop is a good option with many ecological benefits.

Furthermore, triticale’s high yield stability is an important safeguard for the ade-

quate supply of biomass for the biogas plant.

Double-Cropping System

To optimise the ecological effect of energy crop rotation, an ecologically-oriented

cultivation system was developed at the University of Kassel (Scheffer and

Stuelpnagel 1993; Karpenstein-Machan 2001, 2005). It is based on a diverse crop

rotation system, with several winter and summer crops. In moderate climates with a

growing period of six months or more (days with mean temperatures of over 10 �C),
two crops (C3 and C4 crops) per year are feasible, as both crops are harvested in the

milk-ripe stage of development. This double cropping system can reach high annual

biomass yields per hectare (Schuette 1991; Scheffer and Stuelpnagel 1993;

Karpenstein-Machan 1997; Graß and Scheffer 2003). However, the climatic

conditions and soil quality should be sufficiently adequate to realise a high annual

biomass yield of more than 20 t/ha.

The double-cropping system was tested under Jühnde’s climatic conditions

(elevation: 270–375 m above sea level; a mean yearly temperature of 7.9 �C;
a yearly precipitation of 800 mm) with a shorter vegetation time (155–160 days).

In contrast to the original double-cropping system with a C3 crop (winter rye) and a

C4 crop (maize) (Scheffer and Stuelpnagel 1993), the double-cropping system in

the Jühnde district was tested with two C3 crops due to the shorter vegetation time.

The first crop was winter triticale, the most yield-stable crop, while sunflowers,

summer rye and mustard were tested as a second crop.

To realise a high biomass yield from the first crop, triticale was harvested in the

beginning of July when it was at its highest biomass yield during its milk-ripe stage

with a dry matter content of 34–36 %. Sunflowers, summer rye and mustard were

sown with minimum tillage immediately after the triticale harvest. These crops

were harvested at the beginning of October. Triticale had a dry matter yield of 13 t,

while the second crops yielded between 6 and 7 t of dry matter per hectare and year.

Consequently, two crops per year realised nearly 20 t of dry matter per hectare.

Whereas a satisfactory dry matter content of 30 % was achieved with the summer

rye, the sunflower and mustard only reached a dry matter content of 20 %, which is

insufficient for silaging. To avoid plant juices percolating through the harvest and

silage, the dry matter contents in biomass should be at least 28 %. Under Jühnde’s

climatic conditions, the double-cropping system with two C3 crops can be

recommended on fertile soils with a water storage capacity of 200 l/m3 or more.

In addition to its ecological advantages, the double-cropping system can contribute

to a more efficient use of arable land and help prevent strong competition for land.
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Energy Balances of Energy Crop Production

An energy balance was undertaken regarding the energy crops’ cultivation, trans-

portation and silaging. Three years’ cultivation (2005–2007) data on the Jühnde

district were taken into account. All the supply chain data regarding farm energy

inputs – fuels for field work and transportation, lubricants, machines, fertilisers,

seeds and pesticides as well as silaging – were taken into account (see Fig. 2.3).

According to these calculations, the energy input/output ratio was 1:19 for triticale

and 1:18 for maize. Transportation and fertiliser are the main energy inputs.

Farmers fertilise energy crops with digestate and mineral fertiliser, therefore

fertiliser is still a main input factor. The production of mineral fertiliser is very

energy intensive. In spite of higher yields in maize, the input/output ratio is better in

triticale as it requires a lower energy input, especially of phosphate fertiliser. This

“under root fertilisation” with mineral phosphate leads to a higher energy input in

maize cultivation. This ratio shows that the cultivation system can replace fossil

energy with renewable energy on a remarkable scale. Owing to the higher mean

yields in maize, the net energy output was 230 GJ/ha for maize and 200 GJ/ha for

triticale.

Energy Balance of the Biogas Plant

A further calculation was done to estimate the total fossil energy input necessary

to operate the energy plant and its production (operating energy) as well as to

deliver the crops and liquid manure the energy plant. This calculation is called the

cumulated energy input (CEI). The calculation estimates an economic lifetime of

20 years (see Fig. 2.4).

Transportation
38%

Fertilizer
35%

Machines
18%

Seed and
Pesticides

9%

Fig. 2.3 Distribution of fossil energy input (in %) for cultivation of crops, transportation and

silaging of biomass
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To calculate the cumulated energy output (CEO), we took the produced electric-

ity and the used heat energy over a period of twenty years into account. The

cumulated energy production, which is divided by the cumulated energy input, is

called the harvest index. The harvest index for the biogas plant in Jühnde is 4.5.

This means we need 1 kWh of fossil energy to produce 4.5 kWh of bioenergy

(electricity and heat energy). After running for 21 weeks, all the fossil energy input

for the biogas plant’s production is amortised and, after 5 years, all the fossil energy

input is amortised for a period of 20 years.

2.4.2.3 Psychology

The following section focuses on selected psychological aspects of the project. The

main question was how to successfully motivate the inhabitants of rural areas to

participate in such a conversion process. Consequently, the social success factors

established in similar projects were analysed and then applied to the own project.

Furthermore, psychological hypotheses were tested regarding the changes in

the psychological variables – for example, social support, self-reported environ-

mental behaviour, self-efficacy and well-being – as a result of the villagers’

activities. Below, the results are reported of a longitudinal study (both before

and after the conversion) of a broad sample of villagers – who answered a

questionnaire – and a subgroup of the villagers – with whom we had a semi-

structured interview – who were extraordinarily engaged in the project over a

longer period (see also Schmuck 2013; Eigner-Thiel 2005).
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Fig. 2.4 Energy balance of the biogas plant in Jühnde (2005–2007) calculated for an economic

life-time of 20 years
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Social Success Factors to Motivate People for a Collective Climate Protection

Project

The social success factors established in climate protection projects similar to that

of the Jühnde project were analysed with regard to motivating the inhabitants of

rural areas to participate collectively (for details, see Eigner and Schmuck 2002)

and then successfully applied in Jühnde.

Visiting model sites. Firstly, by visiting model sites fears can be decreased and

prejudices eliminated regarding the technical equipment that needs to be

installed. Success stories disseminated by important, accepted and favoured

people in a particular village may also contribute to this process. In Jühnde,

the villagers’ interest was piqued after they had visited the first well-functioning

bioenergy site. These experiences are congruent with the empirical findings of

Mosler (1998), Aronson and O’Leary (1983) and Schuster and Marx (1998).

Being for something, not against it. Moreover, it is important that the aim of the

project is formulated positively and constructively. A project’s objective should

be directed for something, not against persons or corporations. In Jühnde, for

example, the active group called itself the “initiative for a bioenergy village” and

not the “initiative against nuclear energy”. This positive view is also advocated

by Csikszentmihalyi (1993) and Richter (see Schmuck et al. 1997, p. 11),

because this “pro-attitude” motivates people to solve conflicts, to love and

help others and preserve nature, whereas a “contra-attitude” often has a destruc-

tive outcome.

Setting realistic goals. Another suggestion is to not set lofty goals; for example,

instead of trying to change the energy politics in Germany, rather focus on a

smaller region or a village, as was done in Jühnde. This is in line with self-

efficacy research findings (Bandura 1982). Achieving smaller goals from time to

time and experiencing success engender feelings of internal control, which

motivate people to continue pursuing a distant goal.

Well-established advocates. It is important to ensure that prominent villagers (like

the local bank director) support the project, at least ideologically. If well-

established people with broad recognition and respect in the local population

support the project, it will be considered more important and will be taken more

seriously. In Jühnde, the most popular major advocated the bioenergy idea,

which is one of the reasons why so many people participated in the conversion

process.

Good contact with the local media. Having good contact with the local newspapers
is of great benefit, because these are usually read and the contents discussed by

most people in the district. In the district of Göttingen, the local newspapers

regularly reported on the search for a suitable village. This motivated several

villages to compete to become the first bioenergy village. Moreover, using

plausible, easily understood terms or symbols for initiatives or projects is good

for publicity.
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Having a person in charge of a village district. The village should be divided into

several districts. In Jühnde, for example, this was done according to the streets,

with a person was in charge of disseminating information and providing an

overview of the households’ willingness to participate in the common heat

supply. Having such a person in charge of a small district can increase a feeling

of unity.

“Neutral” approach. In projects where many persons have to be motivated, it is

beneficial to get the politicians of different parties involved; a “neutral” approach

has been shown to be effective. This was also confirmed in our experience of

mobilising the villages in the district of Göttingen: The University’s neutral

stance was a good basis for persuading and motivating people.

Spreading information orally. Initiators should provide informational stalls at

markets or festivals attended by many people, and where they can talk face-to-

face and provide additional written material. In Jühnde, such stalls were set up at

nearly each festivity attended by many people and where doubts and concerns

could be minimised through personal communication. Furthermore, the involve-

ment of the local clubs and societies as well as the involvement of the council

and municipality are important success factors (see also Mieneke and Midden

1991; Scherhorn et al. 1999).

Festivities. Public festivities should also be used to transfer ideas and stimulate

others to participate in a project. Herzog (1997) found this type of participation

to be a critical factor. In the villages around Göttingen, the inhabitants decorated

wagons for the parish fair very creatively with elements pertaining “bioenergy”,

such as a little wood-fired oven, etc.

Personal contact.Another successful way to mobilise individuals is to contact them

personally; for example, by going from house to house and informing them. In

Jühnde, the initiators elaborated this strategy by selecting a particular person

from the initiative group to speak to the residents of each house. In some cases,

listening to the daily events may help create a trusting atmosphere that increases

understanding and willingness to participate in an energy project. Individuals’

doubts and scruples should always be taken seriously and should receive careful

consideration. The personal approach is one of the most important ways to

motivate people. This is consistent with research findings on face-to-face con-

tact, which is considered more effective than written material (Ammann et al.

1997; Gonzales et al. 1988; Burn and Oskamp 1986). Furthermore, best-practice

analyses found that personal contact is more efficient than impersonal contact,

such as sending out mail (Fischer and Kallen 1995; Hennicke et al. 1997;

Schuster and Marx 1998). If impersonal forms of information are used (e.g.,

posters and mail), it is more convincing if specific persons write about their

experiences and state their names and addresses than if only technical or

financial information is given (Schmittknecht 1998).

Authenticity and conviction. Technical details are often unimportant when one

wishes to persuade people. Personal conviction and authenticity, as well as

plausible arguments for engagement in the project are often more important.
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One of the residents in Jühnde mentioned: “We also live in this village, and we

would not plead for an electricity supply that is not reliable”. Furthermore, it is

important to point out how the project will benefit the region. Another successful

approach could be to get the children involved, which will in turn lead to more

parents being involved (Herzog 1997). In Jühnde, this was realised by means of a

drawing competition for children with the “bioenergy village” as the topic.

Humour.Whatever strategy is used, it is good to make people laugh in order to open

to new ideas; fantasy and humour also promote open-mindedness toward ideas.

The inhabitants of Jühnde, for example, learned about bioenergy villages through

a few theatre projects. Emphasising the positive aspects of a particular project’s

consequences can also be helpful. In the case of Jühnde, natural, economic and

social scientists gave introductory presentations that pointed out the benefits

(see also Csikszentmihalyi 1993, and Richter, cited in Schmuck et al. 1997).

The Impact of the Collective Engagement in a Bioenergy Village on Different

Psychological Levels: Results from a Questionnaire Study

Schmuck and Sheldon (2001) collected data from several research groups all over

the world that demonstrated that self-transcending life goals directed at social and

environmental thriving tend to serve individual well-being. Furthermore, empirical

findings show that social belongingness contributes to health and well-being

(Baumeister and Leary 1995) and that high rates of self-efficacy are positively

related to health (Bengel et al. 1998).

Given that many of the Jühnde inhabitants participated in the planning and

conversion process and were engaged in different working groups – for example,

one for “public relations”, one for “technique” and one for “biomass production” –,

we expected positive changes in the mentioned psychological variables (for details

see Eigner-Thiel 2005).

1. To examine these questions, a 14-pages questionnaire, which included the

mentioned variables’ and the environmental behaviour’s scales, was distributed

(a) to the 238 households in Jühnde and (b) to 240 households in a comparable

control village. The design was a longitudinal study of the two villages. Data

were collected before the conversion in 2001, and after the conversion in 2007.

The following differences were found: Self-efficacy was higher in the converted

village (both temporal measurements) and the self-reported environmental

behaviour had increased over the period (both villages). Neither the other

variables, nor the expected interactions (villages and time) showed significant

effects.

2. Satisfaction with the heat supply from biomass. The people of Jühnde linked to

the heat supply system were also asked to what extent they were satisfied with

this system. On the whole, 89 % said they were “very satisfied”, 11 % were

“satisfied”, while nobody was “dissatisfied”.

3. Furthermore, the people in Jühnde were asked how they felt about the large

number of visitors they had received (in 2007 around 8,000). A total of 78 %
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chose the answer option: “This makes me proud, it stimulates me”; the visitors

did not bother 16 %, 4 % did chose not to answer, and 2 % had been bothered by

the visitors.

The Impact of the Collective Engagement in a Bioenergy Village on Different

Psychological Variables: Results from an Interview Study

In a semi-structured interview study (according to Witzel 2000) with 11 persons

belonging to the subgroup of bioenergy villagers who had been particularly

engaged in the project over a longer period (e.g., as a representative of a working

group), evidence was found of an increase in social support and well-being during

the project implementation. For details on the interview manual and the analysis of

the interviews, see Eigner-Thiel (2005) and Eigner-Thiel et al. (2004). The results

of the interviews are described in the following paragraphs:

Group-feeling: Most of the interviewees (10 out of 11) said that they got to know

and value many others in the village through the project. Prejudices concerning

neighbours were partly diminished. Especially people who had only recently

moved to the village valued this outcome: They felt better integrated into the

village community after the project. Even long-time residents, who had already

known many people in the village before the project, said that the contents of

their discussions within the village were more profound after the bioenergy

project and that their conversations were no longer merely small-talk. The

village community was described as “more interesting” since the project had

started. A greater feeling of oneness also became evident in statements like “We
were on the TV last week” or “We have indeed realised the project”.

Environmental behaviour: Most of the interviewees said that their environmental

behaviour had already been very proactive before the project had started (9 out

of 11). Examples of their behaviour were: “not tossing anything out of the car

window”, “not leaving old refrigerators in the forest” and “not wasting elec-

tricity”. Only a few people said that they had further changed their behaviour

(2 out of 11): One person, for example, reported that since the project, he

obtained electricity from a more expensive eco-provider and had also bought a

gas-driven car.

Self-efficacy: Concerning the question of whether an individual can do anything

about climate protection, most of the interviewed persons (8) answered that they

alone could not do anything. However, their experience of being a tourist guide

in their biogas plants was very positive and gave them the feeling that they had

sparked something in others. Only two persons felt that new developments

should only be driven by politicians.

Well-Being: “If it had not been fun, I would not have engaged in this project”. This,
or a similar statement, was the answer most of the interviewees (10 out of 11)

gave regarding the question of whether or not they had considered the project

fun. Their reasons for enjoying it were, for example, that they could act from

conviction; this was described as an intrinsic motivation during the processes’
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good and less good times. Some of them felt that taking responsibility for the

project and getting to know their personal boundaries were very fulfilling. For

many of the interviewees, it was very liberating to see the village community

implement plans. Moreover, it was heartening to learn more about the different

functions of the working groups (e.g., techniques for running households,

operating companies and cultivating energy crops). The interviewees felt that

finding solutions to difficult problems (e.g., where to place the biogas plant in the

village) was exciting. Some of those involved also found observing and

participating in different forms of learning and the presentation that the univer-

sity group members shared with the inhabitants fascinating.

Some of the interviewees also referred to the negative consequences of the

involvement; for example, “having less time for the family”. However, even

those who had negative experiences felt that the positive aspects had had a greater

impact. Guiding tourists through the energy plants allowed them to share their

acquired knowledge and was reported to be fun. Today, the interviewees are proud

to see their village and the news about its pioneering activities on the Internet or on

German television. Helping other interested villages become a bioenergy village

was also considered fun. When asked how the project impacted their life satisfac-

tion, one group (five people) responded: “Yes, this project has totally affected my

contentment with life”, which means that the experience had given their lives

additional meaning. Persons from this group described the project as one of the

highlights of their life; they feel as if they are part of something really big and

important, which makes them proud. These experiences are expected to have a

lifelong impact. The other group (six persons) was pleased that the biogas plants

were built, that they are functioning and that the project was implemented success-

fully. However, they stated that, in their life, there are still matters that are more

important than the project, for example, their family. Interestingly, one person said

that he felt physically quite exhausted throughout the project, but that he neverthe-

less felt a mental or spiritual contentment as a result of his engagement in the

project.

On the whole, the mentioned positive psychological consequences (more details

in Eigner-Thiel et al. 2004; Eigner-Thiel and Schmuck 2010) can serve as a driver

to transfer the idea to other villages. If the inhabitants of other villages see the

potential psychological gains from this collective action, it could be a strong

motivation to spread the idea of bioenergy villages, thereby supporting ecological

and economical movements. We focus on the economical movements on in the next

section.

2.4.2.4 Financial and Economic Aspects

One of the aims of this project was for all the stakeholders (e.g., households/heat

customers, farmers, the operating company and the region) to benefit from the

bioenergy village project. This meant that no one would suffer economic

disadvantages from participating in the project.
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Perspective of the Households/Heat Customers

The ways in which electricity was supplied to the houses have remained the same.

To calculate the heating costs (of heating the rooms and water in the houses), three

components have to be taken into account: the costs of the heat supply (which

depends on the amount of heat required), the connection fee (in Jühnde 1,000 EUR

per heat customer) and individual conversion costs (a one-time payment of approx-

imately 2,600 EUR per household to install the new heating system). The operating

company guaranteed a fixed buying price for energy until 2008, which refers to the

price of heating oil at the time of contracting (0.35 EUR/l). Since the oil price rose

at that time (e.g., 0.95 EUR/l in August 2008), an average household saved 1,800

EUR in heating costs annually.

Perspective of the Farmers

Cultivating crops for energy production is an alternative way for farmers to

generate income besides the traditional markets for foods and animal feed. This

can be an advantage for the farmers because these markets’ prices fluctuate heavily

over time. Producing biomass for energy will therefore lead to a constant basis

income.

The operating company and the farmers agreed upon a price for the biomass that

equalled the farmers’ winter wheat profit. A potential problem could therefore be

that the Jühnde bioenergy plant can only be run profitably if the operating company

pays a price that is comparable with a price for winter wheat of 185 EUR/t. The

average production costs of a ton of winter wheat amount to approximately 130

EUR. The associated market price fluctuated between 120 EUR/t and 290 EUR/

t from 2005 to 2008. In this situation, it would be reasonable to agree on long-term

supply contracts that set the prices for wheat in a range between 130 EUR/t and 185

EUR/t. This would smooth out the volatility of prices in the world markets for both

the farmers and the operating company. Unfortunately, in real life, it is not so easy to

close long-term supply contracts.

Perspective of the Operating Company

The owners of the operating company in Jühnde are farmers, villagers and (a few)

external shareholders. Consequently, the profits remain in the region. If only

external investors held the shares, the price of the heat provision would have

been much higher and the price of the biomass would have been lower to allow

the operating company to maximise its profits. This would have meant high pay-

outs to the investors with the money lost to the region.

In Jühnde, the operating company invested a total of 5.4 million EUR: 2.9 million

EUR in biogas and electric power production, 0.9 million EUR in the central

heating plant and 1.6 million EUR in the hot water grid. This sum was financed

by means of equity capital (0.5 million EUR), government grants (1.5 million EUR)

and loans (about 3.4 million EUR).
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Perspective of the Region

In the Jühnde project, 58 % of the invested sum was given to regional companies,

and most of the annual turnover (80 %) remained in the region too. This clarifies

that the installation of a bioenergy village supports local economic cycles. On the

whole, the stakeholders of the Jühnde project have gained their expected economic

benefits.

2.5 Conclusions

This chapter showed that sustainability science principles can be successfully

applied to initiate renewable energy solutions in German communities. In the

Göttingen Approach, sustainability science is not only based on interdisciplinary

research, but preferably on transdisciplinary research. This kind of science should

not be an end in itself, but should initiate, and contribute to, the solution of actual

practical problems in cooperation with active practice partners from outside the

scientific community. Typical consecutive steps for such activities can be: (1)

Select a critical global problem; (2) formulate alternative solutions starting at a

regional level; (3) find political and financial support; (4) search for practice

partners; (5) run a pilot project on a local or regional level; and (6) transfer the

successfully accomplished pilot project to other regions or to national or interna-

tional levels, if applicable. The scientists should accompany and investigate all the

individual steps during the project realization. New scientific knowledge can be

produced from such alternative demonstration models. The double role of scientists

within sustainability research is one approach to cope with the challenges of the

global ecological crisis.

The application of our sustainability approach in the bioenergy field comprised

the following elements: (a) Communicate the side effects of exploiting and apply-

ing fossil and nuclear energy resources within the scientist group; (b) find and

elaborate an attractive alternative energy supply at a regional level (bioenergy

village concept); (c) convince political and financial supporters; (d) search for

partners in the region and in villages; (e) run a pilot project to transform a village’s

conventional heat and electricity supply into a renewable energy basis with the

villagers as the main actors (the bioenergy village is born); and (f) bring the

successful lighthouse project to the media’s attention on a regional, national and

global level to motivate other villages or regions to attempt similar projects.

The important research results can be summarised as follows:

• The transformation of the heat and electricity supply of the bioenergy village

Jühnde by means of crops, manure and wood decreased the greenhouse gas

emissions by 84 % when compared to Germany’s average total emission in

2007. The energy balances of the crop production show that their energy input/

output ratio was 1:19 for triticale and 1:18 for maize. The harvest index for heat

and electricity production in the Jühnde biogas plant is convincing: 1 kWh of

fossil energy input produces 4.5 kWh of bioenergy.
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• New, locally adapted and environmentally friendly concepts for the parallel

cultivation of food, feed and energy crops, such as crop rotation and double-

cropping systems, create a high crop diversity (no monoculture), which may

enrich the landscape and increase the population’s acceptance.

• The reduction of pesticide use during the energy crop cultivation and the more

balanced nutrient cycles lessen the translocation of pesticides and nitrate to

surface and ground water, which is especially important in water protection

areas.

• The new concept also decreases soil erosion and humus degradation; even the

build-up of soil humus and the corresponding carbon fixation are possible.

• By harvesting energy crops several weeks earlier than food crops, the farmers’

workload becomes more balanced.

• Energy production is an additional way for farmers to generate income. If the

owners of the operating company are mainly local farmers and villagers, the

profits remain in the region. In Jühnde, 58 % of the invested sum was given to

local companies and 80 % of the annual turnover has remained in the region,

thus supporting the local economic cycles.

All these positive aspects help to convince and motivate citizens – especially

environmentalist, farmers, etc. – to follow the bioenergetic pathway. The following

social and psychological motivating actions were used in Jühnde: (a) Visit model

sites with successful installations together with the citizens; (b) formulate positive

and constructive, but objective, arguments in favour of the project; (c) inspire well-

established people with broad recognition and who are respected for the project;

(d) involve local clubs and societies and the parish, as well as the council and the

municipality; (e) use festivities and other similar events to transfer the ideas and

stimulate people to participate in the project; humour, authenticity and objectivity

are important ingredients to convict people; (f) have someone in charge of the

dissemination of information; (g) also spread the information orally and contact

individuals personally; and (h) establish and cultivate good contact with the local

media.

The evaluation of a questionnaire shows that the self-efficacy and self-reported

environmental behaviour in the bioenergy village increased and that all the

inhabitants of Jühnde who are linked to the hot water grid are very satisfied

(89 %) or satisfied (11 %) with the heat supply by means of biomass.

On average, 11 Jühnde interviewees engaged in the project perceived a better

group feeling and integration into the village, more profound communication, a

greater feeling of unity and well-being.

Altogether, the implementation of the bioenergy village was a success story not

only for the villagers and farmers in Jühnde, but it also formed the basis for

hundreds of other communities in Germany that realized similar or other renewable

energy projects decentrally (Schmuck et al. 2006; Ruppert et al. 2008). The trans-

regional, national and international interest in Jühnde was very high. In 2007, more

than 8,000 visitors (mostly in the form of groups) arrived to familiarise themselves

with Jühnde, the first bioenergy village in Germany.
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Jungk, R., & Müllert, N. (1991). Zukunftswerkstätten. Mit Phantasie gegen Routine und Resigna-
tion [Future workshops. How to create desirable futures]. München: Heyne.

Karpenstein, M., & Scheffer, K. (1994). Die ertrags- und wachstumsbeeinflussenden Wirkungen

eines Wachstumsregulators auf der Basis von Mepiquatchlorid und Ethephon auf zwei

Sommergerstensorten bei differenzierter N-Düngung. Landwirtschaftl. Forschung, 37(3–4),
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Schütte, A. (1991). Anbauversuche mit Zuckerhirse (Sorghum bicolor (L.) Moench), Teil I:
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minimalen Pflanzenschutzaufwandes, Teil II: Bewertung der Stickstoffdynamik und
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Part II

Do We Have Enough? – Biomass Potentials
for Energy Generation



Chapter 3

Estimation of Global Bioenergy Potentials

and Their Contribution to the World’s Future

Energy Demand – A Short Review

Martin Kappas

Abstract The global energy question is currently dominated by three concerns that

strongly affect decisions on energy development priorities, i.e. the security of the

energy supply, the security of the food supply and climate change. A very chal-

lenging question in this context is the estimation of global bioenergy potentials and

their possible contribution to the world’s future energy demand. The sustainability

potential of global biomass for energy is widely recognised and thus a primary

concern of the book. The annual global primary production (GPP) of biomass is

equivalent to the 4,500 EJ (EJ ¼ 1 Exajoule ¼ 1018 J ¼ 1,000 Petajoule; 14.0

EJ ¼ Germany’s primary energy consumption in 2008, while 508 EJ ¼ the pri-

mary energy consumption of mankind in 2009) of solar energy captured each year.

Around 5 % of that energy (225 EJ) could deliver 50 % of the world’s total energy

use today. This approximation is in accordance with other estimates that show a

sustainable annual bioenergy production of around 270 EJ. The 50 EJ that biomass

contributed to the global energy supply in 2006 (the approximate energy demand

was 490 EJ) was mainly used in the form of traditional non-commercial biomass

fuels and contributed only 10 % to global energy use. This chapter provides a

synthesis of analyses of the longer term potential of biomass resource availability

on a global scale. Various studies have assessed global biomass potentials and have

arrived at widely varying results. These studies highlight the reasons for these

uncertainties and explain the factors that can affect biomass availability. Estimates,

for instance, are sensitive to assumptions about crop yields and the amount of land

that could be made available for the production of biomass for energy usage.

The sustainable use of biomass as an energy source requires comprehensive

management of specific landscapes and their natural resources, which are subject to

restrictions (e.g., nature protection, contaminated land, priority for food production,

etc.). Knowledge of the regional landscape’s potential to provide biomass and
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hence bioenergy, is urgently needed and best provided by bottom-up approaches,

because unsustainable biomass production would diminish the climate-related

environmental advantage of bioenergy.

Therefore, based on a review of currently available studies on the subject, this

chapter discusses the role of sustainable biomass in the future global energy supply.

Keywords Sustainable biomass • Bioenergy • Global biomass potential

• Bioenergy potential • Bottom-up approaches

3.1 Introduction

The world’s energy demand is growing rapidly. Estimations of commercial energy

use increased from 467 EJ in 2004 (reported by IEA 2006a, b) to approximately

490 EJ in 2006 (see Fig. 3.1). Around 88–90 % of this demand is provided by fossil

fuels. Fossil fuel-derived CO2 emissions are the most important contributor to

atmospheric concentrations of greenhouse gases (GHGs), which reached a histori-

cal high in 2010 and 2011 (Le Quéré et al. 2012).

There is consensus in the scientific and political communities that GHG

emissions should be reduced to mitigate related global warming and climate change

impacts. Both these communities believe that GHG emissions should be reduced to

less than half of the 1990 global emission levels (IEA 2007a). The world’s current

energy supplies are dominated by fossil fuels (388 EJ per year) with much smaller

contributions from nuclear power (26 EJ) and hydropower (28 EJ).

In the face of the nuclear accident at Fukushima (Japan), many countries have

rethought their nuclear power strategy or, in Germany’s case, have decided to

completely phase out the use of nuclear power. Today, biomass delivers about

45EJ (�10 %) of energy, making it the most important renewable energy source.

Global energy need in 2006 (490 EJ in total)

10%2%
6%

26%

21%

34%

1%

Oil, 34% Natural Gas, 21%

Nuclear, 6%

Combustible Renewables and Waste, 10%

Coal, 26%

Hydro, 2%

Geothermal, Solar, Wind, Heat, 1%

Fig. 3.1 Global energy needs in 2006 (numbers after IEA 2008; Source: Ladanai and Vinterbäck

2009)
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However, in industrialised countries, biomass currently accounts for less than

10 % of the total energy supply. In developing countries, on the other hand, the

contribution is as high as 20–30 % and, in some of these poorer countries, biomass

supplies 50–90 % of their total energy need (IEA 2007a). The vast bulk of

biomass energy is used non-commercially. It is often used by poorer people for

cooking and room heating. The recently introduced commercial production of

biogas for power, heat generation or transport fuels contributes to a lower, but

very significant, portion of the total energy supply (around 7 EJ/year in 2000 after

WEA 2000). The use of modern bioenergy is growing. Ten years ago, 40 GW of

biomass-based electricity production capacity and 200 GW of heat production

capacity had been installed worldwide (producing 0.6 EJ electricity per year and

2.5 EJ heat per year; WEA 2000). Biomass potentials also depend on land

availability. At present, only 0.19 % (approximately 0.025 billion hectares) of

the world’s total land area (13.2 billion hectares) and only 0.5 % of global

agricultural land are used for growing energy crops for biofuels (Ladanai and

Vinterbäck 2009). The significant potential of using algae to generate biomass

energy, as illustrated in a number of studies (e.g., Christi 2007; Beer et al. 2009),

is not taken into account in this review. In the context of this book, we understand

bioenergy as energy from biomass sources, including energy crops, residues and

wastes from agriculture, forestry, food production and waste management

(see also Box 3.1: Biomass sources for energy production).

Box 3.1 Flowchart – Possibilities to Provide Heat and/or Power as Well

as Fuels from Biomass (Source: FAO United Bioenergy Terminology)

electrical energy
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Thus, this review is based on existing literature and tries to point out the

main trends and shifts in bioenergy issues related to global sustainable biomass

potentials. The discussion on the future role of bioenergy is currently dominated

by three issues that strongly affect decisions on energy development priorities: the

security and sustainability of the energy and food supply as well as climate change

(see Fig. 3.2). The main driver in the relation triangle is the world population and

its dynamics in space and time. Population growth, the per capita demand for

resources and the population’s life style (consumption pattern) directly influence

climate change, energy demand and food security. Estimates about population

development and its future influence on the climate as well as on energy and food

consumption are described in various scenarios, such as the IPCC SRES scenarios

(A1, A2, A1B, B1, B2) and the newer Representative Concentration Pathways

(RCPs) scenarios, which will be used in the IPCC AR5 report (Moss et al. 2010).

Both estimations (population and future bioenergy potentials) have a high degree

P r o d u c t i o n

     Climate Change
- Climate protection goals
- Low carbon pathways
- Post Kyoto regulations?
- Road map after COP17-
  Durban, South Africa?

LanddegradationRCP´s

 Energy Security
- Diversification
- Sustainability of the
  energy mix
- Low carbon energy
  production

     Food Security
- Diversification
- Adaptation of
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  agricultural production
- Biodiversity
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  demand
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Driver

S
u

s
t

a
i n

a
b

l e
B

i o
e

n
e

r
g

y

Fig. 3.2 The future role of bioenergy within the triangle of climate change/protection – energy

security/diversification and sustainability – food security (food and fodder)
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of inaccuracy. Therefore, depending on the chosen scenario, the results of

the potential estimates can vary significantly. This chapter makes assumptions

about biomass’s future potential on the basis of a comparison of the different

scenarios’ predictions.

3.2 Types of Biomass Potential

Most of the analysed studies assessing future biomass potentials differ in their

definitions of biomass potentials. Offermann et al. (2011) differentiate between

demand-driven assessments and supply-driven assessments. Demand-driven

assessments focus on bioenergy’s contribution to the entire energy system. In

general, supply-driven assessments are best suited for showing the resource avail-

ability and are better capable of handling sustainability criteria. Therefore, the

chapter’s focus is on supply-driven assessments. Within the reviewed literature,

different types of biomass potential are mentioned, such as:

Theoretical potential: All biomass produced by plant photosynthesis (from land,

oceans, lakes, etc.). This process is only limited by physical and biological

constraints (e.g., latitude, light use efficiency, plant type C3/C4, etc.).

Geographical potential: The biomass potential of all land areas. Marine biomass is

excluded.

Technical potential: The part of the geographical potential that is restricted to the

need for land for food production, infrastructure and housing, and the protection of

areas (e.g., forest protection, nature reserves, etc.). Moreover, the technical poten-

tial is determined by the level of agricultural technology in a specific geographical

area.

Economic potential: The part of the technical potential that is used to achieve the

most economically profitable outcome.

Implementation potential: The part of economic potential that can be achieved

within a certain time. However, the time required is constrained by policy decisions

as well as institutional and social behaviour.

The above-mentioned descriptions are an adapted summary of various

definitions found in the literature review, which includes studies by Hoogwijk

(2004), the World Energy Council (2004), Smeets et al. (2007) and Offermann

et al. (2011).

Most of the reviewed studies on biomass potential focus on technical potentials.

The principal reason for this is that the available data allow a significant comparison

between single findings and the applied methods.

3 Estimation of Global Bioenergy Potentials and Their Contribution. . . 79



3.3 Global Biomass Potential: Current Scenarios

As mentioned before, the global primary production (GPP) of biomass is compara-

ble to 4,500 EJ of captured solar energy per year. Only 5 % of this large energy

amount would have been required to cover 50 % of the world’s energy needs in

2006. Figure 3.3 illustrates the global energy use for each year since 2000 as well as

the total global bioenergy production potentials for 2050, which were derived from

different scenarios (after Ladanai and Vinterbäck 2009; EC 2005).

Another prerequisite for determining the future potential of biomass energy is

the availability of land. The world’s total land area is 13.2 billion hectares, of which

0.19 % is used for growing crops for biofuels, which accounts for 0.5 % of the

global agricultural land (Ladanai and Vinterbäck 2009). However, we have to keep

in mind that many land use statistics are not exact because the specific types of land

use are not included in the different land use categories (i.e. in the FAO land use

categories), which are the basis for modelling and scenario building. Therefore,

there are many assumptions about the distribution of land use type with regard to

Fig. 3.3 Global Energy Demand in 2001, 2005, 2006 and 2030 and estimations of the total global

bioenergy production in 2050

Sources:

– The numbers for 2001 (420 EJ), 2005 (343 EJ) and 2006 (464 EJ) are respectively taken

from IEA 2003, 2005 and 2007a, b, c

– The estimate of the energy use in 2030 is calculated by adding the total power generation to the

total power consumption, and does not include heat generated from heat pumps or electricity

(After IEA 2008)

– 2050 a (1,041 EJ) is based on a high consumption scenario described by Smeets et al. (2004)

– 2050 b (1,135 EJ) is the total world potential of biomass energy based on the upper limit of the

amount of biomass that may be available as a primary energy source without affecting food

security (After Hoogwijk et al. 2003)

– 2050 c (1,548 EJ) is the potential global bioenergy production based on a scenario in which, in

all corners of the globe, a type of agricultural management is applied that uses the best

available techniques, such as those used in industrialised areas (After Smeets et al. 2006)
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the world’s total land area and, specifically, its agricultural land area. Berndes et al.

(2003) offer a comprehensive overview of studies on global biomass production

potential, including studies that estimate the future demand and supply of bioenergy

(e.g., studies by Smeets and Faaji 2007; Lashof and Tirpak 1990; Hall et al. 1993;

WEC 2004, 2007; Fujino et al. 1999; IPCC 2000; Rogner 2000; Fischer and

Schrattenholzer 2001).

Berndes et al.’s (2003) comparison of studies on global biomass production

potentials includes previously published numbers on the total global bioenergy pro-

duction potential in 2050. These numbers range from 33 to 1,135 EJ per year

(Hoogwijk et al. 2003), of which 0–358 EJ per year are from woody biomass

(Hoogwijk et al. 2003). Energy crops from surplus agricultural land have the largest

potential, contributing 0–988 EJ per year (Hoogwijk et al. 2003, 2005). However, only

a few publications have assessed the global potentials of the different world regions. In

addition to Berndes et al. (2003), we examined the work of Offermann et al. (2011),

who reviewed 19 publications on global biomass production potentials and strength-

ened the land availability aspect. Offermann et al. point out that future energy crop

potential will probably range from 200 to 600 EJ per year in 2050, whereby the residue

potentials are estimated to vary between 62 and 325 EJ per year. The areas with the

highest potential are Asia, Africa and South America, whereas Europe, North America

and the Pacific regions have a weaker potential. The most optimistic scenario offers a

biomass potential of 1,548 EJ per year in 2050, which is three times higher than the

current global energy supply. If the biomass potential is divided into the biomass

potential from energy crops and residues, the relationship between the potentials will

be as follows: The energy crop potentials for 2050 (based onmore than 50% of all the

reviewed studies) will range from 0 to 1,272 EJ per year (again based on the optimum

quantity; 75% of the studies reveal an energy crop potential of below 657 EJ per year),

while the residues potentials for 2050 will range from 62 to 325 EJ per year.

Despite this high estimate of 1,548 EJ per year (optimum value without

restrictions) for 2050, over 50 % of the literature studies assume that the future

energy crop potential will vary between 200 and 600 EJ per year in 2050. From a

sustainability point of view, the sustainable energy crop potentials will realistically

be towards the lower end of the mentioned range of 200–600 EJ per year. The latest

studies of energy crop potentials on abandoned land and studies committed to

sustainable biomass production (Teske et al. 2008) show lower bioenergy potentials.

These studies estimate that biomass could contribute anything from below 100 EJ

per year to above 400 EJ per year to the future global energy supply in 2050.

This shortage of future bioenergy potential is mainly caused by uncertainty regard-

ing future land availability and future yield levels in energy crop production.

Both these parameters vary widely, causing the current assessments of the bioenergy

potential of surplus agricultural land (plantation supply) in 2050 to range from below

50 EJ per year to almost 240 EJ per year. Moreover, most of the literature studies

only provide preliminary estimations of the future availability of forest wood and

of residues from agriculture and forestry. In sum, owing to this imponderability, only

rough estimations are possible of the sustainable bioenergy potential in the future

global energy supply.
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3.3.1 The Imponderability of Future Bioenergy Potential –
Possible Constraints

According to the water, energy and food security nexus approach (see Fig. 3.4, Hoff

2011), the expansion of the bioenergy sector should interact sensibly with other

land uses and ecosystem services, such as food and fodder production, soil and

nature conservation, biodiversity and carbon sequestration. The assortment of

energy plants, accompanied by certain crop sequences, can alter the carbon seques-

tration potential of an area, which is an important factor in the climate protection

chain. In addition to the production of energy crops, the alteration of the soil and the

associated ecosystem services may also influence the carbon sequestration balance

of an area.

In general, the following constrain bioenergy potentials:

1. Population growth, consumption per capita and lifestyle (decisive for the amount

of area reserved for food production)

2. Land availability (areas used for reforestation, areas lost by soil degradation,

areas reserved for nature protection)

3. Future crop yield increases under changing edaphic situations (climate and soil

moisture, soil temperature)

4. The preservation of biodiversity and the need to expand nature reservation areas

5. Land degradation (the most important driver is soil degradation and reduced land

availability)

Fig. 3.4 The water, energy and food security nexus (Source: Hoff 2011)

82 M. Kappas



6. Severe water scarcity (a limiting factor in terms of quality and quantity).

Owing to these six constraints, it is difficult to estimate the impact of bioenergy

expansion as an advantageous option for climate change mitigation within the

energy sector.

3.3.1.1 Population Growth, Consumption Per Capita and Lifestyle

According to the latest projections, the world population will increase from 7

billion in 2011 to around 8.4 billion in 2030 (about 20 %). Developing countries

will contribute most to this increase, with their total population increasing from 4.7

(2011) to 6.9 billion (2030).

During the last few decades, agricultural yields have developed faster than the

earth’s population (UNEP 2009). This means more food has been produced on

already existing croplands. In the near to mid future, this trend might develop less

favourably, as average crop yields may balance out the population growth but not

the increasing demand for animal-based food. The global population is estimated to

grow by 36 % from 2000 to 2030 (UN/FAO medium projection, UNEP 2009). This

is comparable to the expected increase in crop yields during this time (UNEP 2009).

However, the demand for food is simultaneously changing towards a higher share

of animal-based food, with developing countries showing a particularly high

growth rate.

The FAO has forecasted that the world’s meat consumption will increase by

about 22 % per person from 2000 to 2030, milk consumption will increase by 11 %

and the need for vegetable oils will rise by 45 % (UNEP 2009). In contrast to this

trend, agricultural commodities with lower land requirements (cereals, root and

tuber crops) will rise at lower rates per person.

On average, the world’s population is predicted to grow about as fast as the cereal

yields. If the forecasted yield increases are not realized, the world would suffer

significantly from an insufficient food supply. Consequently, any additional demand

for biomass production can only be generated by expanding cropland at the expense

of other land uses. To date, there is no clear assessment of changes in global land use

due to changing food demand (especially with regard to a stronger shift towards

animal-based food). A more recent RFA report by Gallagher (2008) reveals that an

additional 144–334 Mha of global cropland will be required for food production in

2020 (see ‘The Gallagher Review of the indirect effects of biofuels production’). In

general, the FAO (2008) statistics show that the production of beef, pork, poultry,

mutton and milk have increased, and many developing countries show a growth rate

of more than 10 %. In the EU, meat production is more or less stagnant and EU milk

production has decreased. The increase in meat production in certain key regions (the

USA and Brazil) is expected to decline, but meat production and consumption will

increase in developing countries (India and China). If the change in lifestyle and its

influence on food production per area is kept in mind, the question of future land

availability for bioenergy production arises, providing a new perspective.
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3.3.1.2 Land Availability

The available land area is the most important constraint when assessing the

potential of energy crops, which are estimated to deliver the greatest amount of

future bioenergy potential. Land categories suitable for energy crop cultivation

include surplus agricultural land and abandoned agricultural land (also called

degraded or marginal land). Surplus agricultural land is defined as the land that

remains after subtracting the land required for food and feed production from the

total amount of agricultural land. Most studies in the literature review focus

primarily on energy crop potentials from surplus agricultural land. The latest

studies also examined the potentials of degraded land or abandoned land, a topic

that has received increasing attention in studies assessing the potential of bioenergy

(e.g. Offermann et al. 2011). A major problem is, however, that the different land

categories are not clearly defined and the data on these land categories (global land

use classifications) are weak (the statistics are inconsistent). Scientists also need to

determine the variety of produce that will be yielded in relation to the land

availability to ensure that balanced nutrition will be available in future. In doing

so, the following challenging question must be answered: What happens when

people move away from meat as a food source and what impact would this scenario

have on future land availability? If people were to eat less meat, a lot of land would

become available for food (a more vegetarian variety of produce or mostly vege-

tarian produce) and bioenergy production.

Land scarcity is escalating rapidly due to the increasing demand for meat as a

result of population growth, changing lifestyles, resource degradation and climate

change. Even if more sustainable crop production and consumption patterns and,

simultaneously, a declining population growth rate could be achieved, agricultural

production would have to grow by 70 % and agricultural land would have to expand

by about 10 % globally (by 20 % in developing countries and by 30 % in Latin

America; de Fraiture et al. 2007; Bruinsma 2009; FAO 2011) by 2050 if all people

are to receive balanced nutrition. Even the most optimistic scenarios of

improvements in productivity through technological development still assume

that the demand for agricultural water will increase by at least 20 % by 2050 (de

Fraiture et al. 2008).

In Germany, the area under cultivation has declined over the last years. A report

by the German Statistic Bundesamt (Federal Statistical Office 2012) at the World

Food Day 2011 documented that the agricultural area used for farming in Germany

regressed from 17.3 Mha (1995) to 16.8 Mha (2011). Over the last 16 years, the area

under cultivation has diminished by 3 %. In 2011, 47 % of Germany’s total area was

agricultural land, of which most was used as cropland (11.9 Mha ~ 70 %).

Germany’s cropland, which is the country’s most important basis for food produc-

tion, has been relatively constant over the last 20 years.

The cultivation of cereals, which required 6.5 Mha in 2011, has remained

relatively stable over the last 15 years. However, the acreage has diminished by

about 78,000 ha since 2010 and the total harvest was 37 million tonnes in 2011,
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which is 2.8 million tonnes less than in 2010. On the other hand, potato cultivation

in Germany has regressed since 1995. The acreage for potato cultivation regressed

by 56,000 ha from 1995 to 2011. 259,000 ha were still under potato cultivation in

2011. Nevertheless, the potato production has increased over the last years due to

favourable weather conditions (11.9 million tonnes of potato in 2011, which is

2 million tonnes more than in 1995).

In general, the area under cultivation for forage crops, silage maize, field grass

and clover has increased over the last years. In 2011, 2.8 Mha was used for forage

crops (an increase of 10 % since 2010 and 58 % since 1995).

In 2011, the areas for silage maize were expanded by about 2 Mha, which

represents an increase of 63 % since 1995. This expansion was due to the rising

importance of silage maize to fuel bioenergy plants. From 2010 to 2011, the area for

silage maize increased by 12 % (for a comparison, see Table 3.1). In terms of the

amendment to the new German Renewable Energy Source Act (BMU 2012), 60 %

of maize will be specifically restricted for use in bioenergy plants. Moreover, small

bioenergy plants (75 KWh) will be promoted (Figs. 3.1, 3.5, 3.6 and 3.7).

3.3.1.3 Future Crop Yields

Parameters, such as water availability, within climate change and the evolution of

agricultural markets (commodity prices) obfuscate the development of future crop

yields (Kappas 2009). In general, it is doubtful that the growth rates of global

agricultural yields over the past 60 years can be continued. The evolution of global

agricultural yields will be decisive for the degree to which biomass for food and

non-food use can be delivered from existing cultivated land. The increase in

commodity prices is and will be a function of future yield changes. The latest

statistics from the FAO (data from 1961 to 2005) show reduced average annual

yield developments with regard to six field crops (Fig. 3.8, six field crops after

Lobell and Field 2007).

Table 3.1 Germany’s cultivated land in 1,000 ha (from 1995 to 2011 preliminary results);

(Source: Federal statistical office 2012)

1995 1999 2005 2010 2011

Area under agricultural use 17,344.3 17,151.6 17,035.2 16,704.0 16,757.7

Cropland 11,834.5 11,821.5 11,903.3 11,846.7 11,909.6

Subdivided into:

Cereals 6,526.7 6,634.7 6,839.0 6,595.4 6,517.5

Root crops 856.9 813.5 705.4 624.3 664.8

Subdivided into:

Potatoes 315.2 308.5 276.9 254.4 259.4

Forage crops 1,792.5 1,708.9 1,805.0 2,571.0 2,824.1

Subdivided into:

Silage maize 1,251.8 1,202.8 1,262.5 1,828.9 2,042.0
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Figure 3.8 illustrates the range of yield development in six crops. In general,

there has been a decrease in yield changes that differs from crop to crop. Soybeans

show the strongest decrease over the last decades. This trend is reflected in many

agricultural areas. Most international organizations, like the FAO and the Interna-

tional Food Policy Research Institute (IFPRI) see a potential for future yield

increases in developing countries (especially those in Africa). The OECD-FAO

(2004) Agricultural Outlook has estimated an increase rate of 1.0–1.1 % per year

Fig. 3.5 World’s total land area and its subdivision into major land use types (Figures from Faaij

2008; ITTO 2006a, b; Smeets et al. 2004)
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Fig. 3.6 Germany’s land use cover in Mha in 2008 (entire country’s territory: 35.7 Mha, Source:

Statistisches Bundesamt Germany 2012)
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Fig. 3.8 Five-year running average of changes in global crop yields in % (Source: Adapted from

UNEP 2009, Assessing biofuels, p. 43)

3 Estimation of Global Bioenergy Potentials and Their Contribution. . . 87



(1.3 % for roots and tubers). Although more recent calculations offer a somewhat

better average increase in yields per year, the future rates of increase are still below

the global rates of the past decades.

Multiple factors influence future crop yields. Among these are water availability,

climate (temperature) change and environmental restrictions. Different IFPRI

scenarios show that under “water stress” conditions, the global cereal yields

would increase by only 0.9 % per year instead of by 1.2 % for the business as

usual (BAU) scenario (IFPRI 2012). On a global scale, climate trends have had a

negative impact on crop yields since the early 1980s. Lobell and Field (2007)

estimate that, due to rising temperatures, maize and sorghum yields will decrease,

with an average yield loss of about 8 % for each 1 �C increase in temperature. This

assumption needs to be re-evaluated since the global average temperature is

expected to increase to more than 2 �C above pre-industrial levels (Lobell and

Field 2007).

Other plants like switchgrass, which is grown in North America, will increase in

yields by up to 50 % for a 3.0–8.0 �C increase in temperature. Extreme weather

events due to climate change, such as droughts and heavy rains or flooding, may

have a negative impact on future yields (IPCC 2007). Therefore, it can be

concluded that the future progression of yields will be accompanied by a higher

level of uncertainty than today’s assessment.

3.3.1.4 Biodiversity and Nature Reserves

Land conversion for bioenergy crops can lead to negative environmental impacts,

such as reduced biodiversity and increased GHG emissions. Replacing natural

vegetation and nature reserves with crops affects the carbon balance when the

previously stocked carbon is mobilised. The results of biodiversity science’s

large-scale international programmes, such as DIVERSITAS, have shown that

increased biofuel production could have a severe impact on biological diversity

(Jackson et al. 2012). Different crops’ biodiversity to GHG reduction balance

showed that GHG reductions due to biofuel production is often too weak to

compensate for the biodiversity losses due to the land use conversion process and

its ecological side effects. Therefore, the identification of detrimental changes in

biodiversity and ecosystem services is important to provide knowledge to avoid

such changes when producing bioenergy. Positive effects regarding biodiversity

production has only been found in terms of formerly abandoned or intensively used

agricultural land or for degraded/contaminated land. On such land, bioenergy

production could even lead to biodiversity benefits.

Rethinking the linkages between bioenergy, climate change (limiting global

temperature change to 2 �C), land use and water requires an integrated assessment

of the energy, land and water nexus.
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3.3.1.5 Land Degradation

Land degradation and land desertification due to human activities are the main

drivers of the decline in available cropland and make future assessments uncertain.

The decrease in cropland is the result of many factors, such as deforestation,

overgrazing, intensive agricultural activities, industrialization and urbanization.

The degradation of land includes soil erosion, salinization, nutrient depletion and

desertification. The rate of degradation in space and time has increased with

population growth and technology. Serious land damage results from large-scale

agricultural activities and restoration is very problematic. The continued loss of

cropland will jeopardise our ability to feed the world and produce bioenergy.

Land degradation is a worldwide phenomenon and appears in developed and

developing countries. To date, there are no reliable data on land degradation’s

future influence on the projected yield. Just in Germany, sealing of the landscape is

responsible for the loss of 78 ha per day (Federal Statistical Office 2012).

3.3.1.6 Severe Water Scarcity

Water plays a major role in the water, energy and food nexus, because water is non-

substitutable for food and bioenergy production. Although water is a renewable

resource, we find many areas with water stress or water scarcity. Water scarcity is

defined as the ratio between green water and blue water availability and the water

need to produce a daily diet of 3,000 kcal (20 % animal product included).

Agriculture currently uses about 70 % of fresh water globally and bioenergy

production would add to this. Food production is still the biggest user of blue water

(around 80 %) and also requires a large percentage of green water (Hoff 2011).

Water-related food productivity varies among crops, cropping systems and agricul-

tural management systems. Therefore, water consumption depends on the crop

types used as feedstock as well as the production methods and conversion

technologies. Feedstock production for bioenergy in water-scarce regions requires

irrigation, which may lead to competition with food production as well as pressure

Box 3.2 Green and Blue Water

Green water: Refers to groundwater generated directly from precipitation.

Green water is available to plants and maintains the agricultural system. It is

managed by choosing a typical land use type and agricultural practice (crop-

ping system).

Blue water: Refers to water in aquifers (rivers and lakes) and is used for

irrigation as well as municipal (e.g., sanitation) and industrial purposes. It is

managed by the underlying water infrastructure. In contrast to green water,

which is only used by plants, blue water can be locally allocated and recycled.
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on water resources beyond their restoration capacity (classic over-exploitation).

Extreme weather events (inundation, droughts and heat waves) due to climate

change might increase the uncertainty regarding available water resources.

Table 3.2 shows different crops’ water productivity per kcal/m3 in comparison to

the average water productivity of selected livestock products. According to Foley

et al. (2011), more than one-third of global crop production is used for animal feed

rather than for direct human consumption. The future development of the human

diet (especially meat consumption) will have a severe impact on food and water

security. Even the most optimistic estimations of improvements in agricultural

productivity (mainly due to technological innovation) will demand an increase in

agricultural water (an increase in blue water demand) of at least 20 % by 2050

(Hoff 2011). This demand for agricultural water could increase significantly if

bioenergy strategies are fully implemented without taking the water, energy and

food security nexus into consideration.

3.4 Lessons Learnt from Reviewing Global Bioenergy

Potentials

All these constraints and different perspectives allow us to formulate a simple

conclusion: While biomass has a promising potential for energy production, the

mentioned constraints, which might reduce the future potential and sustainability of

biomass production, should also be taken into account. In the near and mid-term

future, bioenergy will be the most important renewable energy type. Impact factors

like land availability, water scarcity, biodiversity preservation and land degradation

have often been excluded from potential estimates of global trends. Therefore,

potential estimates of future bioenergy have varied widely to date. On the other

hand, bioenergy from residual material and waste promises an energy source based

on biomass that does not compete with food and fodder production.

Table 3.2 Water

productivity of different

crops per kcal/m3 in

comparison to the average

water productivity

of selected livestock

products per kcal/m3

Water productivity

per kcal/m3

Wheata 660–4,000

Potatoa 3,000–7,000

Tomatoa 1,000–4,000

Applea 520–2,600

Meat from beef cattleb 34

Meat from sheep and goatsb 30

Milk from dairy cattleb 332

Meat from pigsb 666

Meat from poultryb 371

Eggs from poultryb 578
aData from Molden et al. (2010)
bData from Gerten et al. (2011)
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The future use of biomass as an energy type needs a comprehensive assessment

and will require careful management of natural land resources, such as soil and

water. Unsustainable biomass use would disturb the climate-related advantage of

bioenergy. The advantages of sustainable bioenergy production use should always

outweigh the effect of its possible environmental damage. This book thus develops

a new research concept that focuses on interactions between different land uses,

biodiversity and food production. This research concept provides new insights into

the competition for resources and the synergies between different land uses. Its aim

is to improve people’s understanding of the potential of large-scale bioenergy

production and future land use management (and biomass management).

So far, the transition towards renewable energy has been misunderstood as an

economic demand and not as a means to gain diverse societal and economic

advantages. Today, biomass could be produced to generate energy and renewable

raw materials while simultaneously securing soil and water resources. The transi-

tion to a greener economy is an important precondition to achieve the sustainable

development of societies. Environmental and social costs are part of the economic

system (including external environmental costs) and external diseconomies have to

be taken into account when pursuing sustainable consumption and production. The

significance of energy alternatives based on locally available renewable resources,

such as bioenergy, is an important aspect of creating a new energy mix. At the same

time, increasing the energy efficiency of the whole economy and all energy

alternatives is an indispensable precondition for transitioning towards a renewable

energy system and a society oriented towards sustainability.

In order to develop a modern and forward-looking energy supply from biomass,

such as biomass for heat and power generation and liquid biofuels for transport,

there has to be a balance between the amount of biomass required for food

production and for material purposes. Crop types, production methods and conver-

sion technologies need to be matched with local conditions within the different

landscapes to establish a national transformation plan and to reduce the increasing

land use competition between food/fodder production, bioenergy and forests.

3.5 Take-Home Messages

• According to “Agenda 1” of “Agenda 21”, renewable energy is the key to

sustainable development and replacing fossil fuel energy supplies with renew-

able supplies can be achieved with existing technology.

• There are many estimations of the future biomass potential. However, if we

compare the average global bioenergy production potential in 2050 with the

highest predictions regarding global primary energy consumption in 2050,

we have to conclude that bioenergy will play an important part in the future

energy supply.

• From a sustainability point of view, the sustainable energy crop potentials will

realistically be at the lower end of the mentioned range of 200–600 EJ per year.
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Taking possible imponderability into account, biomass’s estimated contribution

to the future global energy supply will vary from below 100 EJ per year to above

400 EJ per year in 2050. The annual sustainable bioenergy market is estimated to

generate 270 EJ per year (Hall and Rosillo-Calle 1998).

• Despite energy crop potentials, residue potential is seen as an important

bioenergy source that could contribute between 60 and 325 EJ per year.

• Land availability, water scarcity and biodiversity concerns are the most important

factors influencing bioenergy potential estimates. More realistic studies should

focus on these factors.

• Bioenergy production is largely regulated by land availability. Today, only

0.19 % or 25 million hectares of the world’s total land area are used for

bioenergy production.

• Confirmation is needed of bioenergy production’s sustainability. The World

Bioenergy Association (WBA) is preparing a report called “Certification Criteria

for Sustainable Biomass for Energy”. The current book is a best practice

example to illustrate a comprehensive pathway to sustainable biomass produc-

tion in Germany.

• The sustainable use of bioenergy needs a comprehensive assessment and

management of natural resources, such as land and water. Each landscape is

unique and requires a specific assessment of its inherent biomass potential

(see Sects. 4 and 5: Biomass assessment via BETHY in Sect. 4 and BIOSTAR

in Sect. 5). Tools for the assessment of an area’s biomass potential are already

available (e.g., BIOSTAR) as well as comprehensive decision support

methods, such as MCDA.
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Chapter 4

A Process-Based Vegetation Model for

Estimating Agricultural Bioenergy Potentials

Markus Tum, Kurt P. Günther, and Martin Kappas

Abstract We present an approach to estimate sustainable straw energy potentials

by means of a modelled net primary productivity (NPP) product validated against

empirical data on the managed area and mean yields of the main crops in Germany.

We used the Biosphere Energy Transfer Hydrology Model (BETHY/DLR) as a

theoretical framework for estimating the NPP of agricultural areas in Germany. The

BETHY/DLR was driven by remote sensing data from SPOT-VEGETATION,

meteorological data from the European Centre for Medium-Range Weather Fore-

cast (ECMWF) and additional static datasets such as land cover information

(GLC2000), a soil map (ISRIC-WISE) and an elevation model (ETOP05). The

output of the BETHY/DLR, i.e. the yearly accumulated NPP, was first converted

into straw potentials through simple allocation rules (root-to-shoot and yield-to-

straw ratios). Thereafter it was converted into energy potentials through species-

specific lower heating values. The 2006 and 2007 results were compared with data

from the literature. Using this method for estimating sustainable bioenergy

potentials, we found good compatibility between the established approaches with

only little overestimations (up to 12 %) and high correlations with the R2 of up to

0.78. Our analysis shows that the presented approach fills an important gap in

estimating energy potentials from the modelled NPP. The estimated straw biomass

energy potentials play an important role in the sustainable energy debate.
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4.1 Introduction

Over the last 60 years, the treatment of straw as a side product of cereal production

has changed considerably in many developed countries. This is mainly due to a

reduction in field straw burning, which used to be done to fertilise the soil, control

pests and avoid nitrogen immobilisation (Børresen 1999). The decreasing demand

for straw as bedding litter in feeding lots due to changes in housing systems (Jorden

et al. 2008) also resulted in many regions experiencing an increase in the available

straw on the fields. However, while leaving straw residues on fields has certain

positive effects, like the stabilization of the topsoil, specific crop rotations require

their removal (Zebarth et al. 2009). Cropping systems with a high straw supply rate

thus offer the possibility of straw removal without changing the soil conditions.

The focus of the current – politically motivated – energy discussion has shifted

toward renewable energy sources and the energetic use of agricultural by-products,

such as straw. Since no competition with human food is related to its use, it has

considerable potential, but is limited by several factors. Two major limiting factors

apply to central Europe: animal husbandry and the demand for organic material for

the humus balance. Over the last 10 years, several studies have been conducted to

assess Germany’s total and regional straw potentials (e.g., Gauder et al. 2011;

Zeller et al. 2011; Pacan and Dröge 2010; Thrän et al. 2009; Fritsche et al. 2004).

These studies’ general approach is to use empirical data on land use and mean

yields to estimate the theoretically informed straw and sustainable energy potentials

after considering the use competitions. Thus, there is always a spatial limitation of

the area on which the empirical data source is based.

Besides these empirical approaches, remote sensing-driven vegetation models,

established to assess the carbon uptake of plants, can also provide information on

the straw potential, but at a significantly higher – raster-based – resolution. Vegeta-

tion models have become an important tool for answering questions on the

mechanisms that drive the carbon cycle and the roles of terrestrial carbon sinks

and sources (Cox et al. 1999). Models, such as the Biosphere Energy Transfer

Hydrology (BETHY/DLR)1 model, have already been tested to estimate the sus-

tainable energy potentials of forests in Germany (Tum et al. 2011) and have shown

reasonably good results. More detailed information on the local availability of straw

potentials is needed if a sustainable and cost-efficient use is to be achieved in terms

of the current political discussion on renewable energy sources.

The primary objective of this study is to investigate an approach to estimate

straw potentials by using the modelled net primary productivity (NPP) from the

BETHY/DLR in a 1 km2 area. Statistical data on the land use and the main crops’

yields, which are at Level 3 of the ‘Nomenclature des Unités Territoriales

Statistiques’ (NUTS), are used to calibrate the estimated straw potentials. Specific

allocation schemes, such as the root-to-shoot and yield-to-straw ratios, are used to

1 The BETHY/DLR was originally designed for global applications (Knorr and Heimann 2001),

after which Wisskrichen (2005) adapted it for regional use.
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estimate the straw potentials. Germany was selected as the test area due to its data

availability. Computing time and hard disk storage issues restricted our modelling

to 2006 and 2007.

4.2 Model Description

The BETHY/DLR is a special soil-vegetation-atmosphere-transfer (SVAT) model

of photosynthesis that takes environmental conditions that affect it into account.

SVAT models track the plant-mediated transformation of atmospheric carbon

dioxide into energy-storing hydrocarbons, such as sugars; this process is called

carbon fixation.

The process of photosynthesis is parameterised following a combined approach

based on methodologies by Farquhar et al. (1980) and Collatz et al. (1992).

Photosynthetic reactions to dark and light are calculated on the leaf level and

treated separately. With this approach, the photosynthesis rate can be limited either

by light availability or the carboxylation enzyme Rubisco – the key player in the

Calvin cycle, which fixes carbon. Owing to the significant differences between their

carbon fixation physiologies, a distinction is made between C3 and C4 plants. –In

the BETHY/DLR, C4 plants, such as sugar beet and corn, can fix more atmospheric

carbon dioxide at higher temperatures than C3 plants, such as barley and wheat.

To extrapolate photosynthesis from the leaf to the canopy level, the canopy

structure and the soil-atmosphere-vegetation interaction is taken into account. The

photosynthetic rate of closed and open canopies (forests, shrubs, grassland and

crops) depends on the Leaf Area Index (LAI). Self-shading is considered by

reducing the photosynthetic rate from the canopy top to the soil by using Sellers’s

(1985) ‘two-flux scheme’ with three canopy layers.

In addition to photosynthesis, other energy transfers, such as heat fluxes between

vegetation and the atmosphere as well as the cooling effect of evapotranspiration,

are taken into account. Furthermore, we consider the soil heat flux and the storage

of heat in the canopy. The coupling of these processes is of great importance, since

temperature-dependent photosynthesis transforms light energy into chemical

energy and finally into carbohydrates by using water and CO2.

The water cycle is also modelled and included in the interaction scheme. Three

reservoirs are considered: soil water, snow, and ‘skin’ or ‘intercepted’ water on leaves

and other parts of the vegetation, which change in space and time. Soil water is

available for vegetation, while evapotranspiration from vegetation and evaporation

from soil determine the water loss to the atmosphere. Water limitation is modelled by

calculating the demand for evapotranspiration. We do so by using Monteith’s (1965)

approach, to which we have applied criteria by Federer (1979) which assume that

evapotranspiration cannot be greater than the limit determined by the soil water

supply and the water uptake of a plant’s roots. Thus, when the dynamic interaction

of, for instance, the soil water balance and photosynthesis is examined, this reflects

the natural behaviour of vegetation, which motivated us to use the SVAT approach.

4 A Process-Based Vegetation Model for Estimating Agricultural Bioenergy. . . 99



Using the BETHY/DLR, autotrophic respiration is modelled as the sum of the

maintenance respiration and the growth respiration. Maintenance respiration is

limited by vegetation-specific dark respiration rates. Growth respiration is assumed

to be a constant fraction of the NPP.

The model output of the BETHY/DLR is given as a time series of the NPP in daily

steps with a spatial resolution and a projection of the land cover classification. For this

study, we used the Global Landcover Classification 2000 (GLC2000) with an area

size of 1 km2.

4.3 Input Data

The inputs for the BETHY/DLR model include two remote sensing datasets derived

from SPOT-VEGETATION, meteorological time series data provided by the

ECMWF and two static datasets describing the soil type and land elevation.

4.3.1 Meteorological Data

The BETHY/DLR requires a meteorological time series with a temporal resolution of

at least once per day. The European Centre for Medium-Range Weather Forecasts

(ECMWF) provides the data, which indicate a spatial resolution of 0.25� � 0.25� and
a temporal resolution of up to four times per day. The ECMWF INTERIM dataset

contains a broad variety of parameters of which air temperature (at 2 m height), wind

speed (at 10 m height), soil water content (in the four uppermost layers), cloud cover

and precipitation are used. The INTERIM reanalysis combines the meteorological

station, satellite and airborne-based measurements. We used these data to calculate

the daily mean minimum and maximum temperatures as well as the daily mean cloud

cover at three heights. The daily temperatures were adjusted to the 1 km2 resolution

of the model output to compensate for the elevation difference between the ECMWF

data and the elevation of each model pixel. We did this by using a 1 km2 elevation

map and the temperature gradient of the international standard atmosphere (�0.65 K

per 100 m).

Using Burridge and Gadd’s method (1974), we calculated the daily average

photosynthetically active radiation (PAR) from the global radiation. We estimated

the PAR by using the incident sunlight for the given day and year, limited by

atmospheric transmissions, which depend on the degree of cloudiness. The daily

average cloud cover was calculated using a weighted sum of each cloud layer. The

advantage of this approach is that it produces more accurate results than the direct use

of radiation forecast data (Wisskirchen 2005).

Daily volumetric soil water content data were needed to calculate the model’s soil

water budget. The soil type information was taken from the International Soil

Reference and Information Centre-World Inventory of Soil Emission Potentials
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(ISRIC-WISE) dataset, which is a harmonization of the global FAO-UNESCO Soil

Map of the World (FAO-UNESCO 1974) and is available with a 5 � 5 arc-minutes

resolution.

4.3.2 Remote Sensing Data

In addition to meteorological data, the BETHY/DLR is driven by two remote-

sensing-based datasets. These consist of the LAI time series and a detailed and

homogenous land cover/land use product. The LAI time series are used to indicate

the phenology of vegetation and are based on the CYCLOPES 10-day composites

dataset that the POSTEL (Pole d’Observation des Surfaces continentales par

Teledetection) database provides.

For each 1 km2 pixel, a time series analysis, namely the harmonic analysis, was

applied to fill the data gaps and eliminate outliers. The harmonic analysis decomposes

a time series into a linear combination of suitable trigonometric functions (sine and

cosine oscillations) of particular periodicities. In principal, the power spectrum is

deconvolved by iteratively finding and subtracting the highest peak of the time series

power spectrum.

The CYCLOPES database also provides land cover and land use information,

indicated as the GLC2000 (Fritz et al. 2003; Bartholome and Belward 2005). To

derive the GLC2000 land cover classes, the FAO’s Land Cover Classification System

(LCCS) (DiGregorio and Jansen 2001) was used. The GLC2000 dataset represents

the year 2000 and includes 22 different land cover classes. The CYCLOPES dataset

was chosen because it is thought to be the most accurate dataset for agricultural areas

(Garrigues et al. 2008).

4.4 Energy Potentials

The main objective of this study is to derive sustainable straw energy potentials

from the modelled and validated NPP (Tum and Günther 2011) of agricultural

areas in Germany, and to compare these with recently published estimates. Straw

energy potentials are of considerable importance for the sustainable energy

discussion and the development of a sustainable energy policy.

Before the energy content of straw is estimated, the modelled NPP needs to

be transferred to dry above-ground biomass. This can be done by using simple

crop-specific allocation schemes. Since the GLC2000 only contains information

about general land use, an additional dataset, describing the area use and yields

of the main crops, had to be implemented in order to differentiate between straw

crops, such as wheat and barley, and non-straw crops, such as sugar beet

and potatoes. We used empirical data from the German Federal Statistical Office,
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which conducts a yearly farm structure survey. It contains yield and area use

information on the main crops grown in each NUTS 3 region. The NUTS hierar-

chical spatial classification starts with the member states of the European Com-

munity (EU) (NUTS 0), followed by the regions of the EU (NUTS 1), which are

separated into basic administrative units (NUTS 2), and ends with the

subdivisions of these basic administrative units (NUTS 3). However, a criterion

was needed to fill the gaps in the dataset. We thus assumed that the gaps in a given

crop could be filled by using the mean yield of the given crop from the German

NUTS 3 units.

In a first step, the modelled NPP of the BETHY/DLR was aggregated into

NUTS 3 units and compared to the NPP values of each NUTS 3 unit, which, as

described by Tum and Günther (2011) were calculated from the empirical data.

To calculate the NPP of straw-providing crops (NPPs) the NPP of non-straw-

providing crops (NPPns) was subtracted from the aggregated modelled NPP per

NUTS area (NPPN). The percentage of land use was taken into consideration as

described in the empirical dataset.

NPPs ¼ NPPN � NPPns (4.1)

The remaining NPPS was then transferred to above-ground NPP (NPPa) by

subtracting the below-ground NPP part (NPPb), using crop-specific root-to-shoot

ratios:

NPPa ¼ NPPs � NPPb (4.2)

In a next step, the straw content (NPPst) of NPPa was calculated by subtracting

the yield content (NPPyi), using crop-specific yield to straw ratios:

NPPst ¼ NPPa � NPPyi (4.3)

The final sustainable straw potential (Spot) was then calculated by adding non-

carbon (nonC) and water (H2O) contents to NPPst. We used Gauder et al.’s (2011)

empirical factor of 0.29 in respect of the use competitions of the harvested straw.

Spot ¼ ðNPPst þ H2Oþ nonCÞ � 0:29 (4.4)

In addition, we applied Tum and Günther’s (2011) crop-specific root-to-shoot

and yield-to-straw ratios, water and non-carbon contents.

The recently available Spot values per NUTS 3 region can be used directly to

estimate sustainable straw energy potentials. To do so, species-specific lower

heating values (H) are needed to convert dry above-ground biomass into energy.

The heating values represent the maximum energy output from burning biogenic

solid fuels and are measured in megajoules per kilogram. Since the GLC2000

does not provide any information on crop species, we calculated a mean heating
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value per NUTS 3 unit (<H>). Kaltschmidt and Hartmann’s (2001) heating

values for rye, wheat, barley and rapeseed straw were used in this study.

We calculated the energy potential (Jn) of each NUTS 3 unit, as shown in

Eq. 4.5.

Jn ¼ Spot � Hh i (4.5)

In a last step, the energy potentials per NUTS 3 unit were spatially reallocated,

using the modelled NPP values. To do so, we assumed that the high NPP values of

the model output represented high energy potentials and vice versa. We calculated

the energy content (Ji) of each pixel (i), as presented in Eq. 4.6.

Ji ¼ NPPi

NPPN
� Jn (4.6)

With this approach, we assumed that each pixel’s percentage of straw-providing

crops is similar to that of the full NUTS 3 region.

4.5 Results and Discussion

Figure 4.1 depicts the estimated 2006 and 2007 annual straw energy potentials in

Germany in accordance with the study’s spatial resolution of 1 km2. In both years,

central Germany was identified as the area with the highest energy potential values.

This area is located in the Magdeburger Börde, which is well known for its

extensive agricultural use. Other areas, such as the Münsterland in northwest

Germany and parts of southeast Germany, show significant variability over the

2 years of observation. Overall, the calculated energy potentials in 2006 were lower

than in 2007, which we assume was caused by climate conditions. The mean annual

energy potential in 2006 was 0.52 [TJ km�2 year�1] with a maximum of 2.85 [TJ

km�2 year�1]. In 2007, the mean annual energy potential was 0.70 [TJ km�2

year�1] with a maximum of 2.75 [TJ km�2 year�1]. The total annual estimated

energy potential was thus 156 PJ in 2006 and 217 PJ in 2007.

Our estimates agree well with the values of the mean straw potentials reported in

the literature (Zeller et al. 2011). Three methods were used to estimate the annual

straw potentials in Germany and its 16 federal states. These methods consider

the humus balance, which is required for sustainable crop and soil management

as well as forming the basis of the direct payment obligation, i.e. the accounting

regulation. Depending on the method of estimation, the mean annual energy

potentials of 112–186 [PJ year�1] are calculated for Germany by applying a mean

heating value H of 14.05 MJ kg�1. The heating value represents dry matter with

14 % moisture.

In addition to the annual sum, we analysed the correlation between the modelled

sustainable energy potential of both years and the mean sustainable energy straw

potential of each Federal State in Germany as presented by Zeller et al. (2011).
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Therefore, the biomass potential was converted into energy potentials, again using a

mean H value of 14.05 MJ kg�1. The results are presented as linear regressions in

Fig. 4.2.

Figure 4.2 shows that, in both years, the sustainable energy potential, which was

calculated using the BETHY/DLR model, tended to be slightly overestimated on

the Federal State (FS) level. The R2 values of 0.78 and 0.70 indicate a high degree

of correlation between 2006 and 2007. In order to quantify the correlation between

our estimations and the literature data, the root mean square error (RMSE) was

calculated for both years; the RMSE for 2006 is 3.9 PJ FS�1 year�1 and, for 2007,

it is 6.5 PJ FS�1 year�1. Figure 4.1 clearly indicates that, in 2006, the sustainable

energy potentials for most regions in Germany were lower than in 2007. Our

assumption that this finding is related to meteorological conditions is supported

by a note in the agro-meteorological bulletin posted by the MARS (Monitoring

Agriculture with Remote Sensing) project (MARS 2006). The MARS project

characterised 2006 as ‘a below-average cereal season explained by hot and dry

summer followed by over-wet conditions at harvest’. A mean wheat yield (includ-

ing soft and durum wheat) of 6.6 tons per hectare was reported for Germany, while

the 5-year moving average was 7.4 tons per hectare. This indicates a reduction of

about 11 %. On the other hand, barley and grain maize show the same yields as in

previous years. Thus, in 2006, Germany’s total cereal yield was slightly lower than

the 5-year average. In 2007, the cereal production in “Germany was again limited

by wet conditions at harvest (winter cereals) but not on the same amplitude as in

2006” (MARS 2007). In 2007, the wheat yield was more or less on par with the

Fig. 4.1 Sustainable energy potential in terajoules per 1 km2 pixels of agricultural areas in

Germany in 2006 and 2007 modelled by the BETHY/DLR. Low energy potentials are indicated

in blue, intermediate in beige, and high energy potentials in red. Grey represents areas that the

GLC2000 has not designated as managed regions
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5-year average. The barley yield estimates were about 3 % lower, while that of

grain maize was about 8 % higher than the average yields. According to the MARS

bulletins, 2007 was overall a more productive year than 2006. Our results support

this finding.

Revisiting Fig. 4.1, the Magdeburger Börde can clearly be identified as an area in

central Germany with high energy potentials. This is also an area with extensive

agricultural use. The ISRIC-WISE dataset reports large amounts of cambisols and

chernozems, which are very fertile soils. Areas rich in chernozems, which are

among the most fertile soils, are especially sought after as agricultural land. Thus,

a constantly high straw potential is expected for areas with these types of soils, as

seen in both years.

In northwest Germany, namely the Münsterland, high energy potentials are

observed for 2006 and, to a lesser degree, 2007. In the Münsterland, the total

Fig. 4.2 Correlation between

sustainable energy potentials

of the 16 Federal States of

Germany, derived from the

modelled NPP with data from

Zeller et al. (2011). The 2006

and 2007 energy potentials

are modelled. Data points

indicate the Federal States’

energy potentials. Dotted
lines indicate a perfect
correlation while solid lines
indicate the correlation found

by means of a linear

regression. Energy potentials

are given in PJ per Federal

State (FS) and year
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amount of precipitation in 2006 (732 mm) was considerably lower than in 2007

(831 mm) – even lower than the 10-year average (781 mm). A similar precipitation

pattern is seen in 2006 and 2007 in the area around Landshut in southeast Germany.

In the Landshut area, the precipitation was about 736 mm in 2006 and 971 mm in

2007, as shown in Table 4.1. When discussing the energy potential of straw and

biomass development, the most important meteorological parameters are the pre-

cipitation and the mean temperature during the growing season. For our analysis,

we defined the growing season as the period between 15 April and the end of

September. During the growing season, the precipitation in both years was higher

than the 10-year average of both regions.

An analysis of the monthly mean temperatures, which we calculated using the

daily values taken from the ECMWF data, was performed for both regions to

investigate the potential warming or cooling effects on the plant growth and,

ultimately, on the straw energy potential. Figure 4.3 presents the time series of

the mean monthly temperature of the Münsterland and Landshut areas in both

years.

The 2006 and 2007 monthly mean temperatures differed significantly in the non-

productive time period (from January to mid-March and from October to Decem-

ber) in both regions. However, there were slight differences in the temperature

between the growing seasons (mid-March to September) in the two areas. The mean

temperature during the growing period from mid-March to September was lower in

the Landshut region in 2006 than in 2007 and equal in the Münsterland region.

Compared to the 10-year average, the 2006 mean temperature was lower in both

regions. An explanation for the high energy potentials in the Münsterland in 2006

and in the Landshut region in 2007 is found when examining the scatterplot of the

mean temperature and precipitation in the growing season from 1999 to 2010, as

shown in Fig. 4.4. All the mean values of the meteorological parameters are based

on the daily ECMWF data. It is evident that the 2006 growing season was relatively

cold and wet in the Landshut region, while the 2007 growing season was relative

warm and wet (compared to the 10-year average – shown in Fig. 4.4 as an open

Table 4.1 The precipitation rates of the Münsterland and Landshut areas in millimetres and the

2006 and 2007 mean temperatures in �C

Münsterland Landshut area

10-year mean precipitation sum [mm] 781 779

10-year mean precipitation sum [mm] for the growing

season (15 March–30 September)

432 422

10-year mean temperature (15 March–30 September) [�C] 15.2 14.7

2006 2007 2006 2007

Precipitation sum (1 January–31 December) [mm] 732 831 736 971

Mean temperature (1 January–31 December) [�C] 11.4 11.4 9.4 10.1

Precipitation (15 March–30 September) [mm] 475 496 427 558

Mean temperature (15 March– 30 September) [�C] 14.9 15.4 13.9 15.0
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diamond). The 2006 growing season in the Münsterland region was only a little

colder and wetter than the 10-year average, but the 2007 growing season was a little

warmer and significantly wetter than the 10-year average. In sum, in 2006, the

meteorological conditions in the Münsterland region were more favourable than in

2007. In 2006, the cold conditions in the Landshut region reduced the biomass

growth and, thus, the energy potential of straw.

The mean yields of the two NUTS 3 units we investigated were derived from

an agricultural statistical survey. When the mean yields of the two NUTS 3 units,

which are representative of the two described regions, are studies, it becomes evident

that our modelled NPP data show lower yields and, thus, lower straw potentials

(Table 4.2) for the Landshut region in 2006 and for the Münsterland in 2007.
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Fig. 4.4 Scatterplot of the precipitation sum [mm] and the mean temperature [�C] of the growing
season (15 March–30 September) over 11 years (1999–2010). The Münsterland data are presented

as squares (magenta) while the Landshut region data are indicated by diamonds (blue). The
average values of both regions is presented as open symbol
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Fig. 4.3 The 2006 (triangles) and 2007 (diamonds) monthly mean temperatures of the

Münsterland (left) and Landshut areas (right) in �C
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4.6 Conclusion

Germany’s sustainable straw energy potentials in 2006 and 2007 were calculated

using the modelled NPP from the BETHY/DLR vegetation model. Inputs for the

model were the LAI time series from the VEGETATION satellite, meteorological

data from the ECMWF and land cover/land use data from the GLC2000. In this

chapter, we presented an approach to estimate sustainable energy potentials by

using empirical data on average grain yields and on the acreage of main crops on the

NUTS 3 level. Using conversion factors (root-to-shoot and corn-to-straw ratios),

the modelled NPP data were converted into harvested straw per NUTS unit. Thus,

the NUTS’s specific land use practices were taken into account. Compared to

recently published straw potential values (Zeller et al. 2011), this method yielded

reasonably high coefficients of determination (R2 up to 0.78), combined with a

slight overestimation (up to 12 %), therefore allowing strong conclusions to be

drawn about the usability of the presented method.

We indicated the differences between two areas’ rate of precipitation and mean

annual temperature. We furthermore proved that lower mean temperatures and wet

conditions, especially during the growing season, correspond to lower mean grain

yields. We hypothesised that significantly cooler mean temperatures during the

growing seasons, combined with high precipitation rates, cause yield losses. This

phenomenon also corresponds to our calculated sustainable energy potential, which

is a good indicator of our method’s usefulness.

This study illustrated an approach to calculate sustainable straw energy

potentials that we believe will be useful in estimating the energy potentials of the

modelled NPP products with a medium resolution. This method could also be used

as a downscaling approach to empirically derived straw potential data on a NUTS

level, as the model’s results could help to spatially represent the NUTS information.

Acknowledgements This study was conducted under the EU FP7 projects EnerGEO (Grant

agreement no.: 226364). We would like thank the ECMWF, MediasFrance and the IIASA for

providing us with data.

Table 4.2 Mean 2006 and 2007 yields of important straw-providing crops in two NUTS 3 units in

Germany

Winter-wheat Rye Winter-barley Summer-barley Oats Triticale Other cereals

Landshut

2006 70.4 54.3 56.8 46.7 49.6 68.8 57.8

2007 78.6 62.1 65.3 51.0 50.0 76.2 63.9

Steinfurt

2006 68.4 60.4 59.2 44.5 39.7 54.7 54.5

2007 60.7 40.7 48.5 34.3 38.3 47.3 45.5

Steinfurt is representative of the Münsterland area, while Landshut represents the area surrounding

Landshut. The values are given in dt ha�1
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Chapter 5

Modelling Site-Specific Biomass Potentials

Roland Bauböck

Abstract During the past few years, increasing energy prices and climate protection

policies have boosted the use of renewable energy sources in Germany. In particular,

the conversion of biomass from agricultural land into liquid or gaseous fuels is

estimated to make up nearly 40 % of the country’s future renewable energies mix

(BMU 2009 and BMVBS, Globale und regionale Verteilung von Biomassepo-

tentialen. Status-que und Möglichkeiten der Präzisierung. BMVBS-Online

Publikationen 27/2010, Ministerium für Verkehr (BRD), 2010). Different

methodologies andmodelling approaches can be used to estimate or calculate biomass

potentials. In this chapter, we describe a method for estimating agricultural biomass

potentials, namely the carbon-based crop modelling approach (Azam Ali et al.

Perspectives in modelling resource capture by crops. In Resource capture by crops.
Proceedings of the 52nd University of Nottingham Easter School (pp. 125–148).
Nottingham: Nottingham University Press, 1994), and briefly compare it with other

methods.

Scientists at the University of Göttingen and the LBEG (Lower Saxony state office

of mining, energy and geology) in Hanover developed a carbon-based crop model

(BioSTAR) with which to assess site-specific and larger area biomass potentials in

Lower Saxony. Using measured agricultural harvest data from a farm in the

Wolfenbuettel district (from 2005 to 2008), the first validations of the model have

rendered satisfactory results. In respect of sugar beet, winter wheat and maize, the

stability index of the modelled yields spans from R2 ¼ 0.72 (s-beet) and R2 ¼ 0.82

(w-wheat) to R2 ¼ 0.88 (maize). In order to further expand agricultural biomass’s

use in biogas facilities in the administration district of Göttingen, the Jühnde district’s

biomass potential was calculated using the BioSTAR tool. Depending on the intensity

and crop rotation, the Jühnde district’s (�5–7.5 km radius) annual biomass potentials

are between 12,935 and 46,306 t of total dry mass.
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5.1 Introduction

Owing to an increasing international demand for energy and the rising prices of

fossil fuels, biomass fuels (solid and liquid) have been experiencing a renaissance

in Germany the last few years. Since 2000, when the German government released

the first version of the Renewable Energy Source Act (EEG), the use of non-

traditional biomass – i.e. forms of biomass usage other than burning wood in

household fireplaces – has increased considerably. Particularly, the use of agricul-

tural biomass for energy production has risen continually since then. The number

of biogas production facilities has increased from 1,043 in 2000 to about 5,800 in

2010. Installed electrical power increased from 450 MW in 2000 to 2,400 MW

in 2010 (FNR 2011). However, the use of traditional biomass (for small furnaces in

private homes) has also increased by 60–80 % (BMU 2009). This development is

probably due to the increase in oil prices.

Together with the rapid development of bioenergy facilities, the agricultural area

used for renewable resources (energetic and material usage) increased from about

600,000 ha in 2000 to over 2,000,000 ha in 2009. The production of energy crops

(mainly maize) for use in biogas facilities covered about 30 % of this area. Another

44 % was used to grow crops for fuel production (mainly oilseed rape) (FNR 2011).

The German government aims to reduce the country’s dependence on fossil fuels

and to reduce greenhouse gas emissions by 40 % by 2020 (compared to the 1990

emissions). It therefore established the Integrated Energy and Climate Programme

(IEKP) and the National Biomass Action Plan, according to which bioenergy’s

contribution to electrical energy consumption and to the total heat demand should

respectively reach 8 and 9.7 % by 2020 (BMU 2009). The share of biofuels is meant

to increase to 12 %. An increase in energy efficiency is part of the IEKP in order to

achieve these goals. The current primary energy consumption (13.5 EJ in 2009) is

projected to drop to about 10.8 EJ in 2020 (an approximate reduction of 2 % p.a.,

BMU 2007)

Two recent studies (BMU 2009 and BMVBS 2010) have come to similar

conclusions – depending on the type of bioenergy production and the efficiency

of the resource capture – regarding the potentials of biomass and its contribution

to the future total energy production (Table 5.1). If, however, the amount of energy

produced from biomass stems from less efficient technologies and the usage thereof

(e.g., first generation biofuels or electricity generation without heat utilisation),

these potentials will be lower. An energy yield of 180–230 GJ * ha�1 * p.a.�1

has been assumed for the BMU scenario (Table 5.1). If less efficient bioenergy

production strategies are dominant, the yield potential can drop as low as 100 GJ
* ha�1 * p.a.�1.
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5.2 Modelling Agricultural Biomass Potentials

The history of crop modelling dates back to the late 1960s with the pioneering work

of C.T. de Wit and others (Bouman et al. 1996). At that time, computer technology,

knowledge of plant physiology as well as the understanding of plant-environment

interactions (Monsi and Saeki 2005; Monteith 1977; Mc Cree 1970 to name just a

few) had reached a point where the construction of crop models became feasible.

The objective of these firstmodelling attemptswas to attain a better understanding of

the underlying physiological processes on a crop scale and to describe agro-ecological

systems (van Ittersum et al. 2003). Since its start, themodelling of agricultural crops has

become an important tool in the fields of research, education and farming. The

application of models can lead to the more effective use of existing knowledge and

thus support plant breeding, the training of agriculturalists at universities and more

efficient crop production in general (Penning de Vries et al. 1989).

In the scientific community – mainly in the US, Europe and Australia (Bouman

et al. 1996) –several teams have developed crop models (Whistler et al. 1986).

Moreover, new models appear regularly in the literature (Brisson et al. 2003).

Whistler et al. (1986) and van Ittersum et al. (2003) provide a broad overview of

existing crop models.

Table 5.1 Contribution potentials of biomass to the energy demand of

Germany

Source: BMU (2009), BMVBS (2010)

Shaded columns are minimum scenarios, non-shaded columns are maximum

scenarios
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With so many models available, one might question why there is a need for yet

another model. However, as Sinclair and Seligman (1996) argue, no single model

can be comprehensive enough or sufficiently adequate to serve a modeller’s every

need. Different demands and the lack of data on the spatial scale, input/output

variables and the user group for a model, often make building user and scale-

adapted models necessary.

As a general rule, crop models can be classified as empirical, semi-empirical or

mechanistic. The mechanistic, simulation-type model is also called an explanatory

model (Penning de Vries et al. 1989). Models can be further distinguished in

accordance with their main features, i.e. whether they are dynamic or static as

well as whether they are deterministic or stochastic (Azam-Ali et al. 1994).

As the empiricism in a model decreases and the number of mechanistic functions

increases, the model becomes increasingly comprehensive and its capabilities

broaden from a simple summary of data to the interpretation of experimental

results. Depending on its number of mechanisms, a model is ranked hierarchically

according to the working-level of detail (Whistler et al. 1986). This may entail, for

instance, the spatial level of analysis (ecosystem, crop, cell or molecule), the time

frame (years, months, days or hours) and the database (field experiments or

laboratory experiments).

Penning de Vries et al. (1989) note that comprehensive models are often

unwieldy and unsuitable for use outside the research group that developed them.

Moreover, they argue that summary models (abstracts of comprehensive models)

are a better choice as far as educational use and applicability are concerned.

5.2.1 General Crop Model Functions and Processes

All crop models aim to simulate the resource capture of the crops or individual

plants and to generate one or more output variables, which are generally

the harvestable yield of the crop or components thereof. At the heart of any model’s

functions is a “growth engine”, which calculates the assimilate turnover through the

process of photosynthesis (Azam-Ali et al. 1994). Any plant or crop not growing

in a controlled or unnatural environment is part of the soil-plant-atmosphere

continuum (SPAC) (Philip 1966) and is therefore subject to soil or atmospheric

resource limitations.

De Wit proposed a classification of crop production systems based on growth-

limiting factors to account for the limitations in modelling plants’ resource capture

(Penning de Vries et al. 1989). Crop production at level one implies that ample

water and nutrients are available for the crops and that these crops produce a higher

yield than at any other level. At the second production level, growth is limited by

water shortages during at least a part of the growing season. At production level

three, nitrogen becomes a limiting factor for at least part of the growing season and

water shortage or poor weather for the remainder thereof. At the fourth production
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level, there is a shortage of phosphorus and other mineral nutrients and the growing

season often lasts less than 100 days.

The atmospheric limitations to crop growth are primarily the availability of

water (precipitation), the temperature and radiation, and, secondarily, the prevailing

wind speeds and the vapour pressure deficits. Crop models also take another

important factor into account, namely that green plants reduce CO2 and other

substrates during the photosynthesis process, incorporate the assimilated substance

into new plant structures and maintain themselves as a living unit (Loomis and

Amthor 1999).

5.2.2 The Solar Engine

A central function of every crop model is to simulate the process of photosynthesis

in one way or another. Leaf photosynthesis is simulated by using genotype-specific

coefficients for the maximum photosynthetic rate (Amax in mmol CO2
* m�2 s) and

the quantum efficiency of the species (measured in mmol CO2 per mol radiation

received).

The fraction of radiation that is photosynthetically active or usable for plants

(~400–700 nm) is called photosynthetically active radiation (PAR) and amounts to

about 50 % of the total incoming shortwave radiation (Sinclair and Muchow 1999).

Leaf photosynthesis can be calculated with these two base parameters (coefficients

for the maximum photosynthetic rate and quantum efficiency) and knowledge of

the incident radiation. The leaf area index of the crop and the crop-specific light

attenuation coefficient have to be known to extrapolate the leaf photosynthetic rate

to the whole canopy. As a last step, the gross canopy assimilation can be predicted

by means of mathematical functions (Boote and Loomis 1991).

To accurately model CO2 assimilation, respiration (maintenance and growth) has

to be accounted for. Different species’ respiration rates vary and are influenced by

temperature and the development stage of the crop (Penning de Vries et al. 1989).

Amthor (1989) provides a listing of the respiration coefficients of several crop species.

This approach to modelling resource capture is called carbon-based modelling.

A simpler way of simulating a crop’s dry matter accumulation is to employ the

radiation use efficiency (RUE) coefficient of the species. This way of accounting

for biomass accumulation is called the Monteith approach (Monteith 1977). Crop

modellers often use these coefficients to demonstrate dry matter accumulation’s

dependence on incoming solar radiation by means of the linear regression method.

Since the accumulation of crops’ dry matter is also dependant on climatic

variables other than radiation, for example, vapour pressure, and on water avail-

ability, the transfer of RUE values to different locations can be problematic and can

lead to a false simulation of dry matter accumulation. The problems associated with

using crop-specific RUE values have been extensively discussed in the literature

(Demitriades-Shaw et al. 1992, 1994; Arkebauer et al. 1992; Monteith 1994;

Loomis and Amthor 1999) and have, to date, not been entirely rejected.
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5.2.3 The Water Engine

The transpiration function is closely related to the photosynthesis process. Under

production level one, a crop’s water consumption would not need to be modelled at

all. Owing to soil water retention, water can be a limiting factor for growth even in

humid or sub-humid climates.

To assess the soil-water balance during the growing period and especially in

those months with high evaporative demand, crop models need to take evapotrans-

piration (evaporation plus transpiration) into account. The Penman-Monteith

method is a widely used approach to calculate potential evapotranspiration (Allen

et al. 1998). Furthermore, in order to account for water loss due to runoff and

interception evaporation, a crop’s daily water balance and that of the soil profile

underneath it need to be calculated.

Depending on the availability of water through precipitation and the soil reser-

voir, the actual rate of evapotranspiration can fall below its calculated potential. To

account for this situation, a layered soil sub-model is needed to calculate the water

extraction by the root system.

The pf curve and the water balance of each soil layer represent the input data for

water movement in the soil. Model-generated values of root depth and root distri-

bution as well as information on root-length and root-weight ratios are needed to

calculate the actual water extraction by the roots.

Another approach to modelling crops’ biomass accumulation uses a water

productivity (WP) coefficient. Like the RUE-based models, these models avoid

the more complex algorithms for converting radiation interception and CO2 assimi-

lation and dissimilation; they may therefore require a smaller number of crop-

specific input variables. Water productivity models are based on the observation

that biomass accumulation in a crop is linearly proportional to the water transpired

over a given time period (Todorovic et al. 2009). Another advantage of WP-based

models is that they can be normalised according to the climate (vapour pressure and

CO2) and, unlike radiation-driven models, can therefore be transferred to different

climate environments more easily (Steduto et al. 2007). CropSyst (Stöckle et al.

2003) and AquaCrop (Steduto et al. 2009) are examples of models that use WP

coefficients for substance accumulation.

5.3 The Crop Model BioSTAR

5.3.1 Model Development Objectives

The model presented here was designed to be application oriented and to serve as a

decision support tool for the economic and ecological optimisation of bioenergy

cropping systems in Lower Saxony. Lower Saxony yields are modelled with the

current, long-term and projected future climate data. Changes in the atmospheric

CO2 concentration are considered for model runs with the projected climate data.
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The model was developed as part of the research project “Sustainable use of

Bioenergy – bridging climate protection, nature conservation and society”. The

yield potentials that the model generates are used as a database for economic and

ecological planning in three test districts. In each district, modelling is supported by

close collaboration with a cooperating farm.

On the cooperating farms, new cropping rotations and crops were tested as part

of the field research trials (see Chap. 6). Weather data from the adjacent climate

stations (Liebenburg, Seesen, Celle, Goslar and Pabstorf) and from a weather

station at the Goslar test site (the administration district) were used to calibrate

the model. The model’s soil input data were taken from the Lower Saxony Soil

Information System (NIBIS®) on a scale of 1:5,000.

In the first development phase, the nitrogen dynamics and vertical water move-

ment in the soil were ignored. The model was designed to simulate crop growth at

the first or second production level (see above), depending on the user

specifications. Since the regionalised input climate data are an aggregation of

data obtained over more than 40 years, the administration districts’ modelled yields

are average potentials within the climate and soil’s given production limitations.

Weather station data (point data) were used to calculate the yield generation on the

cooperating farms and to calibrate the model, thus allowing individual years to be

modelled. The location-specific attainable yields from various crops and cropping

systems could subsequently be used as a basis for economic cost calculations as

well as regional or ecological planning.

The modelling objective of the BioSTAR development stage is to generate site-

specific maximum attainable yields reflecting the variations in soil and climate and

given the best farming practices with the current agricultural technology.

5.3.2 Description of the Model

The algorithms on which the model is built can be roughly divided into three main

groups. The first set of algorithms keeps track of CO2 flows and radiation utilisation

during the assimilation and respiration processes. The second set of algorithms

is linked to the photosynthetic process and the crops’ water usage, which –

depending on the water availability (soil moisture and precipitation) and water

demand (evapotranspiration) – it regulates. The third set contains those equations

required to define the crop’s development speed and development stage, the

development of the leaf area, the expansion of root growth and the distribution of

plant biomass in roots, grain and straw.

The BioSTAR model’s prototype, which was used to calculate triticale and maize

yields in the Göttingen district (Bauböck 2009), used the RUE coefficient approach

for the crop-specific computation of photosynthesis and respiration. Using RUE

coefficients in a crop model reduces the number of crop-specific input variables.

However, these coefficients might have to be adjusted when the model is used in

climates that differ from the one in which the RUE values were originally measured.

Especially the influence of temperature on photosynthesis and the effect of water
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vapour pressure (atmospheric water demand) and soil moisture content (water sup-

ply) can be difficult to model with a RUE coefficient (Todorovic et al. 2009).

With these problems in mind, the successor of the prototype model was devel-

oped as a carbon-based model (Azam-Ali et al. 1994). This more complex approach

to modelling photosynthesis made it is possible to incorporate several functions into

the model. These functions are used to either lower or increase the photosynthetic

rate in response to the limiting factors in the SPAC. Figure 5.1 presents a flow chart

of the model, thus providing an overview of the different components and

their interconnections.

5.3.3 Modelling Photosynthesis, Leaf Area and Transpiration

To keep track of a crop’s photosynthetic rate (abbreviated to PR in the following),

the amount of the PAR present per square meter is fed into a crop-specific

radiation utilization curve. The output value of the curve is the gross CO2

assimilation rate.

By using temperature-dependent input parameters for this curve (initial light use

efficiency and the maximum point of the PR), it is possible to continually adjust the

PR to the temperature in the model. Using additional functions, we can model

Fig. 5.1 Flow chart of the BioSTAR model. Abbreviations: L loam, Si silt, Cl clay, Sa sand,

NFKWE usable field capacity in the rooted zone, Rs stomata resistance, Ra aerodynamic resis-

tance, ψs soil matric potential, LAI leaf area index
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the influences of water stress, vapour pressure and nitrogen availability on the PR.

The functions used in the BioSTAR model are either linear or exponential,

depending on the effect they are mimicking.

Since this chapter only intends to provide an introductory description of the

model, the following equations offer a brief overview of its important functions.

The first three equations are common to many crop models, whereas Eqs. 5.4, 5.5,

5.6, 5.7, 5.8, 5.9 and 5.10 were specifically chosen for the BioSTAR model.

In Fig. 5.2, the light use efficiency curve for winter wheat is shown. The x-vector

plots the PAR in mmol * m2�1 * s�1 and the y-vector displays the corresponding

gross CO2 uptake rate in mmol * m2�1 * s�1. The flattening of the curve at 1.4 mmol
* m2�1 * s�1 indicates the species’ light saturation point.

5.3.3.1 Light Interception of the Crop

PPFDI ¼ PPFD � 1� expð�k�LAIÞ
� �

(5.1)

Where:

PPFDI ¼ Intercepted photosynthetic photon flux density

PPFD ¼ Photosynthetic photon flux density

k ¼ Crop-specific light attenuation coefficient

LAI ¼ Leaf area index

Fig. 5.2 Light use efficiency curve of winter wheat (Source: Data used in the BioSTAR model)
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5.3.3.2 Gross Photosynthetic Rate (Ag)

Ag ¼ Amax
� ð1� expð�Qe�PPFDI=AmaxÞ (5.2)

Where:

Qe ¼ Initial light use efficiency (quantum efficiency)

PPFDI ¼ Intercepted photosynthetic photon flux density

Amax ¼ Maximum photosynthetic rate (crop specific)

5.3.3.3 Temperature Influence on Amax (e.g., on Triticale)

AmaxT ¼ 10�5 þ 0:13332 � Tcelð Þ� � � Amax (5.3)

Where:

AmaxT ¼ Temperature dependent Amax value

Tcel ¼ Air temperature in �C
Amax ¼ Maximum photosynthetic rate (crop-specific)

5.3.3.4 Stomata Resistance

Rs ¼ 2,815 � expð�3:13�RSMPÞ (5.4)

Where:

Rs ¼ Stomata resistance in s m�1

RSMP ¼ Relative soil matrix potential (value from 0 to 1, corresponding to 1.5

to 0.01 MPa)

5.3.4 Development of Leaf Area in the Course
of the Vegetation Period

The leaf area indices (LAIs) of different crops and stages of development can vary

greatly (Lindquist et al. 2005; Steduto and Albrizio 2005; Wang 2001; Garcia et al.

1988). According to Gardener et al. (1985), an optimum LAI (>95 % light

interception) is achieved at approximately or slightly below five, which means

that, for each square meter of ground area, there is a corresponding leaf surface

(upper side) of 5 m2.

The LAI development of a crop is governed by several factors that influence the

temperature. Therefore, leaf area expansion and water availability can easily be
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modelled in a crop model (Mailhol et al. 1997; Teruel et al. 1997). Row spacing can

also influence the LAI of a crop, but, in order to reduce complexity, it is always

assumed to be optimal in the BioSTAR model.

If the temperatures are below a crop-specific optimum, crop development and

leaf area growth are delayed. The same can be said for water stressed crops, at least

up to the point of anthesis. After anthesis, water stress can induce a faster senes-

cence of the leaves and a premature deposition of assimilates in the reproductive

organs (e.g., grains). An optimum LAI curve (polynomial, 5th degree) is used

(Fig. 5.3) to mimic the leaf area expansion and decline processes.

In the model, this optimum LAI curve is adjusted with each calculation step

using two further influencing variables. The first variable is the dimensionless

development stage of the crop (Penning de Vries et al. 1989), which is, in turn,

governed by the ambient air temperature and is controlled by crop-specific

coefficients for the period before and after the point of anthesis. The second variable

is the summarised quotient of the possible-to-actual photosynthetic rate of the crop

(the mean PR), which is influenced by the availability of water (Eq. 5.5).

PRmean ¼ Σ PRstcon= PRpot

� �
=NRdays (5.5)

Where:

PRmean: mean photosynthetic rate over the course of the crop development

PRstcon: stomata-conductance-regulated photosynthetic rate

PRpot: potential photosynthetic rate (non-regulated)

NRdays: number of growing days

Fig. 5.3 Idealized leaf area index curve
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The function PRmean renders the value in percentage, which is then used to

regulate the LAI development. Before anthesis, low PRmean values lead to a

lowering of the optimum LAI curve; after anthesis, they induce a faster decline of

the LAI.

An important variable for any crop model is the rate of transpiration, mainly via

the leaves. Ground evaporation is usually high when the crop is at the beginning of

its growing cycle and declines exponentially as the leaf area increases (Merta et al.

2006; Ritchie 1972). Merta et al.’s (2006) equations have been used to model the

LAI-dependent share of evaporation. Since transpiration is directly connected to a

crop’s photosynthesis (gas exchange through the same stomata), the computation of

water vapour movement from leaves into the atmosphere (transpiration) is

modelled with a direct link to crop’s CO2 exchange rate in the BioSTAR model.

In doing so, BioSTAR uses the respective gradients of H2O vapour and CO2 from

the leaf to the atmosphere.

In a first step, the crop-specific internal-to-external ratio of CO2 in the leaves

(Ci) is adjusted with the quotient of the possible-to-actual PR (stomata-induced

reduction) in order to link the photosynthetic rate to transpiration (Eq. 5.6). This

mimics an effect that has been observed in plants. When the photosynthetic rate

drops, the internal or external CO2 ratio of the leaf is lowered accordingly and the

CO2 gradient rises.

In a second step, the H2O gradient from the leaf to the atmosphere is calculated

using the vapour pressure deficit of the air (demand in grams), the mole fraction of

1 g of dry air and the molecular weight of water (Eq. 5.7).

Thirdly, a water use coefficient is calculated by multiplying the quotient of the

H2O gradient and the CO2 gradient (Eq. 5.8) with the factor 1.56 (relative diameter of

a water molecule to the diameter of a CO2 molecule) (Eq. 5.9). In this equation, two

processes can be mimicked. The first process is an increasing transpiration rate with

an increasing vapour pressure deficit of the air. The second is a lowering of the

transpiration rate with an increasing CO2 gradient, caused by a lower internal/external

CO2 ratio. In this way, water stress will reduce the modelled crop’s water demand

and the water usage of species that, in general, require less water for dry matter

production – such as plants with a C4 metabolism – can be modelled adequately.

In a final step, the PR-dependent water usage is calculated by multiplying the

water use coefficient with the gross CO2 assimilation rate (Eq. 5.10).

5.3.4.1 Internal/External CO2 Ratio

IntExt ¼ Ci� ðPRstcon=PRpotÞ (5.6)

Where:

IntExt: The PR-adjusted internal/external CO2 ratio (linear modulation)

Ci: The crop-specific internal/external CO2 ratio

PRstcon: The stomata-conductance-regulated photosynthetic rate

PRpot: The potential photosynthetic rate (non-regulated)
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5.3.4.2 H2O Gradient

H2Ograd ¼ ððH2Odem
�MolairÞ=18Þ�1; 000 (5.7)

Where:

H2Ograd: water gradient from leaf to air

H2Odem: water demand of the air (saturation deficit) in g * m�3

Factor 18: molecular weight of water

Factor 1,000: conversion from mol to mmol

5.3.4.3 CO2 Gradient

CO2grad ¼ 390� 390�IntExtð Þð Þ=1; 000 (5.8)

Where:

CO2grad: CO2 gradient from leaf to atmosphere

Factor 390: CO2 content of air (ppm)

Factor 1,000: conversion from μmol to mmol

Molair): mole fraction of 1 g of dry air

5.3.4.4 Water Use Coefficient

Usecoeff ¼ ðH2Ograd=CO2gradÞ�1:56 (5.9)

Where:

CO2grad: CO2 gradient from leaf to atmosphere

H2Ograd: water gradient from leaf to atmosphere

Factor 1.56: relative diameter of a water molecule to the diameter of a CO2

molecule

5.3.4.5 Actual Water Use

H2Ouse ¼ PRgross
�44�3,600=1; 000�Lday=1; 000

� ��
Usecoeff (5.10)

Where:

H2Ouse: actual water usage in l m�2

PRgross: gross CO2 assimilation rate
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Lday: length of day (daylight)

Usecoeff: water use coefficient (ratio of transpiration to CO2 assimilation)

Factor 44: mol weight of CO2

Factor 3,600: conversion of seconds to hours

Factors 1,000 (2�): conversion of mmol to mol and mg to litres

5.3.4.6 Respiration

Following Amthor’s (1989) and Choudhury’s (2000 and 2001) approach, the

respiration of assimilates in the processes of maintenance and growth respiration

as well as the net primary production (NPP) is computed using the crop-specific

coefficients Rm and YG (see Eqs. 5.11, 5.12, 5.13 and 5.14).

Rm ¼ 2:1�10�4� nf þ nsþ nstþ 2nrð Þ (5.11)

Rm Tð Þ ¼ Rm T ¼ 20ð Þ�2 T�20ð Þ=10Þð Þ (5.12)

RTOT ¼ 1� YGð Þ�Ag þ YG
�Rm Tð Þ (5.13)

NPP ¼ Ag � RTOT (5.14)

Where:

YG: growth conversion efficiency

Ag: gross CO2 assimilation in mol * m�2 * day�1

Rm: maintenance respiration coefficient

Rm(T): temperature-dependent maintenance respiration coefficient

RTOT: total respiration (maintenance and growth)

nf, ns, nst, nr: nitrogen contents of foliage, stem, storage and roots in mmol * m�2

The value attained after the respiration costs have been subtracted corresponds to

the net primary production (dry mass NPP) measured in gram per square meter. The

above-described equations can be used to estimate two important processes, namely

the gross and net uptake of CO2 and the loss of water to the atmosphere in the

process of transpiration.

5.3.5 Model Calibration

Model calibration requires good datasets of yield and weather data. Without

accurate and site-specific measurements of grain or fresh weight yields, the model-

ler can easily mistake these measurement errors for mistakes in the model and will

try to adjust the model to fit the false input data. The data best suited for the
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calibration of a model stem from controlled field trials, including weather

measurements over the course of (at least) the vegetation period.

One of the datasets used for the initial calibration of BioSTAR was taken from

site-specific biomass (fresh weight and grain) yields of a farm in the administration

district of Wolfenbuettel in Lower Saxony, Germany between 2005 and 2008. The

crops cultivated on these sites included winter wheat (n ¼ 51), maize (n ¼ 22) and

sugar beet (n ¼ 30). The agricultural plots on which the crops were grown consist

of a relatively wide spectrum of soil surface types, including clays, loams, sandy

loams, silt loams and peat sites (lowland moor).

The usable field capacity of each site’s rooted zone is the key variable of the

model (nFKWe ! nutzbare Feldkapazität im effektiven Wurzelraum). These data

are available on Lower Saxony’s soil information system (NIBIS® !
Niedersächsisches Bodeninformationssystem). The sites’ nFKWe values, used for

model calibration, range from 100 mm * m�2 to 270 mm * m�2 of water content at

field capacity. In addition to the nFKWe, some of the sites’ ground water tables

reach less than 2 m from the ground surface. Thus, capillary rise into the rooted

zone is possible at these sites.

The climate data used to feed the model were taken from two different sources.

The first is a regionalised (areal data) dataset of long-term (1960–2000) monthly

mean climate values of the area surrounding the farm sites (NIBIS® data). The

second dataset is a record of daily weather data from the DWD station in

Hildesheim (point data). To adjust the regionalised dataset to the individual years

from 2005 to 2008, its mean values (1960–2000) were compared with the long-term

means of the Hildesheim station. The discrepancy between Hildesheim and the

areal data was then used to modify the Hildesheim datasets of the individual years

in order to adapt them to the farm site’s climatic situation. Figures 5.4, 5.5 and 5.6

show the radiation, precipitation and temperature curves for the farm in

Wolfenbüttel from 2005 to 2008.

5.3.6 Interpretation of Weather Data

5.3.6.1 Radiation

When examining the radiation curve for 2008 (Fig. 5.4), there was clearly a good

surplus of incident solar radiation from April until July. From June 2005 until July

2005, the radiation level fell below that of the other 3 years.

5.3.6.2 Precipitation

When comparing all four precipitation curves (Fig. 5.5), 2005 and 2006 show a

sharp drop from May until mid-June. In 2008, a similar drop can be seen reaching a

minimum in May. This drop was also prevalent in 2007, but again shifted one
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Fig. 5.4 Radiation curve (global) in J * m�2 *day�1 of farm plots in Wolfenbuettel during

2005–2008

Fig. 5.5 Precipitation curve in mm of farm plots in Wolfenbuettel during 2005–2008
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month earlier to April. Apart from the drop in precipitation, 2007 had a good

surplus of precipitation from May to mid-June.

5.3.6.3 Temperature

When comparing all four temperature curves (Fig. 5.6), 2006 displays elevated

early to mid-summer temperatures (June–July), which are several degrees higher

than those in the other 3 years. Both 2007 and 2008 had lower than average autumn

temperatures, dropping below 10 �C in October in both months.

5.3.7 Interpretation of Yield Data

5.3.7.1 Interpreting Maize Yields in the Context of Climate

and Field Capacity

In 2005 and 2006, the maize yields (modelled and actual) were at a high level with

fresh weight yields of 610–621 dt ha�1 (deci-tonnes per hectare) for soils with

average field capacities of about 200 mm (Fig. 5.7). In 2007 and 2008, the maize

yields (modelled and actual) dropped below 600 dt ha�1 (587–594 dt ha�1) for soils

with average field capacities of 217 mm.

Fig. 5.6 Temperature curve in �C of farm plots in Wolfenbuettel during 2005–2008
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With regard to the precipitation and radiation curves, all 4 years display good

growing conditions for maize. Even the sharp drop in June (2005/2006) probably

did not affect the maize, since there was plenty of rain in May to saturate the soils.

The lower yields in 2007 and 2008 were probably caused by the drop in

temperature to below 10 �C from September to October in both years. The short-

ened maize vegetation period, in this case by one to 2 weeks, causes the dry matter

content of the harvested biomass to be below the optimum 32–35 %.

5.3.7.2 Interpretation of Sugar Beet Yields in the Context of Climate

and Field Capacity

In 2005 and 2006, the sugar beet yields (modelled and actual) were at a lower level

than in 2007 and 2008 (555–621 vs. 709–748 dt ha�1) (Fig. 5.8). The precipitation

curves for 2005 and 2006 indicate a dry period in June, which might have played a

role in lowering the yields. Another reason for the lower yields could be the overall

higher radiation level in 2007 and 2008 as well as the increase in precipitation in

2007 and the field capacity in 2008.

5.3.7.3 Interpretation of Winter Wheat Yields in the Context of Climate

and Field Capacity

In 2005, 2007 and 2008, the winter wheat yields were at a high level with grain

yields in the range of 90–104 dt ha�1 (modelled and actual) (Fig. 5.9). In 2006,

Fig. 5.7 Modelled and actual maize yields of farm plots in Wolfenbuettel during 2005–2008.

fc ¼ average field capacity in mm m�2
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Fig. 5.8 Modelled and actual sugar beet yields of farm plots in Wolfenbuettel during

2005–2008 fc ¼ average field capacity in mm * m�2

Fig. 5.9 Modelled and actual Winter Wheat yields of farm plots in Wolfenbuettel during

2005–2008 fc ¼ average field capacity in mm * m�2
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there was a depression in the modelled and actual yields, reaching respectively 78

and 73 dt ha�1.

Since the average field capacity in 2006 was slightly higher than in 2005, the

drop in the precipitation curve between June and July cannot be the reason for this

drop. The most obvious explanation is the temperature curve of 2006, with its peak

reaching 24.1 �C in July (Table 5.2). Since these are average monthly temperatures,

the peaks on individual days must have been even higher. The optimum tempera-

ture for the photosynthesis of wheat is about 20 �C and, therefore, an inhibition of

photosynthesis in the June-July period probably led to lower yields in 2006.

5.3.8 Stability Index of the Modelled Data

We can conclude that the model renders good results for the three modelled crops.

The best results were achieved with maize (R2 ¼ 0.88, Fig. 5.10), followed by

winter wheat (R2 ¼ 0.82, Fig. 5.11) and then sugar beet (R2 ¼ 0.72, Fig. 5.12).

Sugar beet proved the most difficult to model. Therefore, the model needs to be

further adjusted and calibrated. The model rendered exceedingly high yields at

three sites with clay-type soils, which were therefore omitted from the sample.

Table 5.2 Weather data of farm plots from 2005 to 2008

R ¼ radiation in J * m�2 * day�1, P ¼ precipitation in mm m�2, T ¼ mean air temperature in �C.
Columns 04–10 and 03–07: R, P, T ¼ sum of mean for periods April–October and March–July
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Fig. 5.10 Regression analysis and stability index for maize

Fig. 5.11 Regression analysis and stability index for winter wheat
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5.4 Modelling Biomass Potentials in the Jühnde Vicinity

The administrative district of Göttingen, situated in southern Lower Saxony, is the

home of Germany’s first bioenergy village, Jühnde. Since the facility in Jühnde

became operational in 2005, three more bioenergy villages (Raiffenhausen,

Wollbrandshausen and Krebeck) have been established in the Göttingen district.

To supply a bioenergy facility or a bioenergy village with biomass requires a

certain percentage of agricultural area within a radius of the facility. This percentage

and the associated radius are further defined by the size of the facility (installed

electrical power) and the type and intensity of the biomass grown to fuel it.

In this context, “intensity” is the percentage of agricultural area used solely for

biomass production in the course of a year, while the type of biomass is defined by the

biomass crops and the crop rotations used. If, for instance, the energy crop rotation

cycle is rather narrow and consists of only maize the radius needs to be bigger, since

European cross-compliance measures require a 2-year break between two maize

cultivations on one site. If the energy crop rotation cycle comprises two or more

cultures, the radius can be smaller (see also Chap. 6).

The radius around the facility is limited to a certain distance (�5–10 km) to keep

transport costs of the biomass within a certain range. For a small facility, 10 % of the

agricultural area around a facility might suffice for energy crop cultivation. For a

Fig. 5.12 Regression analysis and stability index for sugar beet
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larger facility, or to keep transport costs low, 30 % might be needed. Therefore, the

first step in the assessment of the biomass potential available for a planned facility is

to define the desired type of facility and size (electrical power in kW orMW) thereof.

As a rule of thumb, for each 500 kW of installed electrical power, 250 ha of

agricultural land are needed for biomass production. This value may vary, depending

on the sites’ productivity (soil and climate).

This process can also be reversed when the maximum potential for bioenergy

production in an area needs to be established in the process of regional planning. In

this case, the result of the analysis will identify how many bioenergy facilities can be

installed in an area and how much electrical power they will generate.

In the following example, the six boroughs (Dransfeld, Niemetal, Rosdorf,

Buehren, Scheden, and Jühnde) in the Jühnde district, situated in the western part

of Göttingen, were analysed with regard to their biomass potential for energy

production.

In a first step, all the agricultural sites (excluding pastures) were identified and soil

and climate data from the general soil map 1:50,000 (Buek50, NIBIS®) were

processed for usage in the BioSTAR model.

For reasons of practicality and with an open option as to where one or more

bioenergy facilities could be located in the area, the agricultural sites were divided

into eastern, central and western areas. The eastern part (Rosdorf) is characterised by

mostly silt-type soils (river deposits) with high water retention capacities. The central

part (Jühnde) has a combination of loam and clay type soils with lower water

retention capacities than the Rosdorf area. The western part (Dransfeld) has an

increased soil water retention capacity with loam and silt-loam types of soils.

The annual long-term (1960–2000) precipitation was the lowest in the eastern part

(735 mm), higher in Dransfeld (766 mm) and the highest in Jühnde (794 mm) due to

its higher elevation. The annual long-term (1960–2000) mean temperature was the

highest in Rosdorf (8.4 �C), followed by Dransfeld (8.3 �C) and the lowest in Jühnde
(8.1 �C).

Two different scenarios with three different intensities of use were computed to

calculate the potential biomass available for the production of energy. The first

scenario applies to a bioenergy village with 500 kW of electrical power (the same

dimension as Jühnde) while the second is for a bigger biogas facility with 1 MW or

more installed electrical power. The first scenario would require an energy crop mix

of 50 % maize, 25 % triticale (or a similar winter cereal) and 25 % rye-grass. The

second scenario would require a larger share of maize (80 %) and only 20 %

cereal silage.

In total, 9,995 ha of agricultural land are available in all six boroughs. As a rule

of thumb, 2, 4, or 6 MW of electrical power could be respectively installed for each

of the three different intensities (10, 20 or 30 % energy crop cultivation), assuming

an area of 250 ha for each 500 kW (Table 5.3).
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The modelled results – measured in total tonnes and tonnes per hectare dry mass

for maize, triticale and rye-grass – of the three areas are summarised in Tables 5.4,

5.5 and 5.6. Table 5.7 renders the total biomass (dry matter per year) that can be

harvested with the crops, intensities and crop rotations mentioned above.

Figures 5.13 and 5.14 display the triticale and maize yield data generated by the

model. Figure 5.15 depicts the division of the test sites into the three areas.

Table 5.3 Total agricultural area in hectares and installable electrical power

Total area (agr.) 99,950,000 Square Meters

9,995 Hectare

Theoretically available area for energy crops cultivation

Hectare Installable electric power in kW

10 % energy crops 1,000 2,000

20 % energy crops 1,999 4,000

30 % energy crops 2,999 6,000

Table 5.4 Hectares and tonnes of dry mass (total and per hectare) for three areas as well as sums

for total area and averages per hectare

Rosdorf (east) Jühnde (centre) Dransfeld (west) Sum/avg.

Area in hectare 3,326 2,377 4,292 9,995

Maize tonnes 53,013 35,905 68,131 157,049

Triticale tonnes 48,254 33,043 62,282 143,578

Maize (t ha�1) 15.9 15.1 15.9 15.6

Triticale (t ha�1) 14.5 13.9 14.5 14.3

Rye-grass (t ha�1) 6.0 5.0 6.5 5.8

Table 5.5 Hectares and tonnes of dry mass (total and per hectare) for the three areas with 10, 20

and 30 % of agricultural area used for energy crop cultivation scenarios

Rosdorf (east) Jühnde (centre) Dransfeld (west)

10 % 20 % 30 % 10 % 20 % 30 % 10 % 20 % 30 %

Area in hectare 333 665 998 238 475 713 429 858 1,288

Maize tonnes 5,301 10,603 15,904 3,591 7,181 10,772 6,813 13,626 20,439

Triticale tonnes 4,825 9,651 14,476 3,304 6,609 9,913 6,228 12,456 18,685

Maize (t ha�1) 1.59 3.19 4.78 1.51 3.02 4.53 1.59 3.17 4.76

Triticale

(t ha�1)

1.45 2.9 4.35 1.39 2.78 4.17 1.45 2.9 4.35

Rye-grass

(t ha�1)

0.6 1.2 1.8 0.5 1 1.5 0.65 1.3 1.95
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Fig. 5.13 Yield potential of triticale in the Juehnde vicinity (climate data: 1960–2000) (Source:

BioSTAR)

Table 5.7 Potential of annual biomass production in tonnes for two options of bioenergy facilities

(500 kW bioenergy village or big facility with 1 MW or more electrical power) and three intensity

scenarios (10, 20, 30 %)

Small facility 500 kW Big facility 1 MW or more

Tonnes of dry mass per year Tonnes of dry mass per year

Percentage 10 % 20 % 30 % 10 % 20 % 30 %

Maize tonnes 7,852 15,705 23,557 12,564 25,128 37,692

Triticale tonnes 3,589 7,179 10,768 2,872 5,743 8,615

R-grass tonnes 1,493 2,987 4,480

Comb. total tonnes 12,935 25,871 38,806 15,435 30,871 46,306

Table 5.6 Hectares and

tonnes of dry mass (total

and per hectare) for the

three areas with 10, 20

and 30 % of agricultural

area used for energy crop

cultivation scenarios

(100 % is not a scenario

but only displayed for

comparison)

Three areas combined

Tonnes of dry mass per year

10 % 20 % 30 % 100 %

Hectare 1,000 1,999 2,999 9,995

Maize tonnes 15,705 31,410 47,115 157,050

Triticale tonnes 14,358 28,716 43,073 143,576

R-grass tonnes 5,974 11,948 17,922 59,740

Maize (t ha�1) 1.56 3.13 4.69 15.63

Triticale (t ha�1) 1.43 2.86 4.29 14.3

Ryegrass (t ha�1) 0.58 1.17 1.75 5.8
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Fig. 5.14 Yield potential of maize in the Juehnde vicinity (climate data: 1960–2000) (Source:

BioSTAR)

Fig. 5.15 Division of agricultural sites in the vicinity of Juehnde into three areas

136 R. Bauböck



5.5 Conclusion

The biomass potentials calculated by using the BioSTAR model (or any other crop

model) can now be used to approximate the number or size of possible future biogas

facilities in the Jühnde vicinity. These potentials can subsequently be compared

with those calculated using the rule of thumb.

According to the first scenario, an annual potential of 12,935 t of dry mass can be

achieved with an intensity of 10 % energy crops in the crop rotation and a

combination of 50 % maize, 25 % triticale (or other winter cereal) and 25 % rye

grass. With an average annual demand of 3,000 t of dry mass for a 500 kW facility,

four of these (Jühnde-type) biogas plants could be installed.

In the second scenario (the other extreme), an annual biomass potential of

46,306 t could be achieved with a 30 % intensity of energy crops and a combination

of 80 %maize and 20 % triticale (or other winter cereal). Again assuming a demand

of 3,000 t of annual dry mass for each 500 kW, seven 1 MW biogas facilities could

theoretically be built in the Jühnde vicinity without having to import biomass from

outside the area.

However, it should be stressed that these are only theoretical potentials and

whether or not they can actually be achieved will depend on various social, political

and economic factors as well as on farming practices and future climate changes.
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Möglichkeiten der Präzisierung. BMVBS-Online Publikationen 27/2010. Ministerium für

Verkehr (BRD), 2010. ISSN 1869–9324.

Boote, K. J., & Loomis, R. S. (1991). The prediction of canopy assimilation. Modeling photosyn-
thesis – From biochemistry to canopy. CSSA Special Publication no.19.

5 Modelling Site-Specific Biomass Potentials 137

http://www.bmu.de/files/english/pdf/application/pdf/hintergrund_meseberg_en.pdf
http://www.bmu.de/files/english/pdf/application/pdf/hintergrund_meseberg_en.pdf
http://www.bmu.de/files/english/pdf/application/pdf/broschuere_biomasseaktionsplan_en_bf.pdf
http://www.bmu.de/files/english/pdf/application/pdf/broschuere_biomasseaktionsplan_en_bf.pdf


Bouman, B. A. M., van Keulen, H., van Laar, H. H., & Rabbinge, R. (1996). The “School of de

Wit” crop growth simulation models: A pedigree and historical overview. Agricultural
Systems, 52(2/3), 171–198.

Brisson, N., Gary, C., Justes, E., Roche, R., et al. (2003). An overview of the crop model STICS.

European Journal of Agronomy, 18, 309–332.
Choudhury, B. J. (2000). A sensitivity analysis of the radiation use efficiency for gross photosyn-

thesis and net carbon accumulation by wheat. Agricultural and Forest Meteorology, 101,
217–234.

Choudhury, B. J. (2001). Modeling radiation- and carbon-use efficiencies of maize, sorghum, and

rice. Agricultural and Forest Meteorology, 106, 317–330.
Demetriades-Shaw, T. H., Fuchs, M., Kanemasu, E. T., & Flitcroft, I. (1992). A note of caution

concerning the relationship between cumulated intercepted solar radiation and crop growth.

Agricultural and Forest Meteorology, 58, 193–207.
Demetriades-Shaw, T. H., Fuchs, M., Kanemasu, E. T., & Flitcroft, I. (1994). Further discussions

on the relationship between cumulated intercepted solar radiation and crop growth. Agricul-
tural and Forest Meteorology, 68, 231–242.

FNR. (2011). Fachagentur für nachwachsende Rohstoffe: Basisdaten Bioenergie, Gülzow.

Retrieved March 25, 2013, from http://mediathek.fnr.de/media/downloadable/files/samples/f/

n/fnr_basisdaten_2012_web_neu.pdf

Garcia, R., Kanemasu, E. T., Blad, B. L., Bauer, A., Hatfield, J. L., Major, D. J., Reginato, R. J., &

Hubbard, K. G. (1988). Interception and use efficiency of light in winter wheat under different

nitrogen regimes. Agricultural and Forest Meteorology, 44, 175–186.
Gardener, F., Pearce, R. B., & Mitchell, R. L. (1985). Plant physiology. Ames: Iowa State

University Press.

Lindquis, J. L., Arkebauer, T. J., Walters, D. T., Cassman, K. G., & Dobermann, A. (2005). Maize

radiation use efficiency under optimal growth conditions. Agronomy Journal, 97(1), 2–78.
Loomis, R. S., & Amthor, J. S. (1999). Yield potential, plant assimilatory capacity, and metabolic

efficiencies. Crop Science, 39, 1584–1596.
Mailhol, J. C., Olufayo, A. A., & Ruelle, P. (1997). Sorghum and Sunflower evapotranspiration

and yield from simulated leaf area index. Agricultural Water Management, 35, 167–182.
Mc Cree, K. J. (1970). An equation for the rate of respiration of white clover plants grown under

controlled conditions. In I. Setlik (Ed.), Prediction and measurement of photosynthetic pro-
ductivity (Proceedings of IBP/PP Technical Meeting, Trebon, Czechoslovakia), (pp. 221–229).

Wageningen: PUDOC.

Merta, M., Seidler, C., & Fjodorowa, T. (2006). Estimation of evaporation components in

agricultural crops. Biologia Bratislava, 61(Suppl. 19), 280–283.
Monsi, M., & Saeki, T. (2005). On the factor of light in plant communities and its importance for

matter production. Annals of Botany, 95, 549–567.
Monteith, J. L. (1977). Climate and the efficiency of crop production in Britain. Philosophical

Transactions of the Royal Society Series B, 281, 277–294.
Monteith, J. L. (1994). Validity of the correlation between intercepted radiation and biomass.

Agricultural and Forest Meteorology, 68, 213–220.
Penning de-Vries, F.W.T., Jansen, D. M., ten Berge, H. F. M., & Bakema, A. (1989). Simulation of

ecophysiological processes of growth in several annual crops. Simulation monographs.
Wageningen: Pudoc.

Philip, J. R. (1966). Plant water relations: Some physical aspects. Annual Review of Plant
Physiology, 17, 245–268.

Ritchie, J. T. (1972). Model for predicting evaporation from a row crop with incomplete cover.

Water Resources Research, 8(5), 1204–1213.
Sinclair, T. R., & Muchow, R. C. (1999). Occam’s Razor, radiation-use efficiency, and vapor

pressure deficit. Field Crops Research, 62(2), 239–243.
Sinclair, T. R., & Seligman, N. G. (1996). Crop modeling: From infancy to maturity. Agronomy

Journal, 88, 698–704.

138 R. Bauböck
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Part III

Can Bioenergy Production Be
Environmentally Sound?



Chapter 6

Integrative Energy Crop Cultivation as a Way

to a More Nature-Orientated Agriculture

Marianne Karpenstein-Machan

Abstract The vision of integrative energy cultivation concepts is to contribute to a

more diverse and sustainable rural landscape, keep nature in balance and conserve

ecosystems. Integrative cultivation concepts also harmonise utilisation/production

with the protection of landscapes. An overview is given of the status quo of energy

crop cultivation management on farms in Lower Saxony, Germany. This overview

explains the opportunities, but also the many risks associated with current bioenergy

cultivation practices. Examples are presented of ecological and economical

optimisation of farmland use for the production of food, feed and energy. In addition,

sustainable cultivation concepts are presented, which include several winter annuals,

summer annuals, perennials and wild herbs found in cultivation concepts adapted to

local climate and soil conditions. In the model farms, the ecological challenges

regarding the current cultivation concepts are described and farm-specific examples

of more sustainable concepts are described. Subsequently, the opportunities to

implement integrative energy cultivation concepts in agricultural practice are

evaluated.

Keywords Biogas • crop rotation • integrative cultivation concept • energy crops

6.1 Bioenergy Production in the Contradictory Contexts

of Nature, Environment and Society

Landscapes provide many services, offering agriculture, forestry, biodiversity,

local recreation, buildings and streets. In industrial societies, an increasing amount

of land is used for homes, buildings, industry and mobility (streets). In Germany,
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approximately 87 ha of soil are sealed for a settlement area and infrastructure

implementation (Federal Statistic office 2012) every day. However, land is limited,

especially for agriculture, which is needed for food, fodder and bioenergy produc-

tion. Furthermore, with increasing intensity in agricultural production, more space

is necessary for biodiversity protection to reduce intensive agriculture’s negative

effects. Over the past 5 years, bioenergy has gained importance in Germany.

Triggered by the 2004 Renewable Energy Sources Act (EEG), the total area for

energy crop cultivation has increased rapidly. In Lower Saxony, the total area for

bioenergy has increased by 5 % since 2004 to a total area of 10 % of arable land

(ML 2010). This can be considered a positive development, because bioenergy

reduces the CO2 output and contributes to climate protection (BMU/AGEE 2010);

however, more conflicts have arisen between farmers, locals and nature conserva-

tion organisations due to their differing opinions of bioenergy (see the Chap. 10).

The most frequent misgivings voiced by opponents of bioenergy are the increasing

monoculture associated with maize and winter oilseed rape (Brassica napus L.)

cultivation, the increasing use of pesticide, soil degradation and the reduction in

fauna and flora.

The problems associated with energy crop cultivation could be avoided in

sustainable bioenergy projects. Our work seeks to establish sustainable and integra-

tive cultivation concepts for food, fodder and energy. The synergy effects between

different utilisation options should therefore be identified and used. In the following

sections, the bioenergy status quo in Lower Saxony is summarised, integrative

concepts are described and examples are given. I start off by defining integrative

cultivation.

6.2 Integrative Cultivation Concepts for Food, Fodder,

Energy and Wildlife

Integrative cultivation can be defined as a scientific approach in which scientists

working on concepts combine different landscape utilisation options to produce food,

fodder and energy, as well as support wildlife (Karpenstein-Machan 1997, 2001,

2004, 2009a; Rode and Kanning 2010). Integrative cultivation concepts harmonise

utilisation/production and landscape protection. The agricultural utilisation of farm-

land and landscape protection should no longer be seen as mutually exclusive. In the

long term, only sustainable concepts are economically sound for society, due to the

external costs of unsustainable systems.

Energy crop cultivation can act as a bridge between different landscape utilisation

systems, such as grassland, cropland and forest, as well as between ecological and

conventional agricultural systems. Furthermore, water and nature protection areas, as

well as problematic locations (e.g., contaminated soils), do have a place in integrative

concepts.
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Integrative cultivation’s vision is to contribute to a more diverse agricultural

landscape, to keep nature in balance and conserve rare ecosystems. Integrative

cultivation’s vision for bioenergy includes the cultivation of locally adapted

biomasses and the transformation of energy into locally scaled energy plants

(decentralised concepts).

6.3 Examples of Integrative Cultivation

Figure 6.1 shows an integrative cultivation model with food, feed and energy crops.

This can be a model for a farm, but also for a greater area, for instance a community

area. Annual crops for food, feed and energy are cultivated in conventional ways.

They are rotated in crop rotations (the minimum crop rotation length should be

3 years) and form the basis of high agricultural production. These annual crops are

surrounded by herbicide-free buffer strips (flower strips). Such flower strips should

increase the flora and fauna biodiversity and stabilise the agro-ecosystem, both of

which should reduce the pesticide use on the annual crops. Flower strips can be

harvested after flowering and utilised in the biogas plant, or remain there until the

grain harvest. Maize and winter triticale/winter rye mixtures, which are typical

biogas production crops, undergo the food and feed crop rotation together with

winter cereals, sugar beet and field grass. Contrary to food production, pesticide use
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Fig. 6.1 Model of an integrated cultivation concept with food, feed and energy (Modified from

Karpenstein-Machan 2004)
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on biogas crops can be reduced, due to their lower sensitivity to diseases and

premature harvest time (Karpenstein-Machan 2000a, 2002). In this way, the mix-

ture of energy crops and food crops in one crop rotation leads to higher diversity

and reduces pesticide use.

In this example, intensive grassland culture forms the transition between annual

and perennial crops. Ecologically sensitive soils, which tend to leach nitrate

and erosive hills, are better suited to perennial crops. These crops cover

the soil all year round, which prevents leaching problems. In addition, extensive

grassland builds a buffer that prevents erosion as well as pesticide and nutrient

contamination of the river. Furthermore, permanent grassland can absorb the water

from floods and does not form a barrier to run-off water. However, extensive

grassland with nature protection status must fulfil certain harvest time and fre-

quency requirements. A late harvest after flowering ensures wild flower reproduc-

tion. The removal of chopped biomasses from grassland is important since it

prevents nutrient accumulation. Biomass from extensive grassland has a low fodder

quality, due to advanced plant lignification. In special biogas plants, this biomass

can be utilised for biogas production (dry fermentation). Low-input woody

perennials, such as miscanthus or the newly discovered perennial for biogas use

(see Sect. 6.6.6), and short-rotation forestry act as transition zone between open

landscape and dense forest.

6.4 Bioenergy Status Quo in Lower Saxony

In Lower Saxony, the energy crop cultivation reached 7.3 % of the total agricultural

area (arable land and grassland) and 10.6 % of the arable land in 2008 (ML 2010).

Energy crop production includes production for biodiesel (share: 22 %), ethanol

(share: 12 %) and biogas (share: 66 %). Generally, crop cultivation for biogas

enjoys high priority in Lower Saxony, but this does differ depending on the district.

In some districts, energy crops are cultivated on a 20 % share of the arable land, but

provide 90 % of the biogas (i.e. the Celle district), while other districts have an

energy crop share of under 5 % (district Göttingen). As energy crops, they mainly

produce biodiesel with an 80 % share of the energy crop area. Problems arise in

those districts where a high concentration of husbandry coincides with a high

concentration of biogas plants. In districts high in husbandry, maize was the main

crop even before the biogas boom. After the implementation of biogas plants, the

farmers cultivated additional maize for these plants; consequently, the maize

concentration in some districts comprises a 60 % share of the arable land

(Karpenstein-Machan 2010). Figure 6.2 shows the maize cultivation shares (in

percentage) of the arable land in the Lower Saxony districts.

The Ministry of Agriculture (ML 2010) calculates that, in 2012, 1,480 biogas

plants with a 783 MWel capacity will have been implemented in Lower Saxony.

The produced electricity could cover the demand from approximately one million

households. Further biogas plants, especially in critical districts, can create
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environmental problems and problems with the local people. Therefore, scientists

and experts from different disciplines should formulate new ecological standards

for energy crop production, especially for biogas. Our work seeks to address

antagonism to the energetical use of biomass and promote sustainable bioenergy

development in Lower Saxony. More information about the cultivation situation on

biogas farms was necessary to optimise existing cultivation concepts. A survey

(a questionnaire and interviews) was designed to obtain information from the

farmers on how they cultivate energy crops (fertilisation, pesticide treatments,

crop rotation) and how they integrate crops into their crop rotation.

6.4.1 Results of Survey of Farmers

The results are based on the questionnaire and interviews with 76 farmers from six

different districts in Lower Saxony. All the interviewees cultivate energy crops for

a biogas plant. Approximately 50 % operate husbandry farms (n ¼ 39) and 50 %

cultivate field crops (n ¼ 37). The share of farmers with an own biogas plant and

farmers without one is also balanced. Figure 6.3 shows that, in most cases, small

farms produce energy crops for foreign biogas plants. Biogas plant owners have

more agricultural land. According to the study, most biogas plant operators have

Fig. 6.2 Maize cultivation share (%) on arable land in districts of Lower Saxony (Status 2007)
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100–150 ha of farmland. For small farms, energy crop production for foreign plants

offers an opportunity to stabilise their farm income if the biomass prices are

acceptable and fixed over the long term. In most cases, the biomass prices are

adapted, within a price corridor, to the wheat prices.

The farmers also cultivate other crops besides energy crops. Most farms (65 %)

set aside 20 % of their farmland for energy crops. Only 10 % of farms cultivate

energy crops on more than 50 % of their arable land. The farms high in energy crops

have their own biogas plants, with one exception.

Nearly 50 % of energy crops are cultivated on fertile soils, with fertility numbers

above 60. Soils with middle fertility numbers (40–60) have a 28 % share and soils

with low fertility numbers (<40) 26 %.

The farmers were also asked which crops they cultivate and the shares of these

crops.Maizewas highest at 74%, followed bywinter rye (10%), winter triticale (4%),

grassland (4 %), field grass (3 %), sugar beet (3 %) and diverse other crops (2 %).

A problem can arise for the environment, because 26 % of the energy crops,

mainly maize, were cultivated on slopes. Furthermore, alluvial soils (7 %) and

boggy soils (4 %) can create environmental problems if the cultivation concepts are

not adapted. New sustainable energy concepts should specifically be tested for these

soils in practice (see Sect. 6.8.4).

Through energy crop cultivation, other crops were replaced. Winter wheat was

replaced the most at 62 %, followed by winter rape (17 %), winter barley (8 %),

sugar beet (5 %), winter rye (3 %), triticale (2 %), potatoes (2 %) and diverse other

crops (1 %).

The replacement of winter wheat can be viewed as an improvement for the

environment. It has already reached a high concentration in many districts and

needs several pesticide treatments against diseases and weeds. On fertile soils,
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winter wheat and sugar beet are often the only crops in the rotation (e.g., winter

wheat, winter wheat, sugar beet). Owing to its self-incompatibility, winter rape

should be cultivated with a 3-year break after cultivation. Since farmers do not

always follow these rules, a reduction in the rape cultivation on locations with high

concentrations can impact crop health positively.

In the next section, I analyse the situation before and after the restructuring of

energy crop rotations. An example of a typical crop rotation before the cultivation

of energy crops for a biogas plant: winter wheat, winter wheat, winter barley, winter

rape. In fertile soils, sugar beets were cultivated instead of winter rape. However,

very often, crop rotations were undertaken with only two crops (winter wheat,

winter wheat, sugar beet). Since the restructuring, wheat-dominated crop rotations

have been enhanced with maize (e.g., winter rape, winter wheat, winter barley,

maize). Some farms lower in energy crops have integrated their energy crops very

positively, which results in a more diverse crop rotation. Examples are winter rye,

field grass, maize, triticale, potatoes; or winter rye, sorghum, maize, triticale, field

grass, winter wheat.

Some farms high in energy crops run partial crop rotations on fertile soils with

only two crops (e.g., maize, winter wheat; maize, sugar beet; or maize in monocul-

ture). These one-sided crop rotations or monocultures can create many problems,

for instance, humus degradation, plant diseases, soil erosion and nitrate leaching.

Nonetheless, if all the farms are taken into consideration, the crop rotation changes

that include energy crops have positive results. On average, across all the farms, the

number of crops increased significantly from 3.5 crops to 4.0 crops in the crop

rotation. About 50 % of the farms have had a more diverse crop rotation since the

restructuring. Only 18 % of the farms have reduced the number of crops in their

crop rotation.

With a crop rotation change, the humus reproduction demand changes, too.

Maize is involved in most of the new crop rotations. Owing to its low soil covering

in the spring and early summer and long vegetation time until October, maize is a

humus-degrading crop. To retain the soil humus content, additional treatments are

necessary, such as higher organic fertilisation and the cultivation of catch crops,

cover crops or undersown crops.

Since the restructuring, 80 % of the farms have had a higher humus reproduction

demand (on average, 91 kg C/ha1/a1) than before. However, 20 % of the farms have

improved their crop rotations with humus-increasing crops such as field grass or

mixtures of alfalfa and field grass, which they use as energy crops.

In energy crop cultivation, the crops requiring pesticide usage have been clearly

reduced compared to the replaced crops. Table 6.1 provides an overview of these

results. Seventy-seven percent of the farms use far fewer pesticides on energy crops

(mainly maize). Fungicides and insecticides have been specifically reduced com-

pared to the replaced crops. These findings can be attributed to maize diseases and

pests currently not occurring in Lower Saxony; in addition, the two main maize

pests (Ostrinia nubilalis, Dabrotica virgifera) have not reached Lower Saxony. This

may change with a higher maize concentration in the crop rotations. In southern

Germany (e.g., Baden-Wurttemberg), major problems arose due to the many years
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of maize monoculture and the appearance of Dabrotica virgifera. Since no efficient

insecticides are available against this pest, the government has forbidden maize

cultivation in some districts to prevent the pest from spreading. This situation

should be avoided in Lower Saxony through forward-looking sustainable crop

rotation.

Main Cultivation Concept Changes in Lower Saxony Due to Energy

Crops

• Energy maize mainly displaced winter wheat

• Number of crops on farms increased significantly from 3.5 to 4.0

• On 80 % of the farms, the humus reproduction demand increased

• Compared to reference crops, nitrogen fertilisation of and pesticide application

to energy crops were reduced significantly

6.5 Optimisation of Farm Land Use for Energy, Food

and Feed Production

Farmers – especially owners of bigger biogas plants – must consider how to

optimise their land use, because biogas plants based on energy crops require

much farmland to produce these crops. Table 6.2 provides an overview of how

much land is needed to feed a plant depending on the biogas plant’s size and the

availability of liquid manure.

Table 6.1 Pesticide applications in energy crops compared with the replaced crops

Pesticide applications

Energy crop

maize n ¼ 66

Energy crops

winter cereals

n ¼ 15

Number in % Number in %

Pesticides in general No application 1 2 1 7

Significant fewer applications 51 77 2 13

Fewer applications 6 9 8 53

No change 7 11 3 20

Significant more applications 1 2 1 7

Fungicides No application 58 88 3 20

One application 1 2 7 47

More than one application 0 0 3 20

Herbicides No application 2 3 0 0

Application before leaves emerge 9 14 1 7

Application after leaves emerge 60 91 11 73

Insecticides No application 58 88 3 20

One application 0 0 3 20

More than one application 0 0 1 7
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Fifty-seven percent of Lower Saxony’s biogas plants have an electricity capacity

of between 200 and 500 kW, while Lower Saxony’s average plant size is 520 kW

(ML 2010). As can be seen in Table 6.2, about 260 ha of farmland is needed to feed

a 500 kW biogas plant. If liquid manure is available and used as a substrate, less

farmland is necessary. However, due to liquid manure’s low energy concentration,

the savings are low. The manure of 8,000 live stock (manure of 8,000 cows/year) is

necessary to operate a 500 kWel biogas plant without energy crops. Fairly large

quantities of manure are necessary to reduce the energy crop input from farmland.

Biogas production from farmland is still very land-use intensive. According to

Table 6.2, 1 m2 land can produce about 1.5 kWh electricity and 3 kWh heat energy.

Approximately 50 % of the produced heat energy is needed to heat the fermentation

tank, which means the usable heat energy is reduced to 1.5 kWhthermal. Compared to

photovoltaics (PV), biogas’s efficiency is relatively low (Pimentel 2008). In northern

Germany’s climate, PV can produce approximately 100 kWh/m2. In terms of land-

use efficiency, that of PV is 33 times higher than that of biogas. However, it should be

kept in mind that biogas is a renewable resource in rural areas. All types of wet

biomass, crop residuals, manure and organic waste materials can be used for biogas

production. Nevertheless, land use and biogas production need to be optimised to

prevent negative effects – such as competition for land and unfavourable conditions

for other production lines (food, husbandry, renewables for industrial uses) and to

protect nature. Sustainable projects such as Jühnde’s bioenergy village show that

83 % of the energy produced by the biogas plant is utilised for electricity and space

heating. The energy input/output ratio of the biogas plant is high due to the village

households largely using biomass heat energy for space heating (see Chap. 2).

Figure 6.4 shows possible pathways to optimise energy crop production. All the

items provide optimisation without using more fertilisers and pesticides. Through

those agricultural treatments (e.g., higher biodiversity through multi-cropping),

crops are adapted to the location, which should increase the crop yield.

Table 6.2 Necessary farmland in ha to run a combined heat and power station as a function

of increasing electric capacity of power station and livestock units (Karpenstein-Machan 2005)

Necessary farmland area in ha

CHP-electricity capacity

Livestock units (LU) 100 KW 150 KW 500 KW 1,000 KW

No LU 52 78 260 520

100 LU (¼100 cows) 45 71 253 513

200 LU 37 63 245 505

500 LU 15 41 223 483

1,000 LU 0 4 186 446

2,000 LU 0 0 111 371

8,000 LU 0 0 0 24

10,000 LU 0 0 0 0
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6.5.1 Optimising Farm Land Usage for Biogas

To avoid long transportation routes, energy fields should be located close to the

biogas or combustion plant. According to the questionnaires (Sect. 6.4), the farmers

prefer fertile soils for annual crops for biogas production, as they mostly cultivate

maize. However, other crops well suited to poorer soils are also suitable. Winter

rye, which is highly drought resistant and is harvested as a total plant before

maturity, may be a better option for poor soils than grain production, due to its

shorter vegetation time and its lower risk of having to endure early summer drought.

Optimising through Multicropping 
• Main and catch crops 
• Intercropping 
• Double cropping 

Optimising of biomass yield 
• Crop and variety choice 
• Intercropping 
• Seed density 
• Harvest time 

Optimising of methane output 
• Crop and variety choice 
• Harvest time 
• Quality of chopping 
• Substrate mixture 
• Silage quality 

Optimising through farmland choice
• Fertility of soils 
• Distance to biogas plant 

Optimising of bioenergy concept 
• Utilisation plan for electricity 

and heat energy 
• Impressive energy balance 
• Best and newest technology 
• Roofed storage container 

Fig. 6.4 Pathways

to optimize energy crop

production for biogas
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The crops cultivated around the biogas plant determine the size of the biomass

catchment area. If farmers intend to feed their biogas plants only with maize, they

need a catchment area that is three times larger than if they were to additionally also

produce other crops. This is due to these farmers having to fulfil cross-compliance

regulations concerning crop rotation diversity. The minimum is a 3-year crop

rotation with maize being rotated with two other crops, mostly food market crops.

With a pure energy crop rotation (e.g., winter rye/field grass, maize, winter triticale)

cross-compliance can be fulfilled and the catchment area is much smaller (Fig. 6.5).

The logistic concept can be optimised due to the shorter transportation routes for the

harvested biomasses and the fertilisation of the fields with digestive material. In

addition, perennial crops (Sect. 6.6.6) can be integratively cultivated in the biogas

plant catchment area.

6.5.2 Optimising Fields Through Multi-cropping

The current climate conditions in Central Europe allows the cultivation of just one

grain crop during vegetation time, while in forage production systems, two or three

harvests per year are usual. Catch crops, which were established in the first half of

the twentieth century, extended the fodder period in summer, which meant more

farmland area could be used for market crops:

• Catch crops could supply high quantity and quality forage

• Catch crops delivered silage, which could be utilised during winter.

1.6 KM 0.9 KM

Cultivation area = 792 ha Cultivation area
= 286 ha

Biogas Plant
Biogas Plant

30 % Maize 100 % Energy crop cultivation
with different crops

500 kWel Plant/Model a 500 kWel Plant/Model b

Fig. 6.5 Exemplary catchment area for biomass substrate, calculated for a 500 kW electricity

power plant. Model a: only maize is used as substrate, Model b: catchment area for a pure energy

crop rotation with three different energy crops

6 Integrative Energy Crop Cultivation as a Way to a More Nature-Orientated. . . 153



Biogas farmers can benefit from these experiences with fodder production

concepts. Catch crops and multi-cropping concepts increase productivity and soil

fertility simultaneously (Finckh and Karpenstein-Machan 2002).

Catch Crops

Catch crops are fast growing crops sown between regular crops grown in

consecutive seasons. A great number of different catch crops are suitable for

feed and energy production, for example, different species and varieties of

cabbage, field grass, beans, feed pea, winter rape and Phacelia (see Sect. 6.6.4.)

6.5.3 Optimising Biomass Yield Through Intercropping

Beside optimisation through multi-cropping, location-adapted crops as well as crop

and variety mixtures also increase the biomass yield. Several field trials show that

mixtures yield better and have a better yield stability than pure stands; they are also

healthier and need fewer pesticides than pure stands due to their higher genetic

diversity (Aufhammer 1999; Finckh and Karpenstein-Machan 2002; Karpenstein-

Machan and Finckh 2002). At this point, economic and ecological goals converge.

Furthermore, to gain a high biomass yield and utilise biomass crops’ potential, it is

important to determine the optimal harvest time (see Sect. 6.5.4).

6.5.4 Optimal Harvest Time

The annual biomass crop yield for biogas use is dependent on the optimal harvest

time. Plant development follows a growth curve, with diminishing yield increase and

increasing lignification towards maturity. To ensure the best harvest time, a high

biomass yield (dry matter yield) and the best conditions for bacteria to digest the

biomass, plants should reach a dry matter content of 25–35 % (Karpenstein-Machan

1997; Herrmann et al. 2009). In maize and winter cereals, this dry matter content

corresponds with the milky to doughy development stage. Furthermore, the dry

matter content range in plants is a precondition for high-quality silage. In southern

Lower Saxony’s climate conditions, winter cereals (rye, triticale, wheat) reach a

milky maturity stage between mid-June and mid-July. It is important to choose

locally adapted maize varieties that reach the milky maturity stage before the first

autumn freeze.

6.5.5 Optimising Methane Output

Biogas farmers are interested in the methane yield per hectare. The biogas plant

power station is fuelled by biogas. However, only methane is a burnable gas that
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can be transformed into electricity and heat energy in a combined heat and power

station. Methane (CH4) and carbon dioxide (CO2) are the dominant gases in

biogas. The CH4 to CO2 ratio determines the biogas quality. The methane

contents in biogas vary between 50 and 75 %, depending on the input substrates.

The fermentation of fatty crops and substrates leads to higher methane contents in

biogas. Furthermore, compared to the mono-fermentation of maize, the co-

fermentation of liquid manure and dung with crops leads to more stable fermentation

and a higher specific methane content (Leonhartsberger et al. 2008). If crops and

manure are fermented together, this results in higher digestion rates and higher

methane contents in biogas. Anaerobic digestion trials with different crops show

the same effect: The fermentation supplies the bacteria with diverse foods that have

all the necessary micro-nutrients. This causes higher specific biogas and methane

outputs (Leonhartsberger et al. 2008). The diverse energy crop cultivation concept

therefore has a strong economic basis. We can thus conclude that:

• crop and variety mixtures lead to a higher biomass yield

• the anaerobic digestion of crop mixtures and manure lead to a higher methane

yield.

Furthermore, the methane yield per hectare is influenced by the optimal harvest

time, as well as the chopping and silage quality.

6.5.6 Chopping and Silage Quality

Good chopping quality is associated with the harvested material’s short and con-

stant chopping length. The shorter the harvested material, the better the biomass can

be compacted in the silo and the quicker the lactic acid fermentation can start.

Furthermore, short chopping length improves the anaerobic digestion rate in the

fermenter. However, more diesel fuel must be spent when harvesting to obtain a

short chopping length. Therefore, farmers seek to balance the optimal chopping

length and the energy input. In practice, a chopping length between 4 and 40 mm is

common.

The right harvest time at the milky to doughy stage of crop development and a

short chopping length are the best preconditions for good silage quality. Heiermann

et al. (2009) show that ensiled biomass has positive effects on biomethanation,

producing higher biogas yields and methane contents than fresh material. They also

show that ensiling can be considered a pre-treatment with the potential to also

improve methane production from plant matter. To achieve high-quality silage,

crops should be harvested, rapidly and well compressed and, as soon as possible

after the silo has been filled, sealed tightly with a plastic cover. The plastic

cover prevents oxygen from entering the stored material and minimises further

biomass decomposition.
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6.6 Adapting Cultivation Concepts to a Location

The area requirement for a biogas plant is considerable. Locally adapted cultivation

concepts, which enable farmers to exploit income possibilities from biogas under

different climatic conditions, are of great importance. For the best methane output,

annual crops should be harvested when the kernels are milky to doughy. The

biomass is harvested with a fodder harvester. Compared to grain crops, which are

harvested about 4–6 weeks later, biomass crop production shortens the vegetation

time. The early harvest of bioenergy crops allows additional cropping on the same

land, which, in turn, means that, depending on the climate conditions, new cultiva-

tion concepts can be introduced:

• The winter main crop in cool and dry locations, for instance on the foothills of

low mountains ranges.

• The winter main crop and summer catch crop in cool and moderate wet

locations, for instance on the foothills of low mountains ranges.

• The winter catch crops and summer main crops in moderately dry and more

temperate locations.

• Two main crops when the climate is very favourable, has sufficient summer

precipitation or irrigation and a long summer vegetation period.

• The summer main crop when climatic conditions are dry but the temperatures

favourable.

• The perennial crops in moderately dry and moderately wet locations.

• Permanent grassland or perennial forage mixtures in moist and cool regions with

a short summer vegetation period.

Figure 6.6 shows energy cultivation concepts adapted to climate conditions with

different combinations of winter and summer main crops as well as winter and

summer catch crops. All the crops in Fig. 6.6 are energy crops but for different

utilisation purposes. Grain crops can also utilised for human nutrition and

bioenergy crops as fodder for cattle.

Climate conditions are defined by means of the soil moisture level (SML) and

summer vegetation period length. The SML characterises a location’s moisture

situation. Pedological, hydrological, morphological and climatic parameters influ-

ence the SML (LBEG 2011). The summer vegetation period length is defined as the

number of months with a daily average temperature of more than 10 �C. In dry

locations with short summer vegetation periods, winter annuals (e.g., rye, barley,

triticale, rape) generally reach grain maturity. In moderate dry regions with a short

summer vegetation period, winter triticale and winter rye yield well. A perennial

crop, such as the undemanding Silphie, is also possible (see Sect. 6.5). A further

moisture increase allows double-crop farming with winter and summer cereals for

biomass or grain use and in keeping with each crop’s vegetation time length. In wet

and very wet soils, annual or perennial grass-legume mixtures yield well. In locations

with higher summer temperatures (5 and 6 months of daily average temperatures of

more than 10 �C), more thermopile crops with good dry resistance can reach high
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yields. In moderately dry and moderately wet conditions, double-cropping systems

with many different crops as well as perennials are feasible. Under very favourable

summer temperatures (7 months of daily average temperatures above 10 �C), but in
dry locations, thermopile subtropical crops such as maize – for corn cobs or grain

production –, sugar millet and amaranth yield well.

6.6.1 Characterisation of Energy Crops

Energy crops can be defined as crops utilised for the production of electricity, space

heating energy, cooling energy and fuel energy for mobility. Figure 6.7 shows the

different utilisations of energy crops according to the maturity stage at which

the biomass is harvested and the part of the biomass used for energy production

(the total plant or just the grain). Many different crops are suitable for fermentation

in a biogas plant. Anaerobic digestion depends on a high moisture content (about

70 %) in the biomass. Therefore, the biomass for anaerobic digestion must be

harvested before maturity. The product of the fermentation process is biogas,

which can be transformed into electricity, heat and cooling energy. Biogas can be

used as fuel for cars with gas engines. Starch-rich grain crops, such as maize,

cereals and potatoes, are the raw materials for ethanol production. In Germany,

ethanol is mixed with other fossil fuels (gasoline) and utilised as a car fuel. Oil-rich

grain crops, such as rape seed or sunflower seed, are used for biodiesel production

Fig. 6.7 Energy crops and their utilisation lines
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to fuel diesel cars and trucks. In Germany, nearly one million ha of rape seed are

cultivated for this purpose (FNR 2010). Woody and fibre-rich crops, such as fast-

growing trees, hemp, miscanthus and straw, which is a by-product of grain produc-

tion, are suitable for direct use as an energy carrier in a special biomass combustion

plant, or, together with fossil energy carriers (e.g., coal), as an energy carrier in a

co-firing plant (biomass and fossil fuels are burned together).

6.6.2 Winter Annuals

As energy crops, winter annuals are suitable for locations with cool and moderate

climates and locations that lack a high summer precipitation. Winter annuals utilise

winter soil moisture to produce biomass in the spring. They already reach

the maximum biomass yield in the first half of the year. They are therefore hardly

affected by summer dryness. Figure 6.8 shows biomass dry matter yield develop-

ment and Fig. 6.9 the dry matter content of winter annuals harvested at different

times between early May and mid-August. Triticale, rye, wheat, oats, barley and

rape have different biomass yield curves that depend on the length of their vegeta-

tion time, their development rate and productivity. Cereals and rape reach their

maximum biomass yields between end-June and mid-July. Dry matter yields range

between 12 and 16 t/ha. Triticale and rye grow in valued locations in southern

Lower Saxony; they are the most productive winter energy crops for biogas

production. Even on poorer soils, rye and triticale are very productive biomass
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producers (Karpenstein-Machan 2005). As is shown in Sect. 6.5.4 dry matter

content is essential for anaerobic digestion, with a content of between 25 and

35 % optimal for anaerobic digestion. Depending on the crop development and

climate conditions, the optimal harvest time is between mid-June and early July.

A high dry matter yield and optimal dry matter content occur between mid-June and

early July in most crops besides winter wheat, which reaches its highest dry matter

yield too late for optimal digestion. For digestion, winter wheat has to be harvested

before the maximum dry matter yield is reached.

The grain of winter annuals such as winter wheat and winter triticale is very

suitable for ethanol production, due to its high starch content. If they are to be used

for this purpose, cereals should be harvested at full maturity.

Winter rye andwinter triticale are themost suitable of the winter cereals for mixing

withwinter legumes such aswinter vetch (Vicia villosaL.),winter pea (Pisum sativum

L.) and winter crimson clover (Trifolium incarnatum L.) (Karpenstein-Machan and

Stülpnagel 2000; Aufhammer 1999).

6.6.3 Summer Annuals

Maize (Zea mays L.) is the most important summer annual for biogas production.

Currently, alternative crops like sunflower (Helianthus annuus L.), sorghum

(Sorghum ssp.) (see Fig. 6.10) and amaranth (Amaranthus spp.) receive attention

and have been tested in field trials and in practice. While maize breeding is

advanced, breeding work must still be done on sorghum spp. and amaranth to

adapt these crops to mid-European climates. However, they have the potential for

very high biomass yields in favourable climate conditions.
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Sunflowers are better adapted to mid-European climates because they originated

in Middle and North America. They have shown a high biomass yield potential in

many field trials (see Fig. 6.11). Sunflowers’ high genetic diversity (Khoshbakht and

Hammer 2008) offer many possibilities for breeding optimal varieties for biomass

use. Furthermore, as a substrate for digestion, sugar and fodder beets are an option to

increase the diversity in biogas crop rotations. Farmers have cultivated beets for

many years as crops for sugar and fodder production. For biogas production, soil must

be removed from the beets after harvesting and they must be chaffed before fermen-

tation. Summer cereals are also suitable as a biomass source, but due to their limited

vegetation time, the biomass yield is lower than that of winter cereals. Summer

cereals can be used in double-cropping systems as catch crops after a winter annual

main crop (see Sect. 6.6.4).

6.6.4 Catch Crops

Catch crops like Brassica napus L., Phacelia tanacetifolia L., Sinapsis alba L.,

Trifolium incarnatumL., Raphanus sativus var. oleiformis L., Fagopyrum esculentum

L., Lolium multiflorum L. as well as summer cereals and sunflowers can be used in

double-cropping systems as a complement crop after the main crop. Photoperiod-

insensitive varieties can utilise residual vegetation time after the main crop for

biomass production. For biogas production, photoperiod-insensitive varieties are

sown in June to early July and harvested in the autumn before the first frost. They

have a vegetation time of approximately 12 weeks. As green manure, they are not

Fig. 6.10 Different varieties of Sorghum subspecies
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harvested but last through winter and are killed by frost. In field trials, the biomass

yields of different catch crops,which are harvested inOctober, range between 4 and 8 t

of dry matter per hectare when cultivated after a winter annual (see Fig. 6.12)

(Karpenstein-Machan 2009b).

6.6.5 Undersown Crops

Winter main crops and summer main crops can be undersown with other crops.

If main crops and undersown crops are sown together in one operation to save time,

energy and costs, the undersown varieties in the winter main crops must be winter

hardy. The following crops are suitable for this purpose in winter main crops: winter

crimson clover (Trifolium incarnatum L.), winter vetch (Vicia villosa L.), winter pea

(Pisum sativum L.), ryegrass (Lolium sp. L.) and red fescue (Festuca rubra L.)

Different varieties of ryegrasses, red fescue (see Fig. 6.13), or white clover, can be

utilised as undersown crops with summer main crops (e.g., maize). Especially with

maize, crop competition must be considered. Since young maize plants compete

poorly against weeds and other crops, different undersowing concepts have been

developed for maize:

1. A very slow-growing grass (e.g., red fescue) is sown before maize seeding.

2. A faster-growing grass (e.g., Italian ryegrass) is sown after maize seeding when

the maize has developed four to six leaves.

Fig. 6.11 Herb free buffer strip with sunflowers on maize field
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Fig. 6.12 Fagopyrum esculentum (Buckwheat) and Sinapsis alba (white mustard) mixtures

as catch crops in a double cropping system

Fig. 6.13 Maize with undersown red fescue
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Concept 1 is very suitable as protection against erosion and nitrate leaching with

maize, while, with concept 2, an additional biomass yield can be realised the

following spring with ryegrass. Both of these grasses survive winter and protect

the soil against erosion and ensure a balanced humus content in soil.

6.6.6 Perennials

Perennial forage crops (e.g., red and white clover, alfalfa, ryegrass) are suitable

energy crops. They are mostly cultivated with legumes and grasses and can be

utilised for 2–3 years. Depending on the climate conditions and soil fertility, they

can deliver several harvests per year.

A very long useful life is anticipated for Silphie (Silphium perfoliatum L.), also

known as the cup plant. With its cupped leaves, Silphie can collect air moisture and

is therefore relatively resistant to dry conditions. It is adapted to the moderate

climate conditions of eastern North America and can be cultivated 400 m above sea

level (Conrad and Biertümpfel 2010). Silphie has been cultivated as fodder for

cattle in North America and in the former GDR. It was tested as an alternative

biogas crop in field trials in Germany from 2005 onward (FNR 2010). In 2010,

farmers cultivated Silphie on about 20 ha of farmland. The best results have been

obtained when the seeds are sown and nursed in greenhouses and transplanted as

young plants with three or four leaves into the fields in May or June (Biertümpfel

and Conrad 2013). In the first year, the crop should establish itself in the soil and the

plants should only build a leaf rosette before winter (see Fig. 6.14). In the following

spring, the plants grow very quickly and can deliver their first harvest in the autumn.

The first results show that Silphie has a very high yield, similar to that of maize

(FNR 2010). Its advantage is that, after the first year, the crop needs no further weed

control and no additional pesticides. However, the seed quality and cultivation

concepts must be improved to help broaden Silphie’s use as a crop.

6.6.7 Wild Herbs as Biogas Substrate

Some breeders, together with nature protection organisations and seed producers, try

to select productive wild herbs as mixtures for biogas (Vollrath et al. 2011). The idea

is to combine ecological (a low input of fertiliser and agricultural treatments) and

economic aims (a high yield, high methane output, good silage quality). In conven-

tional agriculture, there is a lack of flowerings plants, especially in summer. Bees

need flowering herbs’ pollen and nectar (bee bread) to survive and reproduce. The

newly bred mixtures are perennials, which flower for long owing to herbs’ different

development rhythms. They change their composition from year to year. In the first

year, annuals are dominant in the mixture, but in the following years, high-yielding

perennials (shrubs) form the canopy (Vollrath et al. 2011). Further research is

necessary to stabilise the yield and other economically important parameters of

wild herb mixtures, as well as to multiply the seed mixtures before these concepts

can be optimally utilised in practice.
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6.7 Energy Crop Rotation Design

Energy cultivation concepts can be designed as pure energy crop rotations, or as

mixed rotations with food, feed and energy crops. Many crops can be used as

energy, food or forage crops. However, the cultivation concepts must fulfil the

cross-compliance regulations regarding crop diversity and humus balance. At least

three crops should be combined in a rotation. The advantage of pure energy

rotations is that the plant catchment area for biomass production for the biogas

plant is much smaller (see Fig. 6.5) than for mixed rotations with food, feed and

energy crop rotations.

Figure 6.15 shows an example of pure energy crop rotations designed as a 3-year

rotation with five different crops. In the first year, winter rye is cultivated, followed

by Italian ryegrass. The field grass can be harvested twice – in autumn and in spring –

before maize is planted in May. Maize is sown in early May with a conventional

corn seed drill machine; approximately 2 weeks later, fescue is sown with a

pneumatic seed drill between the rows of maize. The later fescue seed gives maize

a head start and the grass develops very slowly under the maize canopy and does not

compete with the maize (see Fig. 6.13). After the maize harvest in October, the fescue

continues to grow and builds a stable green cover against soil erosion over the winter.

The vegetative growth of fescue ends with the ploughing at the end of April. While

red fescue is generally not harvested owing to its low yield, the grass adds much

subsoil and root biomass and is inserted to protect the soil over winter, increases the

soil’s carrying capacity and supports humus reproduction (see Fig. 6.16). The last

crop in the rotation is sunflowers. Sunflowers interrupt cereals’ cultivation sequence

before the rotations restarts with winter rye as a biomass crop. With the recycling of

digestate, the soil’s humus content can be kept in balance for biogas production with

this pure energy crop rotation.

Fig. 6.14 Silphie (Silphium

perfoliatum L.) in the first

year of development
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Figure 6.17 shows a mixed rotation with food, feed and energy crops. Eight

different crops are involved in this exemplary crop rotation, with a 33 % share of

energy crops and a 66 % share of market crops (winter wheat, sugar beet, winter

rape). These market crops for food or fodder can also be used as energy crops:

Winter rape for biodiesel and winter wheat and sugar beet for ethanol production.

Furthermore, sugar beets are currently also utilised for biogas production.

The 6-year rotation starts with winter triticale, winter vetch and a field grass

mixture. The development of field grass is reduced by the fast-growing mixture of

winter rye and winter vetch. After the harvest of the biomass mixture winter rye/

winter vetch at the end of June, field grass grows swiftly and provides biomass for the

biogas plant in autumn. The following crop – winter wheat – can be used as a market

crop for food or animal fodder. The wheat crop’s straw remains on the field to keep

the soil’s humus content balanced. The following catch crop helps turn the straw into

Fig. 6.15 Example for pure energy crop rotation

Fig. 6.16 Subsoil root biomass of red fescue delivers humus reproduction material
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humus and prepares the soil for conservation tillage systems. Maize is then sown by

mulch till or strip till. After the maize harvest, the soil is not disturbed until March or

April for sugar beet drilling. Sugar beets are used for sugar production and are a

market crop. Two further market crops follow with winter wheat and winter rape.

These two grain crops, with their straw residuals, are necessary for humus reproduc-

tion because maize and sugar beets are very humus-draining crops. After the rape has

been harvested, the soil remains undisturbed until September, when the rotation

restarts with a mixture of winter triticale, winter vetch and field grass for biogas

production.

6.8 Model Farms as Lighthouse Projects

6.8.1 Why Model Farms?

During the district partner selection process (see Chap. 11), we also looked for

suitable partners to research agricultural questions. The farmers were given an

opportunity to express their willingness to cooperate with the university team and

answer a questionnaire. Representatives of agricultural organisations distributed

the questionnaire to farmers with energy crop production. The questionnaires also

gave the farmers the opportunity to have their farms recognised as model farms.

In three selected districts, we began to cooperate with three interested farmers, who

were keen to try out new approaches to improve their cultivation concepts. The

model farm initiative sought to develop new ecologically and economically optimal

Fig. 6.17 Example for mixed crop rotation with energy and food/fodder crops for market

Karpenstein-Machan in Schmuck et al. (2012)
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cultivation concepts for bioenergy, food and forage crops with the help of the

farmers. They would act as new project leaders to motivate other farmers to change

their cultivation systems to obtain increased sustainability and productivity.

6.8.2 Characterisation of Model Farms

6.8.2.1 Farm Types and Biogas Plant Operation

Table 6.3 provides an overview of the model farm types and biogas plant specifics.

Farm A uses most of its farmland for energy production (80 %). Maize, rye kernels

and a part of the sugar beet cultivation are supplied to the biogas plant. Farm B uses

only 10 % of its farmland for energy production, mainly for maize production; the

market crops winter wheat and sugar beets are produced on 80 % of its farmland.

Farm C produces fodder for dairy cattle on farmland (50 %) and grassland (25 %).

On the remaining 50 % farmland, energy crops for biogas (mainly maize) are

produced. Liquid manure is only used as an energy carrier in farm C’s plant,

while the other biogas plants are based on renewable resources from farmland only.

Farm A has a contract with the other farmers to produce energy crops for the

biogas plant with an 800 kW electrical capacity. Together, Farms B and C, which

operate biogas plants in cooperation with other farms, own enough farmland to

operate the biogas plant with their biomass. A combined heat and power station

(CHP) is attached to every biogas plant and this, in turn, produces electricity and

heat. Electricity is fed into the public grid. However, only farm C’s plant has a

sufficient heat utilisation concept. Communal industry buildings and private homes

are heated with the heat from the combined heat and power plant. At Farm B, the

CHP’s heat output is used to run an organic rankine cycle (ORC) plant. The ORC

process converts heat output from CHP into electricity. Owing to the low

temperatures generated, ORC heat output can no longer be used for heating.

Much of the heat energy is therefore still unused. In farm B’s biogas plant, the

biogas process takes place in two fermentation tanks. The hydrolysis process takes

place in fermenter 1 and is separated from the biogas production, which takes place

in fermenter 2. With these facilities, the different demands of bacteria on tempera-

ture, pH-value and nutrient ratio should be fulfilled better. Another technical

upgrading is a press that separates the digestive material in a liquid phase and a

solid phase. The liquid, water-rich digestate is used as fertiliser on soils near the

plant, while the solid phase can be transported over longer distances and is

especially used on low humus content soils.

6.8.2.2 Climate, Soil Specifics and Crop Rotations

Table 6.4 show the three model farms’ climatic conditions and soil characteristics.

The mean annual air temperature increases from farm A, farm B to farm C. Farm A is

located close to the Harz Mountains, while the other two farms have a more
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favourable lowland climate. Mean annual precipitation is between 600 and 720 mm/

year, which is typical for moderate dry to moderate wet climates. The soil types range

from sand, loam and less loam to organic soils. The soil heterogeneity is reflected in

the soil fertility code, which ranges from 30 to 100.

On farm A, 35 % of the soil has developed from karst, is rich in limestone and has

a low rooting depth. Much of the soil has been irrigated with sewage for more than 50

years; one can therefore assume that it is contaminated with toxic substances. For the

past 10 years, the farm’s sandy soil has been part of a water protection area. In water

protection areas, land utilisation is regulated by water protection guidelines such as

the amount and the time period of mineral and organic fertilisers that can be applied.

Farm C also produces energy and feed crops in a water protection area. Farm B

produces food and energy on very fertile mineral and organic soils (fen soils). About

60 years ago, fen soils (floating grassland) were ploughed and drained and then used

as farmland. This land use change has led to soil degradation, carbon loss (humus)

and high mineralisation rates (see the Chap. 7). The cultivated crops are oversupplied

with nitrogen and other nutrients. Without pesticides, they suffer from plant diseases,

Table 6.3 Specifics of the model farms
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lodging and weeds; pesticide input into these soils is therefore high. Only a few crops

are rotated in the crop rotation.

The most frequently cultivated crops are maize, winter wheat and sugar beet.

Farms A and C respectively cultivate 65 and 63 %maize on their farmland. On farm

A, maize is rotated with winter wheat; on farm B, maize is rotated with winter rye;

while maize is rotated with winter triticale on farm C. On farm B, winter wheat

production covers 53 % of the farmland. Winter wheat is rotated with sugar beet.

On organic soil, maize is rotated with summer wheat. Owing to the high maize

demand for dairy cattle and the biogas plant, farm C produces maize in rotation with

triticale and winter wheat and in monoculture.

6.8.2.3 State of Ecological Challenges Regarding Current

Cultivation Concepts

Table 6.5 provides an analysis of the ecological challenges on the model farms.

All farmers operate their farms conventionally, which means the use of mineral

fertiliser and pesticides rather than practising biological or organic farming. Owing

to the very one-sided crop rotation with only a few crops (mainly maize, sugar beet

and wheat), many problems can arise. If maize and sugar beet are cultivated, this

means two humus-wasting crops are in a single rotation. Both of these crops start

their vegetation time in April to May and are sown in wide rows, taking 4–6 weeks to

build a canopy to cover the soil. During this time, maize development is specifically

very affected by weeds. Weed management with herbicides or mechanical weed

removal is necessary owing to young maize plants’ poor competitive power against

Table 6.4 Climate, soil specifics and crop rotations

170 M. Karpenstein-Machan



weeds. The uncovered soil at the outset and maize’s long vegetation period (until

autumn) leads to humus degradation. Furthermore, the amounts of harvest residuals

that remain on the field after harvesting are very low. Humus-accumulating crops

such as field grass or legumes should be followed by humus-wasting crops. On

organic soils, maize and sugar beet cultivation specifically leads to strong humus

Table 6.5 Analysis of current ecological challenges of the model farms

Farm A Farm B Farm C

Crop rotation Crop rotation with low

diversity

Crop rotation with low

diversity

Crop rotation with

low diversity

Humus High risk of humus-

wasting crop rotation

Humus degradation on organic

soils, high risk of humus-

wasting crop rotation on

mineral soils

High risk of humus

wasting crop

rotation

Diseases, pests European corn borer

(Ostrinia nubilalis)

in maize

Heterodera schachtii European corn borer

(Ostrinia

nubilalis) in

maize

Soil

compaction

Middle to high risk High to very high risk Low risk

Soil

cultivation

Minimum tillage Plough, conventional tillage Plough, conventional

tillage

Nitrate High danger of nitrate

leaching on karst

soils

Low danger High danger of

nitrate leaching

on sandy soils

Digestate

recycling

Separation into solid and

liquid phases,

digestate back to

biomass suppliers

Back to cooperation farms Back to cooperation

farms

Pesticide input Conventional Very high pesticide input Conventional

Wind erosion

(EFA)

Medium Medium Low

Water erosion

(EFW)

Low susceptibility Low to middle susceptibility Low susceptibility

Water

deficiency

in summer

�63 to �5 mm �120 to �180 mm �130 to �84 mm

Soil water

capacity

Low to medium High Low to medium

Ground water

level

Soils with low, medium

and high ground

water levels

Soils with low, medium high

ground water levels

Soils with low and

medium ground

water levels

Water

protection

area

All soils in area under

water protection

water protection area borders

soils of the farm

All soils in area

under water

protection and

landscape

protection,

Nature

protection

area

Few soils under fauna-

flora protection

Few soils under

fauna-flora

protection
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degradation and enormous greenhouse gas emissions. Other problems are linked to

tight rotations, including those of maize and sugar beet. Rotations with poor diversity

or monoculture support crop-specific pests and diseases.

Farms A and C have problems with the European corn borer (Ostrinia nubilalis) in

maize. In the larval stage, this pest hibernates in the base of maize straw, pupates in

May, after which female moths deposit their eggs in clusters onto the underside of

maize leaves. The borer larvae bore into the upper part of the maize plant and feed

downwards inside the stalk. The older the larvae are, the further they move down-

wards, and the greater the damage caused. Farm B cultivates sugar beets in high

concentration. The soil is infected with the beet nematode (Heterodera Schachtii),

which infects nearly all Brassicaceae species. These pests and diseases are typical

effects of low-diversity crop rotations and monoculture.

Sugar beet and maize are harvested with heavy machines in late autumn (October,

November) and often in unfavourable weather conditions, which promote soil com-

paction. The loam and organic soils of farm A and B are more at risk of soil

compaction than the sandy soils of farm C.

In combination with cash crop cultivation, minimum tillage and conservation

cultivation improve the soil structure and the biological life in the soil. Only farm B

cultivates the soil with a plough – the other two farmers use a field cultivator and

minimum tillage techniques.

The danger of nitrate leaching is very high in the karst soil of farmA and the sandy

soil of farm C. Water protection areas are often allocated where these soils occur.

All three farms’ biogas plant digestate is recycled and used on the fields. Since

farm A’s biogas plant obtains biomass from other farmers and the digestate has to be

subsequently transported over a long distance to the suppliers again, a part of farm

A’s digestate is separated into a liquid and a solid phase. The liquid fertiliser is

recycled in the nearby fields, while the solid phase is used to fertilise distant fields.

All farms use pesticides for weed, diseases and insect pest control. Farm B has an

above-average input of pesticides on its organic soils. A high mineralisation rate of

organic soils leads to plants that are oversupplied with nutrients. The crops are very

susceptible to diseases, stem weakness leads to lodging and the high weed pressure

reduces the crop yield.

The water and wind erosion susceptibility of all three farms is low. Only on a few

of farm B’s fields is the soil susceptible to water erosion. Water deficiency in summer

is highest on farm B, but its fertile loam and organic soils have a high water storage

capacity, which is counter to farm C’s sandy soils with their low water storage

capacity. Farm A has less water deficiency in summer due to the middle-mountain

climate; however, on karst soils with low water storage capacity, early summer

dryness can cause problems. The soil condition heterogeneity is reflected in the

groundwater level, especially on farms A and B, where soils with low, middle and

high ground water levels occur. Farms A and C cultivate their crops in water

protection areas, while farm B borders on a water protection area. Furthermore,

few of farm A and farm C’s soils are under fauna and flora protection.
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6.8.3 Implications for Sustainable Crop Cultivation
Design on Model Farms

Most of the problems and challenges are due to the low crop rotation diversification.

Two crops in a 2-year rotation is an undesirable situation. The minimum should be a

3-year crop rotation with three different crops to prevent crop-specific diseases and

pests, humus degradation and soil compaction. The model farms’ crop rotations

often have a 4-year “rotation”, but with only two crops (e.g., winter wheat, winter

wheat, winter wheat, sugar beet; maize, maize, maize, rye). These rotations resem-

ble a monoculture more than a crop rotation. The first aim should be to diversify the

crop rotations.

Examples are given on how all the farms can optimise their crop rotations

regarding their diversity, humus balance, yield stability and economical basis.

6.8.4 Examples of More Diverse Cultivation Concepts

Tables 6.6, 6.7 and 6.8 show the farms’ crop rotations, humus accumulation/

degradation and the contribution margins before and after the reorganisation.

Farm A needs most of its agricultural land for the biogas plant. Therefore,

maize, some sugar beets and rye corn were previously used as fodder for the

biogas plant. During the crop rotation reorganisation, high biomass production,

well-designed crop rotations to improve the crops’ yield and yield stability, and

achieving a balanced humus-soil content to maintain or increase the soil fertility

were very important (Table 6.7). The old crop rotations wasted humus and a

humus-soil balance was only possible through external purchase of manure in

keeping with cross-compliance regulations. The new crop rotations are well

balanced due to the field grass production (field grass after triticale biomass

cultivation and ryegrass undersown in maize). The humus content is balanced

by means of cereal straw incubation from the grain production and the digestate

fertilisation. With the new crop rotations, the crop diversity has been increased

from 4 to 7. The new crop numbers per rotation are now much higher.

Owing to the well-designed crop rotations with more favourable pre- and post-

crop combinations, positive effects are anticipated on the yield and yield stability.

Positive effects on the yield were quantified by using schematic classification tables

to calculate a farm’s contribution margin (financial revenues) before and after the

reorganisation. Classification tables are normally used in organic farming systems to

plan crop rotations and to estimate the pre-crop effect on subsequent crops (Kolbe

2006). Karpenstein-Machan (2010) has exceeded Kolbe’s (2006) classification table

with many bioenergy crops. According to Kolbe, four rankings were established: very

favourable, favourable, unfavourable and very unfavourable crop combinations. Crop

yields of very favourable combinations show a 10 % surplus on the yield, favourable

combination a surplus of 5 %, unfavourable combinations a minus of 5 %, and very

unfavourable combinations a minus of 10 % on the yield.
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To quantify the crop combinations’ effects on the crop yield, numerous crop

rotations trails have been undertaken over the last decades (for the results, see

Gliemeroth 1964; Klapp 1967; Könnecke 1967; Brouwer 1972; Bachthaler 1979;

Baeumer 1990; Christen 1997, 2001). The contribution margins of the old and new

crop rotations were calculated, using a farm’s averaged crop yields and the

exceeded classification table to adjust the crop yield to the crop rotations. The

market prices of the last 5 years (2007–2011) were averaged to avoid market

volatility affecting the results too much. Farm A’s cultivation shows that the new,

more sustainable and more diverse crop rotations are economically comparable to

the older crop rotations. Through the crop rotation reorganisation, further positive

effects, for instance, lower pesticide input and lower fuel energy demand during soil

cultivation are anticipated due to the improved soil structure.

Table 6.6 Crop rotations, humus accumulation/degradation and the contribution margins of farm

A before and after reorganization

Farm A 
Old crop rotations New crop rotations
1. w.-rye/maize/sugar beet
2. w.wheat/maize/maize/maize 

1. w.rape/w.triticale-fieldgras/maize/maize-
untersown/w.rye corn
2. w.triticale-fieldgras/maize/sugar beet/summer
wheat(corn) 

Cultivation area  208 ha Cultivation area  208 ha 
Maize 134 ha W.rape 30 ha 
Sugar beet 31 ha W.triticale/fieldgras 44 ha 
W.rye 27 ha Maize 74 ha 
W.wheat 14 ha Sugar beet 14 ha 

W.rye 30 ha 
S.wheat 14 ha 

Crops/farm 4 Crops/farm 7
Crops/rotation 2 and 3 Crops/rotation 5

Humus/accumulation/degradation in
kg C/ha/a 
Old crop rotations New crop rotations
Crop rotation 1 -712 90
Crop rotation 2 -496 -14

Contribution margin in Euro/farm 
Before After 

Winter rape 15,495 
Triticale and 
fieldgrass 26,400 
Maize 54,806 33,300 
Sugar beet 36,898 18,354 
Winter rye 10868 12,000 
Summer wheat 5,364 
Winter wheat 7,953 
Total 110,525 110,913 
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Farm B cultivates bioenergy crops on only 15 % of its farmland, because this farm

operates the biogas plant in cooperationwith three other farms. Its bioenergy crops can

thus be mixed with food crops. Approximately 40 ha of the arable farm soils are

high-yielding organic soils. For climate protection reasons, it would be better to

convert these soils to wet grassland again to avoid further humus loss (see Chap. 7).

However, this would imply high reductions in the farmers’ income. A compromise

could be the cultivation of a perennial crop such as Silphie, which needs no further soil

cultivation after planting. Unlike the annual crop cultivation, this would reduce the

humus degradation. In own trials, Silphie reached high biomass yields similar to the

maize yield (Karpenstein-Machan, unpublished). Further investigations were neces-

sary to evaluate the opportunities and risks for Silphie in organic soils.

Table 6.7 Crop rotations, humus accumulation/degradation and the contribution margins of farm

B before and after reorganization

Farm B
Old crop rotations New crop rotations
1. Maize/maize/s.wheat 1. W.triticale-fieldgrass/maize/summer wheat
2. W.wheat/w.wheat/w.wheat/sugar beet 2. S.oats/w.wheat/w.wheat/sugar beet

3. Silphie (perennial crop)

Cultivation area 253 ha Cultivation area 253
W.wheat 134 ha W.triticale/fieldgras 13.3
Sugar beet 71 ha Maize 13.3
Maize 25 ha Summer wheat 13.3
Summer wheat 15 ha W.triticale corn 50
W.rye 8 ha

ha
ha
ha
ha
ha
ha
ha

W.wheat 50
Silphie 13

Crops/farm 4 Crops/farm 7
Crops/rotation 2 Crops/rotation 3 and 4

Humus/akkumulation/degradation in kg C/ha/a
Old crop rotations New crop rotations
Crop rotation 1 -242 Crop rotation 1 268
Crop rotation 2 -60 Crop rotation 2 224

Contribution 
margin in 
Euro/farm
W.wheat 78.256 78.100
Sugar beet 83.354 58.700
S.oats 0 19.950
Maize 13.325 7.767
S.wheat 8.445 8.246
TC-fieldgrass 2.400 3.990
W-rye 0 0
e.g. Silphie 0 3.900
Total 185.780

Before After

180.653
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In this example (see Table 6.7), some of the organic soils were allocated for the

cultivation of Silphie. Two crop rotations were designed, one with mostly energy

crops and one with food crops. Biomass triticale, followed by field grass is a

substitute for maize cultivation and stabilises the humus balance. The following

maize is thus in a better rotation position, allowing the anticipation of higher yields.

Summer wheat completes the rotation, which ensures appropriate seed time for the

following winter triticale.

The food crop rotation starts with summer oats. Oats is a very good pre-crop

for winter wheat, because it does not multiply “take-all” cereal diseases

(Gaeumannomyces graminis var. tritici). In a cereal crop rotation, oats has the

same positive effect as a crop shift. This allows a 2-year cultivation of winter wheat.

Sugar beets at the end of the rotation represent a second crop shift. The late harvest

Table 6.8 Crop rotations, humus accumulation/degradation and the contribution margins of

Farm C before and after reorganization

Farm C 
Old crop
rotations 

New crop
rotations

1. Maize/w.barley/w.triticale 

2. Maize/maize/maize 

Cultivation area  92 ha Cultivation area  92 ha
Maize 58 ha Maize 46 ha 

W.wheat 15 ha 
W.triticale-
Fieldgrass-legume 15 ha 

W.triticale 19 ha W.wheat 15 ha 
W.rye corn 15 ha 

Crops/farm 3 Crops/farm 6
Crops/rotation 3 and 1 Crops/rotation 6

Humus/accumulation/degradation in kg C/ha/a 
Old crop rotations New crop rotation 
Crop rotation 1 61 Crop rotation 1 54 
Crop rotation 2 -816 

Contribution margin
in Euro/farm Before After 
Maize 23,722 22,126 
W.wheat 8,415 8,602 
W.triticale 4,465 0,000 
W.triticale-
Fieldgrass-leg 0,000 4,600 
W.rye corn 0,000 3,971 
Total 36,602 39,299 

1. Maize/w.triticale-fieldgras-leg/ 
Maize/w.wheat/maize/w.rye corn-phacelia
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of sugar beets seldom allows adequate winter crop seeds; therefore, summer oats

should ideally follow sugar beets. After the reorganisation, the crop diversity has

increased from 4 to 7 crops per farm, while the crop rotation diversity has increased

from 2 to 3 and 4. The humus balance now tends towards humus accumulation,

which is especially important in organic soils.

As the contribution margin shows, the more sustainable use of organic soils with

a perennial crop sometimes leads to farmers suffering income losses. The calculated

margins for Silphie in Table 6.7 are based on 15 t dry matter yield and the presently

very high costs of young plants and transplantation of about 4,400 euro/ha. More

cultivation experiments on a farm scale, knowledge of plant yields and long-term

yield stability are necessary to verify and enhance the margins. In particular, seed

quality should be improved to avoid the high nursery and transplantations costs of

Silphie cultivation. If these breeding problems are solved, Silphie could be a more

climate-friendly alternative to annual crops in organic soils.

Farm C needs nearly all its arable land for fodder for its dairy cattle and the

biogas plant, which is operated in cooperation with others. As fodder for dairy

production, maize reduces the cultivation area for maize as fodder for the biogas

plant. Therefore, the farmer cultivates maize on large areas in monoculture. To

fulfil cross-compliance regulations, he cultivates the winter crops wheat and triti-

cale on a small scale. With the new 6-year crop rotation, the farmer has many

options for feeding his dairy cattle and the biogas plant (see Table 6.8). Winter

triticale harvested at the milky stage is very suitable as fodder for the biogas plant.

After triticale, a mixture of field grass and alfalfa follows in the same year. Two

harvests are possible, the first in the autumn and the second in early May. The

mixture of field grass and alfalfa can be utilised either as dairy fodder or for the

biogas plant. Maize is now cultivated three times in the crop rotations and is still the

dominant crop, but it is now integrated into the rotation with six other crops/catch

crops. Owing to maize’s better position in the crop rotation, higher yields and a

better soil structure are anticipated. The humus content is now in balance and the

contribution margin has been increased by approximately 7 %.

6.9 Conclusion: Implementation Opportunities

New crop rotation proposals were developed with the model farms’ farmers. On parts

of the farmland, new crops and cultivation concepts – for example, undersown seeds,

crop mixtures, perennials and herbicide-free buffer strips (Silphie, wild herbs) – were

tested. As their experience increases, the farmers plan to reorganise their farms step-

by-step to include more sustainable concepts. To increase the implementation

opportunities on the model farms and to allow other district farmers to share in this

experience, information tours have been organised to these farms (Karpenstein-

Machan in Schmuck et al. 2012). Members of nature protection organisations, district
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politicians, administration officials, journalists and village inhabitants have taken part

in these tours. The meeting of people from different groups enriches discussions,

since the topics are broader than just cultivation questions, and increases understand-

ing of the different positions. Furthermore, if farmers acquire good media coverage,

this increases their motivation to pioneer and establish more sustainable cultivation

concepts. Furthermore, on the district scale, energy farmers and the district landscape

management can be motivated to work together to support sustainable landscaping,

especially regarding the planning and implementation of new energy plants (e.g.,

biogas plants, woodchip-firing plants and ethanol plants). Different societal groups

can thus influence the process and support the development of integrative energy crop

cultivation and integrative bioenergy regions (see Chap. 11).
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Chapter 7

Scale-Relevant Impacts of Biogas

Crop Production: A Methodology

to Assess Environmental Impacts and Farm

Management Capacities

Wiebke Saathoff, Christina von Haaren, and Michael Rode

Abstract The cultivation of biogas crops can affect nature and landscapes in

different ways. The increasing loss of permanent grassland, changes within

cultivated crops, crop rotations and their spatial allocation within the landscape

may have serious impacts on natural assets and commercial ecosystem services.

Beneficial or impairing impacts occur at the level of interference (farm level) as

well as on broader spatial and/or temporal scales. Governance problems often occur

when impacts cross farm boundaries, since farmers have no interest in maintaining

a service or avoiding impairments. This is due to the beneficiaries on regional and

higher scales often not compensating farmers for the costs of the service at the farm

level. Environmental governance should therefore deal with the discrepancies

between farm activities that have transboundary relevance and administrative/

property borders. Our research questions are:

(i) What kinds of transboundary impacts does biogas crop cultivation have on

natural assets or ecosystem services?

(ii) How can the harmful or beneficial impacts on different spatial scales or

governance levels be assessed? Where do costs and benefits occur?

(iii) Which biomass production impacts require individual and/or collective

responses and which precautionary measures could be implemented to avoid

possible impacts?

The purpose of this chapter is to establish an assessment methodology to identify

the discrepancies between land-use-related decision competencies and the scope of

the resulting impacts.

The assessment method is based on a literature analysis and is developed in

three steps:
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1. Establishing a theoretical basis to classify the scale-related impacts of biogas

crop cultivation. This theory considers the governance problems that may occur if

• affected habitats or ecological processes cross farm boundaries;

• the value of an affected natural asset is relevant on a broader scale (regional

or even global relevance);

• small or insignificant pressures (from the farm-level perspective) occur, as

they can have a relevant impact if they occur frequently in a larger spatial

context.

2. Classifying the typical pressures and impacts of biogas crops;

3. Integrating these pressures and impacts into a DPSIR framework according to

their scale relevance.

This methodology provides a systematic analysis of scale-related problems of fit

that occur in biogas crop cultivation. The resulting information on the required

individual or collective actions supports the identification of suitable governance

measures.

Keywords Biogas crop production • spatial scale • conservation • ecosystem

services • biodiversity • climate protection • greenhouse gas emissions (GHG)

• species protection • habitat network • on-site impact • transboundary impact

• DPSIR

7.1 Introduction: State of Knowledge and Objectives

7.1.1 Impacts Through Biogas Crop Cultivation

As a consequence of different driving forces, such as the strong incentives for

energy crop production, biogas crop production has expanded rapidly, accompanied

by extensive land use changes. Owing to the rapid expansion of biogas crop

production, the maize cultivation area grew by approximately 42 % in Germany

between 1999 and 2012 (Statistisches Bundesamt 2002, 2012). This expansion of

energy crop production has also increased the competition for land. The biomass

production of bioenergy, food, fodder and its extensive utilisation all compete with

one another and with nature conservation demands for land. In Germany, and

particularly in Lower Saxony, the resulting changes include the conversion of

grassland into arable land and the increased use of land that was previously set

aside (Nitsch et al. 2010). These land use changes have also occurred in

ecologically vulnerable areas, for instance, in areas protected by the flora and

fauna habitat directive, in water protection areas, on sites vulnerable to erosion

and in areas with great significance for carbon storage, such as peatlands (Nitsch

et al. 2009, 2010; Buhr et al. 2010). Grasslands have increasingly been converted
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into cropland, particularly on sites that are relevant for CO2 retention and species

protection, such as peatlands (Nitsch et al. 2009, 2010). Further changes are caused

by increasing pressure to use arable land more intensively, which is often followed

by reduced crop rotation times, the introduction of new energy crops, changes in

irrigation practices and an increase in plot sizes. These often have negative effects

on ecosystem services, such as the impairment of habitats (definition according to

Abercrombie et al. 2008) through the reduction of hedgerows and field margins,

changed species composition and the deterioration of landscape amenities (Wiehe

et al. 2010; Rodr{guez and Wiegand 2009).

7.1.2 Problems of Scale

The described unwanted landscape changes through biomass cultivation are partly

due to scale problems. They occur if the (e.g., economic) interest on the farm level

differs from that on the higher levels (e.g., regional habitat network), or if the

farmer overlooks the effects on the higher scales. The terms “level” and “scale” will

be used in this paper as follows: The term “scale” describes the definite spatial or

temporal boundary of a quantitative entity, whereas “level” is defined as a unit of

organisation (Allen 1998), which can be also spatially defined, confined by political

boundaries.

Land use changes and intensification can adversely affect natural assets, such as

animal species diversity and population density, if energy maize is cultivated on a

large area (Rode et al. 2010; Reich et al. 2011). However, maize cropping can also

result in beneficial effects if it diversifies the crop rotation, thus enriching the

habitat supply for animals (Reich et al. 2011). Positive and negative effects can

occur at the level of interference on the farm scale, but also on a broader spatial

scale. In the latter case this occurs if, for instance, many farmers act similarly and

all introduce maize resulting in large areas with monocultural maize cultivation. On

a broader temporal scale (over longer time spans), such changes may contribute to

gradual global warming caused by the GHG (greenhouse gas) emissions (IPCC

1996). The Brundtland Report and others have acknowledged the importance of

considering temporal and spatial scales in environmental management (World

Commission on Environment and Development 1991). Understanding an impact’s

spatial (and temporal) extension is necessary in order to identify the sources of a

problem and to implement measures to prevent impacts, or to rehabilitate affected

ecosystems.
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7.1.3 Information and Methodology Deficits Regarding
Managing Scale-Related Environmental Conflicts

Environmental impacts and their spatial dimensions caused by biogas crop cultiva-

tion are seldom foreseen or acknowledged on the spatial scale where crop cultiva-

tion decisions are made (the farm level) (see Wiehe et al. 2011). This shortcoming

in forecasting is, at least partly, due to a problem of fit between the decision level

for crop cultivation and the scale of the resulting impacts. According to the

subsidiarity principle, it is preferable to solve environmental conflicts at the lowest

possible decision tier (e.g., European Parliament 2000). Applying this principle

would imply that as many impacts as possible should be prevented and reduced at

the farm level. In order to enable the farmer to accept these responsibilities, he

needs information about the imminent environmental impairments and compensa-

tion for the management measures he may take that are not in his economic interest.

The framework conditions for such management on the farm level, or for issues that

cannot be dealt with at the farm level, should be managed at higher decision tiers

(EURLex 2002, Art. 174, environmental part of the EC treaty). Spatial planning

is a discipline which is capable and qualified to decide on the right level of

management. In Germany, spatial planning is the responsibility of forward-looking

regulations and the governance of territorial functions. This includes bridging

different spatial levels (counter-flow-principle) and acting according to the precau-

tionary principle (Regional Planning Act 2009). Spatial planning has to coordinate

different land use demands and deal with conflicts on different planning levels.

Specifically, spatial planning, together with landscape planning, should develop,

conserve and – if possible – restore soil functions, water balance, flora and fauna,

climate and cultural landscapes’ functions, as well as their interactions. The spatial

requirements of habitat networks, climate protection (climate change mitigation)

and climate change adaptation should be considered. Spatial planning should set the

stage for agriculture and forestry to help conserve rural areas’ natural livelihoods as

well as to maintain and design nature and landscapes (e.g., ROG 2009, }2 (1, 5, 6),

(Regional Planning Act 2009)). In order to follow the precautionary principle and to

prevent potential spatial conflicts, the risk of such conflicts should be identified at

the outset (Rode 2006). In addition, to fulfil its scale-related governance tasks,

spatial planning requires competencies in managing the financial compensation of

land users, who should be motivated to act against their intrinsic economic interests.

To date there has been no systematic analysis of a suitable division of tasks

between the regional planning level and the farm level with respect to the scale-

related problems that bioenergy production causes. The capacity of the farm level to

solve problems has specifically not been systematically examined. According to the

subsidiarity principle, knowledge of farm-level capacities could be the precondition

to decide on the appropriateness of the decision competencies at higher governance

levels. A classification of the scale effects and a methodology that can serve as a

basis to identify the adverse effects or benefits of biogas crop management as well

as its consequences for responses on different governance levels, are lacking.

Providing farmers with knowledge of the impacts that their cultivation practices
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cause on different scales may improve their capacities to prevent ecological

conflicts. However mere knowledge alone may not sufficiently motivate farmers

to apply conservation measures. Notwithstanding, this knowledge is also an impor-

tant basis for governmental institutions to supply incentives or create legal

obligations that may support a farm to produce biogas crops sustainably.

7.1.4 Objective and Outline

In order to support regional governance institutions in their attempts to solve

problems related to biogas crop production, the following questions need to be

answered:

• What are biogas crop cultivation’s impacts on the natural assets or ecosystem

services and how can we recognise and classify transboundary impacts?

• How can the harmful or beneficial impacts on different spatial scales or gover-

nance levels be assessed?

• Which response measures are appropriate and on which institutional level

should these measures be initiated or implemented?

A methodological concept is presented that helps answer these questions in

concrete cases. Applying the methodology allows the spatial scale-related problems

originating from biogas crop production to be assessed. The approach identifies

potential options for farmers to ecologically optimise their farm management as

well as the potential scale-related obstacles that may prevent them from doing so.

Furthermore, the methodological concept allows an assessment of whether conser-

vation measures can theoretically be initiated from the farm level or whether supra-

local or even supra-regional scale governance initiatives are required.

Since biogas crop cultivation can affect a wide range of natural assets and

ecosystem services, we will focus on species and habitat conservation (the habitat

function) and the mitigation of greenhouse gas emissions (the climate regulation

function) as examples. We also concentrate on the spatial scale and not on the

temporal scale.

After describing the development of the methodology (Sect. 7.2), we explore the

scale relevance of impacts and propose a test scheme for identifying different

decision levels’ responsibilities and regulation capacities (Sect. 7.3). Typical

impacts of biogas crop cultivation and measures to mitigate them (Sect. 7.4) are

used to integrate the test scheme (described in Sect. 7.3) into a DPSIR (driving

force, pressure, state, impact, response) analysis. Thereby, the scale relevance of

biogas crop production’s possible impacts and response options is assessed.

Suggestions are made (Sect. 7.6) on how to use the test scheme and the adopted

DPSIR concept to identify the right planning level for response options. Finally, the

scale relevance of impacts and responses’ benefits and costs is discussed (Sect. 7.7)

before a conclusion is drawn about the potentials and restrictions of the methodo-

logical concept and their implications for planning and governance practice

(Sect. 7.8).
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7.2 Methodological Approach

A methodological framework that incorporates specific tasks and methods was

developed in order to answer the questions stated above. Table 7.1 provides an

overview of the tasks and methods applied to answer the research questions.

Theories about the scale relevance of environmental impacts due to agricultural

land management were analysed by reviewing the relevant literature. Scale rele-

vance, which also applies to pressures regarding biogas crop production was

then classified (Sect. 7.3). Next, this classification was integrated into the DPSRI

analytical framework (European Environment Agency (EEA) 2007) (see Box 7.1),

where it was used to demonstrate the scale relevance of potential biogas crop

production pressures and impacts. Therefore, examples of potential biogas crop

production pressures and potential impacts on the habitat and climate regulation

function were collected from the literature. Potential responses to these impacts as

Table 7.1 Sections of the methodological framework: questions, tasks and methods
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reported in the literature were then listed (Sect. 7.4). Examples from these lists were

applied to the DPSIR analysis (Sect. 7.5).

The adopted DPSIR analysis can be used to assess the spatial scale relevance of

potential driving forces and pressures of biogas crop production, the state of the

affected site and the impacts on the habitat and climate regulation function. On this

basis, response measures can be proposed. The DPSIR is a suitable structure for

environmental impact studies and to derive practical and governance measures in

concrete planning situations (Stanners et al. 2007). Integrating the scale relevance

perspective into this structure is a new, still unexplored, step in the context of biogas

production as well as beyond.

7.3 Criteria for the Scale Relevance of Biogas Crop Production

7.3.1 Theoretical Background: Problems of Fit

Ecological processes and interactions cross the boundaries of ecosystems and

properties. Prey-predator interactions, the nutrient and water supply and other com-

plex ecological relationships create specific vegetation patterns and biocenosis with

high spatial scale sensitivity and a variety of ecological system boundaries (Veldkamp

et al. 2011). In addition, the boundaries of ecological systems (e.g., cell – tissue – leaf –

branch – tree – stand – forest – eco-region) (see Veldkamp et al. 2011) differ vastly

from the boundaries of social systems, for instance, from governmental levels such as

the local, provincial, national or intergovernmental level (see Cash et al. 2006).

However, the impacts on ecological systems, which are relevant on different scales,

are often not managed by themost suitable level of the societal system. For example, a

habitat ismanaged on a local level, which has no competencies to include this habitat’s

function into a regional network. Such mismatches between the level of the decision-

making authorities on the one hand and the spatial system levels of de facto ecological

impacts, or the related pressure sources and driving forces, on the other are quite

common in environmental governance (Lutze et al. 2003).

Box 7.1 The DPSIR Analysis: Driving Forces, Pressures, State, Impact

and Responses

The DPSIR (driving force, pressure, state, impact, response) analysis is a

methodological structure to assess the impact of a specific pressure or of

developments (e.g., the use of resources or land use changes), depending on

the physical, chemical or biological condition of a considered site (Hák et al.

2007). Moreover, the method refers to the reason for (the driving forces of)

the pressure, such as social, demographic and economic developments in

societies and their influence on changing lifestyles, consumption and produc-

tion patterns. In addition, measures or concepts can be listed to reduce or

prevent an impact or response (Hák et al. 2007).
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In the literature, the scale mismatch between the management institution’s

authority or jurisdiction and the ecological impact is commonly described as a

“problem of fit” (e.g., Cash et al. 2006; Young 2002; Folke et al. 2007), or as a

“cross-scale”, “cross-level” (Cash et al. 2006; Gibson et al. 2000) or

“transboundary” problem (Cash et al. 2006). This is especially true if the responsi-

bility is located at a lower level than the reach of the ecological relevance. The

conservation of ecological processes that transcend the boundaries of single

jurisdictions, such as species migration between habitats, or the climate regulation

function, is a major challenge for governance (Young 2002; Cash et al. 2006). Such

discrepancies between ecological areas and processes as well as decision-making

authorities’ spatial scope of responsibility often result in unsustainable resource

management (Folke et al. 2007). For example, the protection of a globally

threatened species will always be a challenge for a regional authority where this

species is still abundant. A solution could be to assign decision competences to

higher administrative levels if the areas, processes, or the cumulative impacts

of many single decisions (pressures) cross the borders of the own responsibility

scope. Assigning decision competencies to higher governmental levels is also

recommended if the affected natural asset is locally common but rare or even

threatened at the higher level (Haaren et al. 2012). However, as in our example of

a globally threatened species, protection would be difficult to implement from very

high decision levels. Alternatively, divided competencies (e.g., legislation or

incentives from higher decision tiers but implementation at a low level) could

prevent problems. Not least, environmental impact management can only be suc-

cessful if we know the spatial scale relevance of the pressure, state, impact and

response options. Adequate information is a precondition for scale-sensitive gover-

nance. The DPSIR model can structure the modelling of future or existent ecosys-

tem functions and services’ impairments as well as the role of responses

(management) (Sect. 7.2). All components of the DPSIR model also have a scale

dimension. If, for example, an impact like water pollution crosses administrative

boundaries because the affected ecosystem processes in a river ecosystem (state)

cross these boundaries and the driving forces of the impact (economic frame

conditions) are defined on yet another level, then response measures have to take

these scale differences into account.

The DPSIR analysis (see Sect. 7.2) assesses the intensity of an impact according

to the intensity of the pressure and the state, i.e. value and the sensitivity of the

affected natural asset in relation to the considered pressure source. Not only the

intensity, but also the scale of an impact is influenced by pressure and state. If we

consider the scale relevance of pressure and state, we can also draw conclusion

about the scale relevance of the impact and, specifically, about the required

response level. This again supports targeted governance actions.

In the following, we define the relevant scale effects related to the pressure and/

or state that initially determines impacts’ spatial reach. In a next step, these

scale effects are included in a test scheme to identify whether an impact is a

transboundary or an on-site one. This information is required to identify the

response level.
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7.3.2 Scale Relevance of Pressure Sources

The pressure indicator in a DPSIR analysis describes an action’s type and/or intensity,

such as the use of land and other resources, as well as the release of substances and the

biological and physical agents (Stanners et al. 2007). Beyond the type or intensity, the

amount of responsible pressures, i.e. whether there are single or multiple pressure

sources, also influences an impact’s extent (Parker and Cocklin 1993). Individually,

the undertaking of a certain farming activity (e.g., the conversion of a single grassland

plot into cropland) can be without relevant negative effects for a natural asset (e.g., no

complete habitat loss for a depending species, since other grasslands are nearby and

migration to these is still possible). Practised by multiple individuals however (e.g.,

conversion of a whole grassland region), it may cause significant ecological impacts

(e.g., regional extinction of species due to regional habitat loss – no habitats left to

which species could migrate to) (Parker and Cocklin 1993). According to our test

scheme, a transboundary impact occurs as the result of multiple pressures if multiple

farmers’ management jointly contributes to a compounding or additive impact that

goes beyond their individual farm boundaries. We thus presume that the considered

natural asset/ecosystem service is not affected by a single pressure, but that multiple

pressures are required to seriously disturb the process of the service (e.g., not a single

but multiple stressors releasing GHG are responsible for global warming). In the

literature, the scale effects of multiple pressures have been described as “space

crowding” (Roots 1988) or “structural surprises” (Noble 2010; Peterson 1987;

Sonntag 1987; Hegmann et al. 1999).

7.3.3 Scale Relevance of State

The state indicator describes the quantitative and qualitative dimensions of the

physical, biological and chemical conditions on a certain site/area (Stanners

et al. 2007). The state is characterised by the values of the potentially affected

ecosystem’s functions and their sensitivity to influences (Schenk et al. 2007). The

sensitivity describes the extent to which an affected ecosystem function responds to

pressures (a positive expression would be resilience). Sensitivity becomes only

relevant in case of pressure. If the ecosystem crosses farm boundaries, also

pressures outside the farm may lead to on-farm changes (see Table 7.1) in case of

a high sensitivity of the ecosystem and vice versa. A common example is a

watercourse which will react strongly to pollution and change ecosystem functions

and services in different spatial contexts.

Also the value dimension of the affected natural asset/ecosystem’s is scale relevant.

A transboundary, value-related impact occurs, for instance, if the impaired natural

asset/ecosystem service is valuable from a political perspective, or another decision

level above that of the farm level (e.g., a nationwide endangered species influen-

ced at the farm level) (Fig. 7.1). Official directives and legislation, or technical
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Fig. 7.1 Test scheme: Identifying the scale relevance of pressure, state, impact and response in

DPSIR assessments
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recommendations – such as the Kyoto Protocol (United Nations 1998), the Wild Bird

Directive, (Directive 2009/147/EC on the conservation of wild birds) and the Interna-

tional Union for Conservation of Nature and Natural Resources (IUCN), which

publishes the Red List of globally threaten species –, define the spatial value of a

natural asset or ecosystem service. According to the benchmarks of species conserva-

tion regulations – such as the Directive on the Conservation ofWild Birds (2009/147/

EC, Directive 2009/147/EC) – a caused impact’s spatial relevance increases when a

threaten species is affected. The relevance for the species’ general survival is higher if

it is globally threatened by extinction (e.g., according to the Red Lists (IUCN 2001))

than if it is a locally endangered population.

7.3.4 Scale Relevance of Impacts

The impact indicator of the DPSIR analysis describes the relevance of changes in

the state of a natural asset/ecosystem service (Stanners et al. 2007). The impact’s

spatial extent depends on a combination of the pressure intensity, the site-specific

sensitivity (Stanners et al. 2007) and the value of an affected natural asset.

Transboundary impacts can also occur if an impaired biotope or process – such as

animal migration or nutrient transportation – crosses the pressure level’s boundaries

(e.g., a farm) (for the process-related scale effect see Fig. 7.1). We created a test

scheme to check whether pressure sources from agricultural land management lead to

transboundary impacts by considering all spatial scale effects, such as space crowding

and value, or process-related scale effects. This scheme will answer the following

questions:

1. Are multiple stressors required to cause a relevant impact on a specific natural

asset/ecosystem service (for the space crowding effect, see Roots 1988; Parker

and Cocklin 1993; Noble 2010)?

2. Does the impact affect natural assets/ecosystem services considered valuable at

higher governance levels (value-related scale effect)?

3. Do the farm-level (on-site pressure) impacts of biological, physical or chemical

processes on an ecosystem exceed farm-level boundaries (process-related scale

effect)?

In order to answer these questions, the governmental level at which the impact

may be relevant should be examined in order to identify a suitable level at which to

manage and coordinate prevention or conservation measures. The answers are

relevant for planning practice and other forms of governance in order to derive

suitable response measures.

7.3.5 Scale Relevance of Responses

Land use decisions can respond to impacts by applying measures to prevent, reduce,

ameliorate or compensate them, or by adapting to the changes (Stanners et al.
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2007). Having identified whether a transboundary or on-site impact occurred and if

more than one individual is responsible for it, the next consideration should be

whether an individual effort would be sufficient to reduce/prevent this impact, or

whether collective actions are required.

If just a single farmer is responsible for an impact, he or she could theoretically

address the consequences of the source within his or her scope of competence.

Collective efforts (a collective approach) are required to reduce an impact if more

than one individual is responsible for this impact and if individual measure

applications would not lead to improvement. Such collective approaches can be

organised by the responsible group of farmers or at a higher government tier by an

administration or even induced, for example through public opinion.

7.4 Assessing the Pressures, Impacts and Measures

in Biogas Crop Production

At the plot level, biogas crop production’s impacts do not differ significantly from

those of food and fodder crop production. This is because biogas crops such as

maize and cereals are also the main common food and fodder production crops

(Statistisches Bundesamt 2012). However, the differences become clearer from the

landscape perspective, because a biogas plant’s operations may, for example, lead

to a change of regional crop rotation by increasing the share of preferred substrate

crops (Wiehe et al. 2010). In Germany, this is mainly maize (DBFZ 2011), which is

often concentrated in monocultural cropping systems close to biogas plants (Kruska

and Emmerling 2008).

The cultivation of single biogas crops such as maize often competes with other

spatial demands and may impact ecosystem services such as climate regulation or

the habitat function for species (Buhr et al. 2010). Table 7.2 lists the potential

general impacts on the habitat and climate regulation function, the underlying

pressure factors of biogas crop production and the potential response measures to

prevent or reduce these impacts. The main impact of biogas crop production related

to feed and fodder production is caused by its monocultural crop production close to

biogas plants and its additional demand for land, which result in an intensified use

of land (Wiehe et al. 2010). Consequently, the presented impacts and measures

mainly refer to the reduction of intensive agriculture’s negative impacts on species,

habitat and climate conservation. However, the characteristic potential impacts of

the biogas sector are mentioned separately in Table 7.2.

Further potential impacts can occur if food and fodder crops are replaced with

biogas crop cultivation, through different cultivated crops’ water consumption,

through machine operations, tillage, humus depletion, pest control and fertilisation

(Wiehe et al. 2010). Intensified nitrogen fertilisation may also lead to higher N2O

emissions and thus impact climate protection negatively. Intensified nitrogen input

can be caused due to the cultivation of crops with higher nitrogen demands, or
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Table 7.2 Potential pressures and impacts from intensive (biogas, food, etc.) crop production on

the habitat and climate regulation function and response measures for impact regulation

(continued)
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Table 7.2 (continued)

(continued)
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Table 7.2 (continued)

(continued)
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Table 7.2 (continued)

(continued)
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through the conversion of a land use type with lower nitrogen demand, such as

extensive grassland, into a land use type with higher nitrogen demand, such as

croplands.

7.5 Integration of the Biogas Case into the DPSIR Framework

For environmentally sustainable biogas crop production, farmers need site-specific

information to prove whether or not their biogas crop production causes impacts on

and/or beyond their farms. Furthermore, they need to know about potential

responses and whether individual implementations of various measures can

Table 7.2 (continued)

1 according to Dziewaty and Bernardy (2007), impacts on breeding habitats can be excluded by

means of a harvest date from mid-June onward
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successfully prevent or reduce such impacts. An adaptation of the classical DPSIR

concept (see Sect. 7.2) can help decision-making authorities define whether there

has been a transboundary impact or if an impact is restricted to the own spatial

decision scope. This is relevant information in order to clarify responsibilities and

check the level at which measures should be applied to prevent or reduce an impact.

An analysis with the adopted DPSIR analysis can help assess:

• whether impacts occur at the farm level or whether the spatial expansion of the

impacted ecosystem service has a wider reach;

• whether the reach of an impact depends on the type of pressure and its single or

multiple occurrence, or

• on the site-specific sensitivity of a considered natural asset or ecosystem service

and its value at different spatial levels;

• which measures can help reduce impacts;

• whether measures can be applied individually, or whether collective efforts are

required to prevent or reduce an impact;

• whether the driving forces should be changed for an effective solution.

Table 7.3 shows the results of such an analysis by assessing examples of

potential biogas crop production pressures on the habitat and climate regulation

function.

Table 7.3 shows the dependencies between the pressure and the state of the

chosen virtual site examples, which represent potential German agricultural

landscapes and their spatial relevance for the climate regulation function as well

as for the habitat and habitat network function.

7.5.1 Example 1: Climate Regulation Function

Substantial funding for bioenergy from renewable resources through the German

Renewable Energy Source Act (EEG) has stimulated high biogas crop yields and

thus increased the demand for cropland (driving force). Besides other reasons, such

as the decrease in livestock farming, rising market prices for agricultural products

and the decoupling of direct payment due to EU agricultural reform (which made

land use changes possible), the biogas boom has led to the increased conversion of

grasslands into cropland (Nitsch et al. 2010).

Furthermore, the grassland conversion rate in many German federal states has

increased rapidly during the past few years (Behm 2008, 2011). The conversion of

permanent grassland into cropland (pressure) has led to the decomposition of soil

organic carbon and, thus, to CO2 and – to a lesser extent – to N2O emissions

(Janssens et al. 2005; Smith et al. 2004; Soussana et al. 2004). The reduction of

carbon storage affects the climate and impairs the climate regulation function of

grassland areas (impact; Degryze et al. 2004; Del Gado et al. 2003; Lal 2003). The

more grassland areas of one soil type are converted into cropland (multiple

pressure, space crowding), the higher the GHG emissions. However, soil types
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differ regarding their risk potential for CO2 emissions. Grasslands with hydromor-

phic and, particularly, organic soils are, for instance, very sensitive to tillage, while

non-hydromorphic mineral soils exhibit a much lower risk of GHG emissions due

to grassland conversion (Höper 2008, 2009; Janssens et al. 2005). Therefore, a

small area of converted grassland can also lead to higher emissions than those of

large converted grassland areas if the smaller area exhibits a higher risk potential

for GHG emissions due to the site conditions (state, sensitivity).

Climate warming is caused by multiple individuals causing GHG emissions

(space crowding) on a global scale. Thereby, the impact crosses all existing

administrative levels (process-related scale effect). According to the Kyoto Pro-

tocol, the climate regulation function of sinks and reservoirs of GHG gases is a

common good of global relevance and should therefore be protected (Art. 2a, ii;

United Nations 1998). Thus, the spatial value of this pressure’s impact can be

considered global, thus automatically crossing different decision-making levels

(value-related scale effect).

The Kyoto Protocol proposes sustainable forms of agriculture (Art. 2a, iii;

United Nations 1998). Responses to reduce or prevent GHG emissions due to

farm management are the conservation of permanent grassland, avoiding grasslands

tillage and rewetting drained peatlands. To stop global warming, the total amount of

GHG should be reduced. Since it is irrelevant which source is reduced in which

region of the world, each reduction will show an individual mitigation effect.

Responses to mitigate GHG due to biogas crop-production-related pressures can

thus also be implemented individually (see Table 7.3)

7.5.2 Example 2: Habitat Function

Expanded biogas crop production can impact the main factors that influence the

landscape’s habitat function for different animal and plant species (Wiehe et al.

2010). An example of the impact of extended biogas crop production on a habitat

function is that of the Red Kite (Milvus milvus). The extended monocultural

cultivation of renewable resources (pressure, driven by the renewable resource

bonus of the EEG – driving force) – particularly maize for biogas and rapeseed for

biofuels – is listed as a main threat to the Red Kite population in Lower Saxony

(Klein et al. 2009). The Red Kite depends on diverse habitat structures such as

diverse crop rotations (including summer crops) and landscape elements such as

fallows, grasslands, stubble fields, etc. (Krüger and Wübbenhorst 2009). Where

such feeding habitats have been displaced by maize monocultures, the Red Kite can

no longer find enough food to survive (Klein et al. 2009).

Besides the pressure factor, the real impact on the Red Kite also depends on the

sensitivity of the affected natural asset (see Table 7.3). The Red Kite’s mobility

allows it to search for food within a hunting ground of up to 15 km2 (Bayerisches

Landesamt für Umwelt 2011; Landesamt für Natur 2010). It can cover a distance

between nesting and feeding sites of up to 12 km (Krüger and Wübbenhorst 2009).

If this area constitutes a multi-structural landscape with sufficient feeding habitats,
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the sensitivity to limited structural changes is relatively low, because many single

changes are required to destroy the habitat function. Thus, growing maize on one

plot will not significantly affect the Red Kite’s food supply. However, this may

change if a farmer has a large farm and converts larger parts of the Red Kite’s

hunting ground into a monocultural and monostructural cropland area, or if many

farmers in the region do so (multiple pressures – space crowding effect). Since this

reduces the food supply (smaller mammals, birds), the habitat function will probably

be destroyed and the Red Kite population would be threatened. If the process

affected by the pressure exceeds the own spatial decision scope – for example, if

the converted farm plots previously constituted important unique feeding habitats

for one or more breeding pairs of Red Kite within a broader territory – a process-

related transboundary impact results from the structural changes.

Over 50 % of the global population of Red Kite resides in Germany (see Fig. 7.2;

Bird Life International 2011; Südbeck et al. 2007). Consequently, Germany has a

global responsibility to protect this bird species (Südbeck et al. 2007) and should

protect it although the Red Kite is common in many German habitat regions. Since

the Red Kite is listed as near-threatened on the global Red List and in Annexure I of

the European Directive on the Conservation of Wild Birds (Directive 2009/147/

EC), expanded monocultural biogas crop cultivation on former or potential Red

Kite habitat regions in Germany (high value) may impact the global population

(value-related scale effect). The value of the affected population for the mainte-

nance of local, regional and transregional populations, or for the species as a whole,

therefore defines the scale of the impact.

Fig. 7.2 Responsibility of different administrative levels for the Red Kite (Milvus milvus)

population according to its global distribution (Data sources: Südbeck et al. 2007; Bird Life

International 2011; Klein et al. 2009; Schmidt 2009)
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According to the European Directive on the Conservation of Wild Birds (Direc-

tive 2009/147/EC), the Red Kite should be protected. Specific conservation areas

and measures should therefore be implemented to guarantee its survival and

reproduction in its distribution areas (Directive 2009/147/EC). If the impact on

the Red Kite is low and caused by single or few pressures, responses such as the

cultivation of summer crops (other than large-growing crops such as maize, sor-

ghum, etc.) can be applied on individual farms. However, if there is a broader

spatial impact, it has to be reduced through a collective response, since the Red

Kite depends on spacious structural diversity in landscapes. This would imply the

need for coordination on higher decision tiers. A single farmer’s adaptation

measures cannot create a connecting, diverse landscape.

7.5.3 Example 3: Habitat Network Function

Large-growing biogas crops, such as maize, sorghum, etc., shade field margins,

which are important habitats and habitat network corridors for many xerophile

species (Table 7.3). Shading field margins (pressure) can impact the habitat

network function of xerophile species such as Chorthippus apricarius (locust

species). Chorthippus apricarius has its main distribution in open, extensively

used agrarian landscapes. It requires very high summer temperatures and ground

exposed to sunlight (Grein 2005), which means its sensitivity to shading is high.

This species uses field margins as habitat and as a corridor to migrate to adjacent

habitats. If a formerly sunny field margin (e.g., a field of low-growing summer

wheat with little shade effect adjacent to a field margin) with a Chorthippus
apricarius population is shaded by changing the cultivation from low-growing to

high-growing (energy) crops (single pressure), the population will probably lose

this habitat. Since the species can cover a distance of approximately 100 m/day

(Schumacher and Mathey 1998) and the affected field margin in the example only is

only 50 m long, the population can still migrate to the adjacent field margins

provided that their site conditions comply with this species’ demand (low sensitiv-

ity). Thus, the impact of one shaded (shorter) field margin on the species existence

will probably be low. Pursuant to the example of a single pressure on a German

farm, an affected Chorthippus apricarius habitat would constitute an on-site

impact, because the species has no particular protection status in German law, i.e.

there is no value-related scale effect. In contrast, the impact on Chorthippus
apricarius can be higher if many plots in one area have large-growing crops

(multiple pressures, space crowding). The species has a very short activity radius

(approx. 100 m/day, Schumacher and Mathey 1998) and shading the field margins

on a broader scale will remove potential migration corridors and habitats. Thus, the

affected population cannot migrate to other habitats and may become extinct there

(impact). Since the impact of the multiple pressure within example 3 (Table 7.3)

occurs partly in a flora-and-fauna habitat (FFH) area (NATURA 2000, European

protection area; Council Directive 92/43/EEC of 21 May 1992) and FFH areas are
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affected, the result is a transboundary impact of Europe-wide relevance (value).

Furthermore, the transboundary impact can also result from the pressure level

exceeding the different species’ activity radius (process-related scale effect).

Generally, the higher the number of barriers established in a habitat network, the

higher the separative effect (Girvetz et al. 2007; Jaeger et al. 2007) and the smaller

the chances of populations crossing over or finding new habitats and, thus, surviv-

ing (With and King 1999; Jedicke 1990). The higher the number of network

corridors established, the higher the likelihood of species migrating to other habitats

and maintaining a habitat network. Thus, if owners of adjacent croplands who

cultivate maize and other large-growing biogas crops adjust their crop rotations and

reduce their cumulated pressure, this can have a positive response. An additional

measure to maintain a habitat network can be realised by establishing broader,

extensive field margins on plots’ unshaded southern sites. This measure can

improve local habitat conditions, also on single fields, by providing margins large

enough for a viable population (individual effort).

7.6 Using the DPSIR to Deduce Governance Approaches

Applying the test scheme concerning pressure and impact can help check whether

the impacts of biogas crop cultivation can be solved through single-approach,

initialising conservation measures on the farm level, or whether upper governmen-

tal levels should apply instruments (regulatory, financial, informative or others) to

provide incentives (Fig. 7.3).

Individual farmers can prevent or reduce farm-level (on-site) impacts (see

Fig. 7.1). Advice from the next administrative level on how to realise good farming

practice (GFP) and cross-compliance (CC) standards, or even how to create

environmental benefits from biogas crop production related to individual site

conditions, can support a farmer. Single approaches can also prevent or reduce

impacts if a single pressure causes a transboundary impact (process or value-

related scale effect). On the one hand, measures can target the affected natural

asset (spatially targeted) by, for instance, proclaiming protection zones and through

agri-environmental measures to conserve a specific common good. On the other

hand, they can target the individual producer (spatially untargeted) by making

advice on adequate land management available or by imposing fines (e.g., if the

GFP is violated). However, if an upper-level value is affected, the total impact on

the natural asset or ecosystem service can probably only be detected at this upper

level. Under these circumstances, governance institutions from the next level

should initiate the prevention or reduction of the pressure source by, for example,

organising informational support or consultation for the responsible pressure entity.

Since they are caused by multiple individuals on a broader scale (space

crowding) (Roots 1988), many unsustainable land management practices’ impacts

do not become visible on a single plot or farm (Ruschkowski and Wiehe 2008;

Wiehe et al. 2009; Foth et al. 2007). If a collective approach is required to solve an
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Fig. 7.3 Scale-related instrumental response approaches
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impact, the majority of individuals would have to agree to improve their land

management themselves. To conserve the performance and functioning of the

ecosystem service for the public, a higher administrative level should supervise

this by observing, managing and preventing single sources of potential cumulative

(for cumulative effects assessment or CEA, see, e.g., Parker and Cocklin 1993;

Dubé 2003; Cooper and Sheate 2004; Noble 2010), value-related or process-related

conflicts. Authorities and planning institutions at the level in question should

estimate the single and cumulated potential pressures and relate them to spatial

sensitivities to assess the risk of potential impacts on the natural assets within their

spatial administrative boundaries. Government coordination can help effectively

design and arrange the various measures applied, if it provides broader spatial data

on the environmental context and ecological demands of single sites. This is

required to consider ecological interconnectivities (e.g., the network potential of

different habitats). If there are data on the spatial interference of pressure and on the

vulnerability of a natural asset/ecosystem service (state), governmental institutions

can develop measures that target spatial site conditions (e.g., agri-environmental

measures, protection areas, etc.). Spatially untargeted measures will have to be

implemented if there are no spatially concrete data on how pressure and state

interact. However, spatially untargeted measures, such as taxes, the GFP, etc.,

can also be implemented in addition to spatially targeted measures.

7.7 Scale Relevance of Benefits and Costs

Scale related problems of fit often can be expressed in economic terms. Scale

related discrepancies may be cause for beneficiaries of environmental action and

those who pay the cost not being identical. As farmers’ decisions to apply conser-

vation measures depend very much on the financial costs and benefits of the

considered measures (Pannell et al. 2006; Mante and Gerowitt 2006) they need

information about costs as well as possible benefits on farm scale. Also they should

know about payment schemes for compensation if they are not the beneficiaries of

environmental measures themselves. The required information about costs refers to

a farmer’s expenditure regarding his labour, worker wages, machine running times,

fertilisers, other materials, etc., in order to apply a particular measure. Since a

conservation measure’s costs depend strongly on the site conditions, the cost

calculations for the farmer should be site specific. The benefits on farm level may

include for example to increase revenue from less productive sites by choosing a

new crop which cuts cultivation costs and, for instance, reduces soil erosion.

However, often the costs occur at farm level but the benefits occur on other levels

and no mechanisms are in place to make beneficiaries pay the farmer for producing

these benefits. Also the opposite happens: benefits happen on farm scale and costs

have to be paid on higher levels. Farmers may, for example, benefit economically

from permanent grassland’s conversion into cropland if biogas electricity prices

exceed milk prices. However, the costs of the GHG emissions released by this land
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use change are global due to the impacts of global warming. Mostly, governmental

institutions will have to pay them to maintain the supply of ecosystem services. This

may be very inefficient if the global compensation cost exceed the expenses for

avoiding the impacts on farm level.

Therefore the costs and benefits of conservation measures should also be

assessed in the light of their spatial distribution. The farmers need information

about cost and benefits on farm scale. The government and the public need

information about the amount of expenses for external costs or compensation

arising for the public (on higher levels) as well as about benefits produced by

farms. Such information is a precondition for taking efficient governance measures

7.8 Conclusion

Up to now scale-related problems of fit have been neglected in biogas politics. This

chapter proposes methods for analysing these problems on the farm level. The

DPSIR scheme has proven a suitable structure for this analysis. If pressure and

impact occur on different scales this discrepancy indicates a potential problems of

fit. Such a diagnosis allows for analysing or finding response measures in concrete

cases as well as judging driving forces and suitable governance schemes.

The proposed assessment scheme for studying the impacts and scale relevance of

biogas crop production consists of various lists of possible pressures, impacts and

response options as well as the assignment of their possible or general scale

relevance. The potential pressures and impacts discussed in this chapter relate

mainly to biogas crop production. However, the methodology may also be applied

to other agricultural land use sectors. In a concrete case, the impact and scale

relevance are assessed in an integrated examination of the pressure and state (value

and vulnerability). Supra-farm information about multiple pressures should also be

taken into account. The proposed measures (from a general list) can be adapted to

conditions of the individual farm. Adequate decision levels and governance

strategies for solving problems can then be proposed from a theoretical perspective

and are based on the combination of the scale relevance, the number of possible

polluters, the spatial allocation and/or the limitation of the impacts. In order to

comply with the subsidiarity principle and lead the way to the most efficient

governance options, a concept has been developed to explore farms’ and farmers’

capacities to prevent or reduce their management impacts on their own.

The methodological approach to the assessment as well as the proposal of possible

measures should be based on existing research on the impacts of biogas crops. In

contrast, the theoretical framing in the context of the scale issue is new, as is the

substantiation and adaptation of the DPSIR analysis regarding the scale-related

consequences of its different components. This new classification is of great relevance

in order to choose the most adequate governance strategy to solve energy plant cultiva-

tion problems. However, the assessment conceptwill have to be tested in future to prove

its applicability. Possible difficulties could be data problems, such as missing data
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regardingmultiple pressures. Supra-farm information onmultiple pressureswill have to

be taken from the respective statistical data and scenarios of future development.

In addition, the theoretical approach and the proposed governance strategies will

not necessarily always be the most effective way to solve problems. The strategies

are based on the general assumption that regulations and decisions should always be

taken on the affected (political) tier where the ecological damage and the costs of

unsustainable management become clear. While there is a strong logic in this

approach and other economic research results point in this direction (e.g., the theory

of the tragedy of the commons) (Hardin 1968; Ostrom 1990; National research

council, UN 2002), there are also good reasons for assigning as much responsibility

as possible to the lowest decision level. A major argument for giving responsibility

to the lowest level is that conservation measures are most successful if the

individuals affected by conservation measures are involved (i.e. can participate)

in the measure implementation process (Schenk et al. 2007). However, successful

natural resource management cannot be managed on a single administrative level.

Nested systems (see Marshall 2008; Berkes 2002; Ostrom 1990) are required,

including the national and local levels and the links between them, as well as the

intermediate level (Ministry of Foreign Affairs of Denmark 2007).

An intensive examination of case studies (as outlined in Sect. 7.5) is only a first step

in a longer research process that sheds light on the potentials of the farm level to deal

with these responsibilities. In future, case studies should lead to better hypotheses

regarding the ways in which farmers can be motivated to adopt sustainable manage-

ment practices and the hindrances along the way. A more extensive quantitatively

oriented survey should follow in order to derive results that can be generalised and

that can support governance strategies in different contexts and under different

preconditions. Nonetheless, in future, it should be possible to adapt such strategies

to individual farmers’ capacities and willingness. A simplified and adapted version of

the outlined survey may be a tool for assessing these individual capacities.
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Küsten- und Naturschutz (NLWKN), Hannover.
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(Milvus milvus (L.)). Retrieved from http://www.naturschutz-fachinformationssysteme-nrw.

de/ffh-arten/de/arten/vogelarten/kurzbeschreibung/103013

Lutze, G., Schultz, A., & Kiesel, J. (2003). Landschaftsstruktur im Kontext von naturräumlicher
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Part IV

Economic Optimisation of Bioenergy
Production



Chapter 8

Optimising Bioenergy Villages’ Local Heat

Supply Networks

Anke Daub, Harald Uhlemair, Volker Ruwisch, and Jutta Geldermann

Abstract Bioenergy villages’ local energy facilities produce electricity and heat

for their inhabitants. This electricity is fed into the public grid with the heat

distributed to the households via a local hot water grid.We use a linear mathematical

model to simultaneously optimise the course of the heat supply network and the

selection of households to be connected to the grid. In a first step, the heat distribu-

tion system is economically optimised. In a second step, we analyse the impacts of

including social criteria and of varying parameters (e.g., prices). The model is

applied to a small village with 24 households.

Keywords Bioenergy village • biogas plant • heat supply network • optimisation

model • sensitivity analysis

8.1 Introduction

This chapter deals with the economic optimisation of local heat supply networks for

bioenergy villages. Potential heat customers could be private households, public

buildings, farms, industrial buildings, hotels and recreational facilities such as

swimming pools or gyms. It is assumed that an independent operating company

runs the district heat supply system. The required amount of heat is purchased from

a local bioenergy plant, which comprises a combined heat and power biogas plant, a

central heat station burning wood chips and an additional oil-based heat generator
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to ensure the heat supply during very cold periods of the year. In Sect. 8.2, a linear

mathematical model is presented and applied to a village with 24 potential heat

customers. The model calculates which potential heat customers should be

connected to the heat supply network and what the pipeline’s optimal course

would be. In Sect. 8.3, the results of a sensitivity analysis are shown. This analysis

incorporates different scenarios regarding the villagers’ willingness to be connected

to the network. We also investigate how much the heat customers’ initial fixed costs

can be reduced by examining the profits after the optimisation. In addition, we

calculate how high the price that the operating company pays for heat can rise

before the network becomes unprofitable. In Sect. 8.4, we summarise the findings

and describe further research steps.

8.2 The Optimisation Model

8.2.1 Components of Mathematical Optimisation Models

To set up a resource-efficient and cost-efficient heat distribution system, the planning

process should be mathematically modelled. Models are a means to reduce de facto

complex relationships to their essential structures in order to identify the important

components, the dependencies between them and the effects that changing data have.

Mathematical planning and optimisation models consist of three basic

components: the decision field (the model’s variables), the planning target (the

model’s objective function) and the planning framework (the model’s constraints)

(Hillier and Lieberman 2010, p. 25 ff.). The decision variables describe the deci-

sion-maker’s scope of action; by assigning a specific value to each variable, one of

all the possible decisions is chosen.

On the one hand, the scope of possible actions is determined by the variables’

domain (e.g., binary variables for potential heat customers – whether connected or

not connected to the heat supply network –, or nonnegative real numbers for an

energy plant’s capacity (kW)). On the other hand, the scope of action may be

restricted by constraints that should not be violated. These could be the available

amount of biomass, a financial budget, or the plant’s capacity. These constraints

frame the set of all feasible solutions, i.e. the decision variables’ region of permis-

sible values in which all constraints are met.

An objective function has to be formulated to measure different solutions’ quality.

This function represents the decision-maker’s preferences and consists of the perfor-

mance measure (e.g., the local heat supply network’s profits or the amount of

emissions resulting from the biogas station’s energy generation) and the direction

into which these should develop (e.g., maximisation or minimisation). The optimal

solution is the one with the most favourable performance measure value.

Linear optimisation models are characterised by the variables not being squared,

cubed or multiplied by one another in the objective function or in the constraints,
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etc. Whether the region of feasible solutions is convex or non-convex depends,

among others, on the variables’ domain (Hu 1969). The simplex algorithm (Murty

1976), interior-point methods (Domschke and Drexl 2007) and branch-and-bound-

based algorithms (Murty 1976) can be used to solve linear optimisation problems.

Before we develop an optimisation model for a specific village, we describe its

structures and characteristics.

8.2.2 Selected Bioenergy Village

The village on which the following analysis is based is located in southern Lower

Saxony. The villagers want to use locally produced bioenergy in future and have

therefore supplied information on, for instance, their individual heat demands. The

village structure and the other necessary parameters used in this analysis are real

data collected in this village. Accordingly, the model described below can be used

as a decision support tool to help ensure a bioenergy project’s success.

This village has 24 households, each with its own heating system, which will in

future receive heat from a local heat supply network. Consequently, a local hot

water grid has to be installed. A local energy plant comprising a combined heat and

power biogas plant will generate the required amount of heat. Electricity is fed into

the national grid and heat distributed to the villagers via a local hot water grid.

An additional heating system burning wood chips and an oil-based peak load boiler

ensure heat supply on very cold winter days. It is assumed that there will always be

sufficient energy to supply the villagers with heat. An independent operating

company – such as the cooperative of farmers and villagers found in Jühnde1 –

will run the heat supply network. It will buy the heat from the bioenergy plant (at a

set price of 0.03 euro per kWhth) and sell it to the heat consumers (at a set price of

0.059 euro per kWhth). Most of the households have signed a contract, in which

they declare their willingness to be connected to the heat supply grid, with the

network operating company; for various personal reasons some households have

not signed this contract.

The decision situation is depicted in Fig. 8.1. The black lines show the possible

course of the heat supply grid and the 24 potential heat recipients are represented by

the nodes x1,. . .,x24. Three nodes (x25, x26, x27) – representing the crossroads branch
points – have been introduced.

We will formulate a decision model and design a distribution system for this

village for an economically optimal heat supply to the households. We do not

consider the producing and selling of electricity, nor is the production system part

of the planning and the decision model. Consequently, the energy biogas plant’s

capacity as well as its configuration and location, is considered as given.

1 See Chap. 2 in this book.
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8.2.3 Linear Optimisation Model for a Local Heat Supply
Network

8.2.3.1 The Model’s Variables

The three components of an optimisation model (variables, objective function,

constraints – see Sect. 8.2.1) have to be explained and defined in terms of the

bioenergy village described above.

Two decisions have to be made to construct the local heat supply grid:

• Which objects (private households, public buildings, industrial enterprises, etc.)

will be linked to the grid?

• What is the grid’s optimal course?

The variables can be divided into two groups: variables relating to the

households2 and those relating to the heat supply grid. The first group consists of

all possible objects located within the village, irrespective of whether or not the

homeowners have signed a heat supply contract. Since connecting a household to

the local heat supply grid is a mere yes or no decision, the relevant variables (in this

context called xi) have to be defined as binary variables and can therefore only have
the value 0 or 1. Since the village consists of 24 households, the variables x1, x2, . . .,

Fig. 8.1 Potential heat recipients and possible grid segments

2 Here, “households” include public buildings, industrial enterprises, etc.
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x24 represent the decision whether or not a specific household will be integrated into
the grid (supplemented by the variables x25, x26, x27 for the crossroads).

In the second group of variables (the grid variables), all possible courses of the

grid have to be considered. The grid is divided into different network segments

described by the variables yij. Each segment yij represents the link between house-

hold i and j. Contrary to the households variables, the grid variables yij are not given
beforehand. Instead, the grid’s different technically feasible courses have to be

identified and variables have to be assigned to all the potential network segments.

8.2.3.2 Objective Function

In this case, the objective function’s performance measure is the whole system’s net

present value (NPV, see Box 8.1). This is the value of all of an investment’s present

and future cash flows at the start of the planning horizon. Since the future payments

cannot be compared with the current payments due to issues such as inflation,

uncertainties and alternative investment possibilities, they have to be discounted by

using a plausible internal discount rate. A positive net present value indicates that

an investment is profitable and better than a financial investment based on a specific

interest rate (Götze et al. 2007).

The local heat supply network’s net present value consists of all the (usually

positive) present values of the households and all the (negative) present values of

the network segments.

From the operating company’s perspective, the households’ net present values

comprise the following positive or negative payments:

• annual revenues from selling heat (product of the individual heat demand (wi)

and the difference between the selling price (pS) and the buying price (pB) per
kWhth) and an annual basic fee which the households have to pay

Box 8.1 Net Present Value (NPV)

The net present value is one of the basic key figures for investment appraisal.

There are various models that support investment decisions. They can, for

example, be categorised according to time (static and dynamic) and certainty

(deterministic and stochastic). On the one hand, examples include the compar-

ative cost or profit method, the comparative profitability method, or the static

amortisation method. On the other hand, there are dynamic models such as the

net present value method, the annuity method, the internal rate method and the

dynamic amortisation method. The net present value method is used often,

because it is easy to deploy and suitable to evaluate whether an investment is

absolutely or relatively advantageous. More information on methods and

different performance figures can be found in Götze et al. (2007).
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• one-time payments (positive payments such as the connection fee, the capital

contribution, a government grant and the negative payment for the individual

grid connections)

• negative annual payments for maintenance (dependent on the individual grid

connections) and support.

The model for optimising the local heat supply network is based on the following

assumptions:

• The planning horizon is 20 years.

• It is calculated with a 3 % internal discount rate.

• All payments are net payments.

• The problem of self-financing vs. external financing is not explicitly addressed

(at least concerning the households).

• There are no heat losses when heat is conveyed through the grid.

Using the annuity present value factor to discount the (constant) payments to the

start of the planning horizon (see the quotient at the end of the formula), the net

present value for household i (NPVi) can be calculated as follows (the figures in

brackets below the formula show the parameters’ values in this village):

NPVi ¼ ðcþ gþ cc� hiÞ þ ½wi � ðpS � pBÞ þ b� m � hi � a� � ðr þ 1ÞT � 1

r � ðr þ 1ÞT

with:

NPVi: net present value of household i

c: connection fee [2,000 euro per household]

g: government grant [1,800 euro per household]

cc: capital contribution [2,500 euro per household]

b: basic fee [420.17 euro per year]

m: maintenance factor [0.02]

a: administrative payments [50 euro per year]

r: internal rate of discount [0.03]

T: length of the planning horizon [20 years]

pS: selling price [0.059 euro per kWh]

pB: buying price [0.03 euro per kWh]

hi: individual installation costs for connecting household i

wi: heat demand of household i

Table 8.1 lists the individual heat demands and different installation costs3 of

connecting the households to the grid.

The net present values for all the households can be calculated by using the

above-mentioned formula; for example, the net present value of household 1

amounts to:

3 Although payments are sometimes called “costs” here, “payments” is the correct term in

economics theory, because only cash-effective amounts are considered.
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NPV1 ¼ð2; 000þ 1; 800þ 2; 500� 8; 700Þ þ ½40; 000 � ð0:059� 0:03Þ

þ 420:17� 0:02 � 8; 700� 50� � 1:0320 � 1

0:03 � 1:0320 ¼ 17; 671

All the net present values, which are simultaneously the coefficients ci for the
variables x1 up to x24 in the objective function, are shown in Table 8.2.

To complete the objective function, i.e. to add the coefficients cij of the network
segments, the corresponding net present values have to be calculated. The payments

for installing the grid segments vary with the length of the single segment

(in metres) and the soil type (street, grass strip, meadow, etc.), where the strip of

pipeline has to be laid. Without considering the government grant of 80 euro per

metre,4 Table 8.3 lists the lengths and costs per metre for the various segments yij
between the nodes i and j.

Table 8.1 Parameters for the households

4 This grant is addressed in the formula below.

Table 8.2 Coefficients for the households

8 Optimising Bioenergy Villages’ Local Heat Supply Networks 225



Contrary to the payments that have to be made to connect the households, it is

assumed that a credit amount, which will be paid back at a constant rate per year

(interest plus redemption), is needed to install the whole grid. This annuity is the

result of the net payment for the segment (the segment cost minus the government

grant) multiplied by the inverse of the annuity present value factor on the basis of the

credit interest rate. Furthermore, annual payments have to be considered for mainte-

nance; these payments amount to 2 % of the payments for the main grid as a whole.

The net present values of the network segments ij (NPVij) can be calculated as

follows:

NPVij ¼ �lij � kij � m� ðlij � kij � gn � lijÞ � f � ðf þ 1ÞT
ðf þ 1ÞT � 1

" #
� ðr þ 1ÞT � 1

r � ðr þ 1ÞT

with:

NPVij: net present value of network segment ij

gn: government grant for the network [80 euro per metre]

f: interest rate for the credit [0.05]

lij: length of the segment between the nodes i and j

kij: payments (per metre) to lay the pipeline between the nodes i and j

The net present values for all the segments can be calculated by means of this

formula. For example, the net present value of the segment between node x1 and x3
amounts to:

Table 8.3 Parameters for the segments
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NPV13 ¼ �120 � 250 � 0:02� ð120 � 250� 80 � 120Þ � 0:05 � ð1:05Þ
20

ð1:05Þ20 � 1

" #

� 1:0320 � 1

0:03 � 1:0320 ¼ 33; 280

Table 8.4 shows all the net present values.

8.2.3.3 Optimisation Model

The optimisation problem regarding the heat supply networks can be described as a

Steiner tree problem and modelled as a mixed integer program (MIP) (Uhlemair

et al. 2010). In accordance with Fig. 8.1, the biogas plant (x0) and all the potential

heat customers (x1,. . ., x24) are treated as nodes in the heat supply network. Three

additional nodes (x25, x26, x27) are introduced as crossroads branch points where

network segments from several different directions come together. Their

coefficients in the objective function are zero. As mentioned above, the heat supply

grid is divided into segments yij, which link two adjoining nodes i and j. The
following variables are used in the model:

xi ¼
1; if object i is connected to the grid

0; else

�

x0j j ¼ number of nodes connected to the grid

yij ¼
1; if segment ij is installed

0; else

�

Accordingly, the objective function can be described as follows:

Xn
i¼1

cixi þ
Xn
i¼0

Xn
j¼0

cijyij

 !
) max (8.1)

Table 8.4 Coefficients for the segments
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The constraints are:

x0 þ
Xn
i¼1

xi ¼ 0 (8.2)

Xn
j¼0

fji �
Xn
j¼0

fij ¼ xi i ¼ 0; . . . ; n (8.3)

n � yij � fij i; j ¼ 0; . . . ; n (8.4)

x0 � 0 (8.5)

xi 2 f0; 1g i ¼ 1; . . . ; n (8.6)

yij 2 0; 1f g i; j ¼ 0; . . . ; n (8.7)

fij � 0 i; j ¼ 0; . . . ; n (8.8)

The objective function maximises the local heat supply network’s overall net

present value. It sums up the net present values of all objects xi (n ¼ 27 in the

village) and network segments yij, which, according to the model’s result, constitute

the network’s optimal course.

Constraint (8.3) is equivalent to the flow conservation equation of a network

flow problem (Hamacher and Klamroth 2006). This constraint ensures that there is a

flow to every object xi connected to the network (xi ¼1). Constraint (8.4) ensures

that for every flow between nodes i and j, a pipeline segment is built to transport

heat from i to j. The variable fij represents this flow. It is not necessary to use the

actual heat flow in kWh. Constraint (8.2) guarantees that constraint (8.3) can always

be fulfilled. Constraint (8.5) requires a negative demand for heat for the production

system, i.e. the bioenergy plant is the heat supplier. Initially, it is assumed that

enough heat is generated in the bioenergy plant for every possible solution of the

heat supply network optimisation model. Constraints (8.6), (8.7) and (8.8) are

integer and non-negativity constraints.

As Steiner tree problems are NP-hard, it will be difficult to solve the problem for

an increasing number of nodes and segments within a reasonable running time.5

In the next section, the model is applied to the village. The model can be solved

by means of a branch-and-bound-based algorithm.

5 For definitions of complexity and “NP-hard”, see Eiselt et al. (1987) or Garey and Johnson

(1979). Lists of the running times of different types of models can be found in Ahuja et al. (1989).
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8.2.3.4 Optimal Solution of the Model

The software programme Xpress is used to optimise the heat supply grid shown in

Fig. 8.1. The results are presented in Tables 8.5 and 8.6.

The figures show that almost all the households are part of the optimised heat

network. Only four households are not connected. Figure 8.2 clarifies why

households 2, 3, 23 and 24 are not included in the grid. They are situated further

afield; fairly long and expensive pipeline segments would therefore need to be

installed to connect them to the grid. The revenues from heat sales are not high

enough to compensate the costs of the required grid segments.

Dotted lines indicate households and network segments not incorporated into the

grid. For instance, the link between nodes x9 and x10 is not part of the network;

network segment y9;10 is unnecessary to supply both households with heat. In terms

of the objective function, it is more cost effective to transport heat to household 10

via a pipeline that starts at the biogas plant und turns into the direction of household

13 at branch point 25 and into the direction of household 10 at branch point 26.

If segment y9;10 were also installed, a circle (25–13–12–26–11–10–9–8–25) would

be generated in the network. On the basis of graphs theory, the optimal grid is

Table 8.5 Optimal values for the household variables xi

Table 8.6 Optimal values for the segment variables yij
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therefore a so called tree, which does not include circles (Uhlemair et al. 2010).

Furthermore, it is clear that segment y9;10 is unnecessary, which will prevent the

(negative) payment for building this segment. The net present value of this solution

amounts to 134,219 EUR. This is the highest possible value that the objective

function can achieve.

8.3 Post-optimal Analysis

8.3.1 Overview

The solution shown in Fig. 8.2 assumes that all villagers want to be connected to the

heat supply grid. It is also assumed that excluding those households whose connec-

tion to the grid would be unprofitable (from the operating company’s perspective)

would not be problematic.

This assumption of a “free optimisation” seems problematic, because in real life

(as is the case in this village) some households do not want to receive local

bioenergy. However, the calculated net present value of this “free optimum” can

be used as a benchmark and the variables’ values can be used as a starting point for

calculating new solutions when changing the assumptions.

Making statements about the effects of changed premises based on an existing

solution is called post-optimal analysis. It enables a decision-maker to avoid

recalculating a problem completely when certain parameters or assumptions

Fig. 8.2 Optimal solution
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change. We consider two types of a post-optimal analysis here: suboptimal analysis

and sensitivity analysis.6

Sensitivity analyses examine the extent to which parameters’ values can vary

without having structural effects on the pre-existing solution. This allows existing

uncertainties concerning procurement costs or demand for heat to be considered.

Statements can also be made about the critical price threshold that would put the

system’s profitability at risk. Furthermore, the scope for different connection fee

rates can be analysed more closely. Reducing the connection fee could make the

usage of locally produced bioenergy more attractive for some villagers.

In contrast, suboptimal analysis concentrates on the consequences of deviating

from a specific pre-existing optimal solution. Referring to the planning situation

specified here, suboptimal analysis seeks to estimate which net present value will

apply if, for example, households without a contract for heat are excluded. Further-

more, potential heat customers whose connection to the grid is economically

unviable in terms of the target function could then be connected regardless.

Suboptimal analysis can show the extent to which the local heat supply grid’s

course and its net present value could change.

8.3.2 Suboptimal Analyses

8.3.2.1 Planning Scenario 1

In planning scenario 1, it is assumed that all households are connected to the grid,

irrespective of a heat supply contract. In this case it is not considered that some

households do not want to participate in the local heat supply network nor that some

objects cannot be connected profitably (for instance, outlying households).

Looking at the model’s formulation, a 100 % connection quota can be realised

by inserting an appropriate constraint into the original model or by assigning the

value 1 to all variables referring to households (x1,. . .,x24).
Although the resulting solution is suboptimal compared to a free optimisation, it

is the optimum with respect to the given restrictions. This solution, shown in

Fig. 8.3, leads to a net present value of 117,055 EUR.

Figure 8.3 shows that the main network structure is the same as in Fig. 8.2 (same

pipeline course with a break between nodes x9 and x10). Additionally, households 2,
3, 23 and 24 are connected to the grid, and the model selects the corresponding

network segments.

6 In the literature, other types are also mentioned, such as the interpretation of the optimum

solution or parametric programming; see Dinkelbach (1969), Eiselt et al. (1987) or Hillier and

Lieberman (2010).
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8.3.2.2 Planning Scenario 2

In planning scenario 2, only those households with a signed heat supply contract are

considered potential heat recipients. Households 13, 14, 18 and 19 do not want to

use local bioenergy and therefore did not sign a heat supply contract. Consequently,

these households are excluded and a value of 0 (not connected to the grid) is

assigned to their binary variables (x13, x14, x18 and x19). They are therefore no

longer part of the set of (changeable) variables, and the optimisation process

concentrates on the remaining households. All the other households have signed a

heat supply contract and are therefore treated as potential heat customers. However,

potential heat customers are not automatically connected to the heat supply grid.

The optimisation model selects profitable heat customers and excludes unprofitable

households. Whether a certain household can be profitably integrated into the

network is mainly a question of heat demand and the costs of installing the

necessary pipeline segments (see the net present values for the households and

network segments in Sect. 8.2.3.2).

Figure 8.4 shows a situation in which only a route from the biogas plant straight

through the village to household 17 (supplemented by the branches to object 1 and

object 15) will be realised. In contrast to the previous planning scenarios, the link

between nodes x9 and x10 will be built, but the route section x25–x13–x12 seems too

expensive and will be omitted. In advance, it had not been certain whether the branch

to node x15 would be part of the grid, because household 14 had not signed a contract.
However, object 15’s heat demand is apparently high enough to make the pipeline

from node x12 to node x15 profitable, although household 14 is not provided with heat.

Fig. 8.3 Optimal local heating grid for planning scenario 1
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The local heat supply grid in Fig. 8.4 leads to a net present value of 81,561 EUR.

A comparison of this result with planning scenario 1’s net present value is particu-

larly interesting in this case. If all households are connected to the heat supply grid

(planning scenario 1), including those that cannot be profitably integrated into the

heat supply network, this results in a remarkably higher net present value than when

only those with a heat supply contract (planning scenario 2) are considered. This

leads to the conclusion that it would be extremely worthwhile convincing indeci-

sive homeowners, or even those households that still prefer not to use local

bioenergy, to become part of the group of local heat consumers.

8.3.2.3 Planning Scenario 3

Finally, it is considered that – following the idea of a bioenergy village – all those

who have signed a heat supply contract will be offered the opportunity to receive

bioenergy from the local heat supply grid. Whether or not this is economically

viable in specific cases (from the operating company’s perspective) is not taken into

consideration. A value of 0 is assigned to the binary variables of households 13, 14,

18 and 19, because they do not want to be connected to the heat supply grid. Since

all the other households have signed a heat supply contract, a value of 1 is assigned

to their variables. Figure 8.5 shows the optimised heat supply grid with a net present

value of 57,785 euro.

The grid’s course is similar to that in planning scenario 2; the two networks

differ only in the connection of the (unprofitable) households 2, 3, 23 and 24 in

planning scenario 3.

Fig. 8.4 Optimal local heating grid for planning scenario 2
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Planning solution 3, rather than planning solutions 1 and 2, is expected to be

characterised by the lowest net present value, because the values of the variables for

all the households are determined prior to the optimisation and only the network’s

course is left to be optimised. However, it is interesting to compare this planning

solution’s net present value with that of planning solution 1 (Sect. 8.3.2.1). Planning

solution 1 does not reflect reality, since several objects (nodes x13, x14, x18 and x19)
are part of the heat supply grid although their owners have not signed a contract.

Nevertheless, the calculated solution can be used as a benchmark for further

analysis. In fact, the difference between the two net present values indicates the

financial scope of increasing the households’ willingness to be integrated into the

local heat supply network (e.g., by reducing the connection fee).

8.3.3 Sensitivity Analyses

8.3.3.1 Reducing the Connection Fee

On comparing planning solution 1, in which all the households form part of the

network, with planning solution 3, in which a heat supply contract is a precondition

for integration into the grid, the respective net present values reveal a large

difference (117,055 EUR – 57,785 EUR ¼ 59,270 EUR). Hence, it would be

desirable with respect to the idea of the bioenergy village and for economic reasons

to convince the remaining villagers to consider signing a contract.

Fig. 8.5 Optimal local heating grid for planning scenario 3
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If they are not convinced, efforts should be made to point out the positive impacts

of a local heat supply grid and the concept of a bioenergy village.7 If they have

economic reasons for not wanting to be connected to the grid, it is important to have

financial incentives (e.g., reducing fees) to convince these villagers to sign a contract.

We now analyse how far the connection fee (for all the villagers)8 could be cut

without overly reducing the operating company’s profit. The difference between the

net present values in planning scenarios 1 and 3 can be used as a maximum financial

margin, because the lower one (57,785 euro, planning scenario 3) is the best that

can be achieved if the unwilling owners do not wish to be connected to the grid.

Following this argument, a financial scope of (59,270 EUR/24¼) 2,470 EUR per

household can be used as an incentive to use locally produced bioenergy. This

implies that the connection fee for each household in the village can be decreased

by 2,000 EUR. Without a connection fee, planning scenario 1’s local heat supply

network would lead to a net present value of 69,055 EUR.9

8.3.3.2 Variation in the Buying Price

It is assumed that the necessary amount of heat is available at 0.03 euro per kWh.

Nevertheless, there may be changes to the price the operating company pays for the

heat. Although rising prices are taken into account by using the internal discount

rate (which can contain a certain risk surcharge, among others),10 their impact on

profitability should be analysed separately.

The starting point for the following sensitivity analysis is planning solution 3, in

which only those households with a signed contract are part of the heat supply

network. Without going into detail – many factors influence the buying price –, it is

crucial to identify the critical price above which the system would no longer be

profitable.

When profitability is considered, the net present value is again the key figure: If

this value becomes negative, the system will be unprofitable. Therefore, there is a

financial scope of up to 57,785 EUR (planning solution 3’s net present value, based

on a buying price of 0.03 EUR per kWh) that can compensate for potential price

increases.

The net present value can be divided into those components that vary with the

buying price (summand 1) and those components that do not depend on the buying

price (summand 2):

7 Chap. 10 deals with bioenergy villages’ acceptance.
8 For reasons of fairness, the other villagers cannot be excluded from the fee reduction.
9 This analysis does not consider the question of liquidity. As noted, it is assumed that the capital

needed to connect the households to the grid is completely self-financed. Decreasing the connection

fee may therefore require some external financing.
10 The various functions of the internal discount rate are described by Götze et al. (2007).
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net present value ðNPVÞ ¼ price-dependent componentsþ fixed components

The second summand consists of all the payments for building the grid (ΣiΣj

NPVij), the one-time payments for connecting the objects to the grid (c + g + cc +
Σihi), and the constant annual payments such as the basic fee and the payments for

maintenance and support (discounted to the beginning of the planning horizon). The

first summand includes the heat demand, the difference between the selling price

and the buying price for heat, and the annuity present value factor for discounting

the payments (last quotient in the formula below). In detail, it looks as follows:

summand 1 ¼
X
i2I�

wi � ðpS � pBÞ � ðr þ 1ÞT � 1

r � ðr þ 1ÞT

with: I*: set of households with a heat supply contract

When looking at that critical price pB,crit, which leads to a net present value of 0,
the analysis can concentrate on summand 1, because rising buying prices only

affect this summand. Consequently, when answering the question of how high the

buying price can go without leading to a negative net present value (planning

scenario 3), the critical buying price at which the difference between the current

value of summand 1 (using a buying price of 0.03 EUR per kWh) and the value of

summand 1 using pB,crit. equals the net present value of 57,785 EUR needs to be

calculated.11

The equation below describes these considerations.

NPV ¼
X
i2I�

wi � ðpS � pBÞ � ðr þ 1ÞT � 1

r � ðr þ 1ÞT �
X
i2I�

wi � ðpS � pB;crit:Þ �
ðr þ 1ÞT � 1

r � ðr þ 1ÞT

Filling in planning scenario 3’s data, the following equation provides:

57; 785 ¼ 423; 670 � ð0:059� 0:03Þ � 1:0320 � 1

0:03 � 1:0320 � 423; 670 � ð0:059� pB;critÞ

� 1:0320 � 1

0:03 � 1:0320

When solving the equation for pB,crit., one can see that the critical buying price is
0.0392 EUR per kWh. Thus, based on the initial price, an increase of up to 30 % can

be dealt with without descending into unprofitability.

These findings can be used to evaluate the risk of the heat supply network

becoming unprofitable if the price that the operating company pays for heat varies.

Clearly, there are other uncertainties (especially with regard to the long planning

11At the same time, this buying price leads to a net present value of 0 if both summands are taken

into account.
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horizon of 20 years) that may lead to negative impacts in terms of the heat supply

network’s profitability. Technical problems in the energy station and in the heat

supply network as well as biomass availability problems regarding the energy

facility are examples of the insecurities that need to be analysed in future research.

8.4 Conclusion

We have developed an optimisation model for a local heat supply network. In terms

of the objective function, the best grid course has been identified and the profitable

heat recipients have been selected. In addition, optimal solutions were calculated

for different scenarios regarding people’s willingness to use bioenergy conveyed by

a local heat supply network. Further, the consequences of changing parameters

(e.g., the price of heat and the connection fee) have been analysed and the break-

even point at which the investment would lose its profitability has been calculated.

We will carry out further sensitivity analyses regarding governmental grants and

the internal discount rate used in the calculations of the net present values. It may be

reasonable to increase the internal discount rate so that the calculation of the

system’s profitability follows the principle of caution.

In future research, the distribution system will be enhanced by the production

system. So far, it has been assumed that enough heat will be available. The

production facility was not considered. The next research steps will be to develop

a model that simultaneously optimises the distribution system (as described in this

chapter) and the bioenergy facilities’ capacities and configuration. The combined

heat and power biogas plant will be supplemented by further heating stations and a

peak load boiler to ensure heat supply over the coldest days of the year. When

integrating the production system into the optimisation model, important factors

such as sustainable energy crop cultivation, the impact on biodiversity when using

biomass as a renewable energy source, general biomass availability and the special

logistics issues associated with biomass usage should also be considered.
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Part V

Bridging Bioenergy Production and Society



Chapter 9

Growth of Biogas Production in German

Agriculture: An Analysis of Farmers’

Investment Behaviour

Karol Granoszewski, Christian Reise, Achim Spiller, and Oliver Musshoff

Abstract There has been a dramatic increase in renewable energy production from

biogas in German agriculture. However, farmers have shown varied investment

behaviour regarding biogas plants. In particular, policymakers and local authorities

need a better understanding of decision-making structures at the farm level in order

to estimate the future investment potential of biogas production. Socio-economic

patterns, such as the perceived conflict potential, have been found to determine the

future production potential. The determinants of investment behaviour were

identified in two complementary sub-studies based on a survey of 160 German

farmers. The first sub-study focused on land use competition as a negative impact of

the increased biogas production in agriculture. Using a multinomial logit regres-

sion, we thereafter explore this impact on farmers’ willingness to invest. The

second sub-study confronts farmers with a hypothetical investment option in

order to investigate their decision-making behaviour. Our findings indicate that

risk aversion and bounded rationality explain the different decision-making

outcomes. Furthermore, we find some evidence that the extrinsic factor, namely

the economic benefits that the hypothetical investment’s funding policy provides,

overshadows the intrinsic factors such as ecological awareness. Knowledge of

farmers’ decision-making structures is helpful when revising the current funding

policy as well as for the development of models forecasting the future potential of

biogas production in agriculture.

Keywords Biogas • bounded rationality • Investment behaviour • land use

competition
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9.1 Introduction

In view of the world’s climate change, many states have developed adaptation and

response strategies to reduce greenhouse gas emissions and to reduce energy from

fossil resources (IPCC 2007). In this context, the expansion of the production of

energy from renewable resources (renewables) has become a key factor (IRENA

2010). In Germany, the policy framework for renewables has been gradually

improved over the last few years. The policy focusses on the Renewable Energy

Source Act (REA), which has been internationally used as an example and has been

adopted in many other European countries. The recently amended REA promotes

the generation of electricity from renewable sources.

Entrepreneurs have increasingly invested in renewables, such as wind energy

and anaerobic digestion (biogas production) (Reiche and Bechberger 2006). A

steady increase in investments in renewables has been observed since 2000 –

especially in the agricultural sector (Plieninger et al. 2006a). The REA scheme

reduces potential investors’ risk of revenue loss. However, farm managers respond

very differently to these incentives and they are heterogeneous in their exploitation

of this ‘new’ investment potential. Some are very quick to invest in such plants,

while others are more cautious.

This chapter’s main objective is to identify the differences in investment

behaviour. We aim to analyse farmers’ investment behaviour with regard to renew-

able energy, particularly biogas production, in order to understand the decision-

making process at the farm level in this context.

If policymakers do not have sufficiently detailed knowledge of farm managers’

decision-making structures, they run the risk of misestimating market developments.

Over the last few years, such misinterpretations have led to alternating boom and bust

periods in the field of renewables (Granoszewski et al. 2011). Energy and environ-

mental policymakers thus need to estimate the investment volatility to assess biogas

production’s further expansion potential. Local stakeholders preparing biogas projects

require knowledge of specific agricultural decision-making structures to accurately

estimate farmers’ response and investment behaviour. This is particularly important

because theGermanpolicy has set ambitious goals to increase bioenergy production in

the form of biogas in the coming years. By 2020, bioenergy’s share of the primary

energy consumption will have increased from 4.9 % in 2007 to 11.0 % (BMU 2009).

Biogas production plays a crucial role in this context (BMU2009). The regulations for

access to gas supply networks (Gasnetzzugangsverordnung) aim to substitute natural

fossil fuels with biogas. According to } 31, biogas production should be expanded to
six billion m3 by 2020 to support this substitution (JURIS 2011). By the end of 2010,

approximately 40,000 m3 had been substituted (DENA 2011).

The biogas processing energy sector is strongly linked to agriculture. While

some farms produce biomass and convert this into biogas on their own, others sell

raw material as a substrate directly to biogas energy processors. Therefore, farmers’

willingness to engage in this form of clean energy will influence the future of biogas

production.
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A number of studies have examined farmers’ general decision-making and

investment behaviour (see Kool 1994; Willock et al. 1999). Furthermore, several

authors have analysed the economics of biogas plants (see Heissenhuber and

Berenz 2006; Keymer 2009) and the production of agricultural raw materials for

these plants (see Karpenstein-Machan 2005). To the best of our knowledge, no

quantitative study has been undertaken on farmers’ decision-making behaviour in

the context of investments in biogas plants. Thus, no models are known that can

explain the characteristics of bioenergy investments’ different implementations.

In recent years, biogas production has had a strong impact on local agriculture.

Since the beginning of the last decade, the progressive construction of biogas plants

has been followed by an increased demand for biomass. However, the supply is

restricted by limited arable farmland. Consequently, energy and food-producing

farmers are in competition for farmland. This land use competition causes conflicts,

which are likely to increase in future, given the current trajectory of biogas

development (Granoszewski et al. 2011).

The conflict potential between farmers due to biogas production may have an

influence on their engagement in this sector. Thus, land use competition and its

conflict potential might threaten the future supply of biomass (energy crop cultivation)

as well as the expansion of biogas production in the long run. Section 9.4 investigates

the impact of land use competition on farmers’ investment decision behaviour. Here, a

theoretical model was developed and validated in a survey of German farmers. The

following questions are discussed:

1. What do farmers perceive as the negative effects of biogas production and to

what degree is the land use competition between them related to biogas?

2. To what extent does the land use competition influence farmers’ decision-

making behaviour regarding investments in biogas production compared to

other determinants?

Farm-specific benefit and cost effects associated with investing in such plants

might cause the observed differences in investment behaviour regarding biogas

plants. For example, the production of biogas requires the cultivation of energy

crops – mostly maize. This could have various economic effects and should be seen

in the context of the existing cultivation of maize and the changes in crop rotation.

However, farmers may simply make suboptimal decisions due to incomplete

information and their limited cognitive abilities to process information, a phenom-

enon Simon (1956) refers to as ‘bounded rationality’ (see Gigerenzer and Selten

2001; Kahneman 2003; Selten 1990; Simon 1959). Frör (2008) links the concept

of bounded rationality to environmental valuation. According to this concept,

decision-makers may come to different conclusions even if they have the same

entrepreneurial objectives and face identical business conditions. Bounded ratio-

nality does not refer to a deviation from the profit maximisation goal, but rather

an inconsistency in decision-making behaviour. To estimate the consequences of

the afore-mentioned economic incentives promoting bioenergy production, it is

important to understand farmers’ decision-making behaviour, including bounded

rationality’s impact. The decision whether or not to invest in a biogas plant may be

9 Growth of Biogas Production in German Agriculture: An Analysis of Farmers’. . . 243



explained by farmers’ different risk attitudes. Furthermore, changing funding

conditions may determine a decision in favour of engagement in biogas production.

Farmers’ decision-making behaviour will therefore be analysed in terms of the

phenomena: bounded rationality, individual risk aversion and investment subsidies.

To this end, farm managers were interviewed and confronted with a hypothetical

investment in a specific biogas plant. The substrate required for the biogas plant

would be cultivated on land currently used to produce wheat. The following

questions were discussed:

1. Which conversion threshold – measured as the (critical) price for wheat, the

competing crop – is necessary to motivate the respondent to invest in the biogas

plant and change the existing production programme?

2. What are the driving factors (e.g., the individual risk attitude, the valuation of the

sustainability effects, etc.) that influence this conversion threshold? To what

extent can farmers’ observed decision-making behaviour be attributed to

bounded rationality?

3. Could an investment subsidy realistically promote the expansion of bioenergy?

How do farmers value this subsidy in terms of their investment decision?

This paper consists of two sub-studies based on data gathered in the same

survey.1 Section 9.2 presents the diffusion process of bioenergy in agriculture as

well as the state of the art. The survey is described in Sect. 9.3 and an overview

given of the data. The first sub-study focussing on land use competition is described

in Sect. 9.4. Farmers’ investment behaviour is investigated with a descriptive

approach from a socio-economic point of view in order to estimate the further

expansion of biogas production. In Section 9.5, the second sub-study analyses risk

aversion, bounded rationality and investment subsidies in terms of confronting

farmers with a hypothetical investment. The paper concludes with a description

of the implications and conclusions of both sub-studies’ findings in Sect. 9.6.

9.2 Diffusion and State of the Art of Biogas Production

in German Agriculture

The agricultural sector in Germany is still of considerable economic importance.

Agricultural and forestry enterprises generate 54.2 billion EUR annually – about the

same as the clothing, textile and paper industries together (59.8 billion EUR). If the

production values of the agribusiness and food industries are included, the overall

turnover rises to 215.9 billion EUR, which indicates the low added value of primary

agricultural production (DBV 2010). This is reflected in the high income disparity

1 The sub-studies were conducted as part of the interdisciplinary research project ‘Sustainable Use

of Bioenergy: Bridging Climate Protection, Nature Conservation and Society’ at the University of

Göttingen. The project was financed by the Lower Saxony State Ministry of Science and Culture.
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between the primary agricultural production and the other sectors (Plieninger et al.

2006b). The majority of farms are individually owned family businesses, with the

profit flowing directly into the family household. Protecting farm viability is

therefore crucial for rural development (Henningsen et al. 2005). According to

the investment and economic barometer of the German Farmers Association

(Deutscher Bauernverband e.V.), farmers felt ‘miserable’ in 2010 due to the bad

economic situation on most farms. They did, however, have great expectations

regarding renewable energy (DBV 2010). Hence, alternative strategies, such as

diversification through the production of energy from renewables, have spread to

more farms in the interim.

Over the last decade, political measures have improved the economic conditions

for energy production from renewables. The compensation rates for produced

energy have gradually increased since the introduction of the Electricity Feed Act

(Stromeinspeise-Gesetz) in 1991 and the much amended REA. The current REA

determines the purchase price of produced energy for a period of 20 years at a

comparatively high and fixed price (} 21 EEG). Consequently, energy producers

can calculate their revenue very precisely, which is a strong incentive for investors

(DBFZ 2010).

Farmers’ first engagement in the production of renewable energy was the installa-

tion of wind turbines in the 1990s. After the millennium, the REA’s funding scheme

changed in favour of other renewables, such as energy from biomass and photovoltaic

systems. In principle, all investors can assess the REA subsidies. However, farms

have certain structural advantages regarding bioenergy production, such as land

ownership, appropriate machinery and storage facilities, access to credit, etc. Farms

also have an adequate infrastructure, such as barn roofs, for the installation of

photovoltaic systems. Moreover, they already have access to a direct supply of

biomass as rawmaterial for biogas generation. Farmers’ interest in bioenergy produc-

tion has therefore increased significantly compared to their interest in other sectors

(Heissenhuber and Berenz 2006). The active diffusion of these innovations since 1991

reflects farmers’ high level of investment activity (Mautz 2007).

The changed REA and farms’ structural advantages led to a greater diffusion of

two forms of renewables in German agriculture: energy from biomass in the form of

anaerobic digestion (biogas production) and energy production from solar radiation

(photovoltaics) (Mautz 2007). By the end of 2009, 4,960 biogas plants were

operating in Germany, almost all of which were located on farms (DBFZ 2010).

The photovoltaic market is more heterogeneous; the agricultural share of the total

produced photovoltaic energy is only 19 % (BS and EUPD 2009). Given the greater

number of qualified enterprises from other sectors, however, the agricultural market

share is remarkably high.

The diffusion process of renewables is extremely rapid in Germany’s agriculture.

For instance, the biogas expansion and German farmers’ significant investment

activities are closely linked to the changes in the REA (Ehlers 2008; Mendonca

2007). The improved feed-in tariffs in 2000, 2004 and 2009 were followed by an

increase in the construction of agricultural biogas plants (see Fig. 9.1).
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The close connection between the compensation rates and the installed plants

indicates that market-based aspects are not only influencing the biogas market, but

that it is also largely shaped by the policy (Jacobsson and Lauber 2006; Reiche and

Bechberger 2006). Therefore, it is important to have a more detailed understanding

of farmers’ investment responses to financial incentives, which was the objective of

the following empirical study.

9.3 Survey Description

Ample research has been conducted on farm management behaviour in general.

However, to the best of our knowledge, there have been no studies on renewables.

In order to provide a better understanding of farmers’ investment behaviour in this

specific context, we conducted a first explorative empirical study. The study

consists of a two-step analysis. In the first sub-study, the analysis focusses on the

framework of land use competition. The second sub-study focusses on risk aver-

sion, bounded rationality and investment subsidies as determinants of farmers’

investment behaviour. These two sub-studies are based on the same survey.

In total, 160 farm managers in Germany were personally interviewed with a

standardised questionnaire between August and September 2009. The questionnaire

had been developed on the basis of intensive discussions with experts and pre-tests.

Hypotheses were operationalised through statements that the respondents rated on a
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five-point Likert scale. An experiment from behavioural economics was also

undertaken.

The questionnaire consisted of three parts:

• Part 1: Decision making regarding bioenergy and biogas. The factors influencing

investments in renewables, attitudes to renewables and the perceived level of

land use competition.

• Part 2: Farmers’ investment behaviour as based on a hypothetical investment

experiment.

• Part 3: The socio-demographic and structural characteristics of the farm.

A representative survey was not feasible due to financial and time restrictions.

However, the targeted selection of three subgroups was undertaken:

• Farmers who had invested in biogas production (biogas investors).

• Farmers who had invested in another form of renewables (other renewables (RE)

investors).

• Farmers who had made a negative investment decision and had not (yet)

invested in renewables (non-investors).

The group of ‘other RE investors’ consisted of farmers who did not produce

biogas, but had chosen to produce other forms of renewables. These were mostly

photovoltaic technology and, more rarely, wind power. The survey region was

North West Germany as it has a large variety of agriculture production branches.

Livestock farmers as well as cash crop producers were interviewed. Animal hus-

bandry has strong interactions with biogas production. In regions with intensive

livestock farming, a large amount of manure is used as substrate in the biogas

production process. Accordingly, a large number of biogas plants have been

constructed in these regions, which has led to debates about the positive and

negative effects of biogas production in these regions (see Sect. 9.4.1.1). To further

explore this, we surveyed both intensive livestock farmers and small-scale livestock

farmers, such as cash crop producers (production of livestock and cash crop

together). North West Germany was therefore a particularly suitable region.

Since no data were available to identify these target groups in advance, the

selection of the respondents was carried out according to a ‘pyramid scheme’

(snowball). The student interviewers who conducted the survey were required to

first make contact with farmers and thereafter extend the number of respondents

in each group through their personal efforts. The interviewers were trained at a

launch event during which an interview guideline was used to ensure uniform

interview conditions. The farmers needed approximately 45 min to respond to the

questionnaire.

The collected data were corrected for outliers by using box plots and the single

linkage method for visualisation and identification. One anomalous response was

detected and excluded from the survey. Overall, 159 responses were available for

further analysis.

The socio-demographic and farm structural characteristics of the dataset do not

reflect the German average exactly. The amount of farmland area per farm is on
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average 173 ha, with a relatively high standard deviation of 238 ha. Thus, the

farmland per surveyed farm is considerably higher than the national German

average of 48.5 ha (2007) and the mean of 54.6 ha (2007) of Lower Saxony,

where the survey was conducted (BMELV 2009a). While149 farms were managed

as a main occupation (full-time), only ten were managed part-time, which differs

from the national average. According to the national statistics, there are an equal

number of part-time and full-time farmers (BMELV 2009a). Five farmers farmed

organically. On average, three workers were employed on each farm.

In terms of the farms’ production portfolio, about 9 % of all the farms were forage

growers, 28 % cash crop producers, 38 % livestock producers, 23 % produced mixed

crops and 2 % produced other types of crops. The perceived average soil quality on

the farms was 44.0 points (on a scale of 0–100, with 100 equalling the best quality).

This is similar to the Lower Saxony average of 42.5 points (NLS 2001).

On average, the respondents were 45 years old and well educated. Approxi-

mately 4 % had no agricultural education, whereas 20 % of the respondents held a

university degree. Only five were female. Seven farms expected to sell their

business in the near future. In total, 42 farms’ future was unclear. The remaining

managers had only recently taken over.

Most of the farmers were positive (fairly positive) about bioenergy production in

agriculture. Only 24 % had a negative (fairly negative) opinion. They considered

photovoltaics and biogas, followed by solar thermal energy, the best production

opportunities for their farm in terms of renewables. The production of biofuels and

the use of geothermal energy were considered the least favourable.

These estimations are in line with the actual production of renewables on the

farms (see Fig. 9.2). The majority of managers had invested in biogas and/or

photovoltaic systems, followed by solid biomass. In this case, solid biomass refers
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to small-scale heat production in low-power combustion systems to cover house-

hold demands. Only about 23 % of the 159 farmers did not produce any form of

renewables.

As some farms produced more than one type of renewable, it is useful to group

the farmers a priori into sub-samples according to their target groups. The sample

was therefore divided into three types of farmers on the basis of their investment

decision (see Table 9.1).

We investigated the background of the farmers’ investment decisions. An open

question was asked to determine the respondents’ reasons for being for or against

investing in renewables. The farmers provided a variety of reasons for their

investment decisions.

An investment is mainly linked to economic motives and the possibility of

diversifying the farm as well as the possibility to exploit existing resources, such

as farmland and labour capacity, more effectively (see Fig. 9.3). While the farmers’

individual interests and ecological motives were less important, they were not

insignificant.

The situation changed for those farmers who did not invest. The farmers’ individ-

ual attitudes and interests were the key determinants of their restraint and decision

not to invest (see Fig. 9.4). The most mentioned restraints were the high capital

requirements and adverse regional production conditions. Potential investors

Table 9.1 Distribution of respondents in terms of their investment decision regarding renewable

energies

Total sample Non-investors Biogas investors Other RE investors

n ¼ 159 n ¼ 37 n ¼ 58 n ¼ 64

100 % 23.3 % 36.5 % 40.3 %
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considered the limited farmland and adverse local conditions as the main barriers to

biomass production and bioenergy utilisation.

Around 23 % of the non-investing farmers definitely intended to invest in

renewables in the future. In total, 25 % of the non-investors had negative or very

negative attitudes to these investments. The majority of the non-investors had made

long-term investments on their farm and were bound by these. Only 11 of the non-

investing farmers had not made larger investments during the previous 5 years.

9.4 The Role of Land Use Competition

The theoretical background of land use competition and investment behaviour was

introduced at the beginning of this first sub-study (Sect. 9.4.1). Section 9.4.2 describes

the study design and methodology. In Section 9.4.3, the findings related to land use

competition and other factors determining the farmers’ investment behaviour are

presented. The sub-study concludes with a discussion of the results and the study

limitations.

9.4.1 Theoretical Background

9.4.1.1 Land Use Competition at the Farm Level

Wibberley (1959) investigated the competition for rural land due to urban growth

and produced one of the first studies suggesting allocation strategies to reduce the
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level of competition. However, in recent years, the discussion has changed from

urban growth to biofuel and bioenergy as competitive drivers. The recent increased

production of biofuels is a result of globalisation, improved trade opportunities and

an early action against climate change and the depletion of scarce fossil fuel

resources. Energy generation from biomass has a positive impact on climate change

projections (Berndes et al. 2003). However, certain of its negative impacts on

nature, economics and social networks are becoming ever more apparent (Domac

et al. 2005; Dornburg et al. 2010).

Besides benefits such as improving investment conditions, the strong diffusion

of biogas plants on farms also has ecological and social impacts. These externalities

may be the feedback effects of agricultural production and beyond, which may

influence the further expansion of energy production from biomass (Dehnhardt and

Petschow 2004; Mautz 2007).

Externalities or external effects can be described as the side effects of actions

that unrelated third parties experience as a consequence of an economic activity

(Buchanan and Stubblebine 1962). If this concept is applied to biogas production,

the externalities are disorders due to the increasing competition between the

different stakeholders. Competitive conditions intensify due to the differences in

the interests in and limitations of available resources, such as environmental goods

or production factors. These conditions may have negative social, ecological or

economic consequences (DBFZ 2009; Mautz 2007; SRU 2007). Within the

bioenergy pathways, discussions on its negative effects centre on biogas production

(DBFZ 2009). Table 9.2 provides a classification of the negative external effects of

agricultural biogas production.

Intra-sectoral effects occur in the form of increasing competition between

farmers, which is the focus of the first sub-study (DBFZ 2010). The negative

intra-sectoral effects are closely related to biomass production for digestion

(WBA 2007). Food and biogas-producing farmers compete due to biogas

production’s relatively high and secure revenues, which the REA guarantees.

Biogas-producing farmers are therefore better able to pay for production factors

(e.g., farmland) than their food-producing colleagues, which has led to an increase

in land lease rates (Berenz et al. 2008; Heissenhuber et al. 2008). The excessive

subsidisation of biogas production, compared to that of food production, has led to

politically induced competitive distortions between the two. We observed farms

restructuring their production portfolio in favour of biogas. In some German

regions, such as the northwest, biogas production has increased to such a level

that it has replaced cash crops and animal husbandry as the dominant product on

certain farms, some of which are becoming just energy producers.

The competition for agricultural land causes conflicts (Granoszewski et al.

2011). The emerging disputes could influence farmers’ acceptance of and willing-

ness to invest in bioenergy production. These externalities could therefore threaten

the future expansion of biogas production and the biomass supply (energy crop

cultivation) in the long run. At the same time, competition has emerged between

biogas producers, as the large number of biogas plant installations restricts the

producers’ access to low-cost biomass in the local area.
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There are many interactions between the agricultural sector and other sectors;

these connections are affected when biogas production expands. The biomass for

anaerobic digestion is usually produced by energy crop cultivation, particularly

maize. Changing crop rotations to increase maize production has a strong influence

on biodiversity, which could experience negative impacts (Karpenstein-Machan

2005, see also Chaps. 6 and 7), especially in regions where the maize cultivation

area is extended. Consequently, nature conservation NGOs are becoming more

critical of biogas production (WBA 2007). Another frequently discussed biogas

issue is the local residents’ reservations regarding such installations. These protests

have similarities to barn construction on agricultural land, which residents believe

affects their quality of life i.e.through smell nuisance negatively (Mackenzie and

Krogman 2005; Mann and Kögl 2003).

Table 9.2 Systematisation of biogas production’s negative externalities

Dimension Competitive situation Background Feedback effect

Intra-sectoral aFood producing farms vs.
biogas producing farms

Scarcity of farmland,
competitive
distortions caused
by biogas
production
subsidies

Farmers’ acceptance
of bioenergy
decreases,
resources and
relationship
conflicts

Food producing farm vs.

biogas producing farm

Local bounded supply

of raw materials

endangered, higher

costs of raw

materials

Revenue from biogas

production

decreases

Inter-sectoral Local residents Worsening quality of

life (Nimby effect),

personal

reservations

Protests, citizens’

action initiatives

delay or prevent

biogas plant

construction

Ecological environment Negative ecological

effects and

concerns about

biogas production

(nature

conservation vs.

climate protection)

Ecological standards

increase, less

potential support

Food-processing industry Limited local supply of

raw materials, local

bounded processing

of raw materials

Transaction costs of

procuring raw

materials increase,

price transmission

to consumers is

difficult

Existing fossil energy power

supply companies

Farmers as new

competitors in the

energy market

Difficult market access

for biogas

producers

Source: authors’ elaboration (based on DBFZ 2009; Mautz 2007; SRU 2007)
aFocus of empirical study

252 K. Granoszewski et al.

http://dx.doi.org/10.1007/978-94-007-6642-6_6
http://dx.doi.org/10.1007/978-94-007-6642-6_7


9.4.1.2 Farmers’ Decision-Making and Investment Behaviour

According to investment theory, the main task of investments through expansion

and diversification strategies is to strengthen the competitiveness and viability of

enterprises in markets (Jorgenson 1968). Entrepreneurs make investment decisions

based on a cognitive decision-making process, which involves the decision-maker’s

serious consideration of the investment’s specific characteristics (East 1993). How-

ever, in order to understand an investment decision, it is necessary to analyse

decision-making behaviour.

Many disciplines, such as psychology, sociology and economics, examine the

decision-making process. The analysis is centred on a decision as an outcome of a

specific human cognitive function, which occurs according to specific rules and is

intended to make a choice between various alternatives (East 1993). Decision-makers

have to be self-motivated to find a solution for decision-making problems themselves.

Approaches to explain entrepreneurs’ decision behaviour offer complementary

normative (prescriptive) and descriptive decision theories. The prescriptive deci-

sion theory aims to understand decision behaviour on the basis of formalised rules

and procedures under the assumption of rationally correct (optimal) decisions. On

the other hand, the descriptive approach aims to reflect realistic decision making by

considering it in a broader context (Bell et al. 1988).

The economic decision theory presupposes the rationality of the decision-maker

and decision making is therefore a largely rational analysis (Bell et al. 1988).

However, studies by experimental economists have questioned the assumption that

humans are rational and show that we are unable to solve decision-making problems

with a totally rational approach due to our limited cognitive abilities (Simon 1979).

Behavioural decision research addresses this finding. Edwards (1954), Simon (1959)

and Kahneman and Tversky (1979) found that managerial decisions do not strictly

follow the rational goal of economic profit maximisation, but can also be influenced

by other psychological elements, such as intrinsic (e.g., satisfaction or risk-taking) or

social factors (e.g., desired behaviour) as extrinsic objectives. If the decision-making

situation is complex, the actual decision behaviour differs greatly from the expected

formal normative behaviour (Simon 1959). This may explain why decision behaviour

is not only influenced by an investment’s economic benefits, but also by other factors.

An investment in renewables is a multidimensional issue; which complicates the

decision process more.

This contribution is not aimed at an economic evaluation of an investment

decision on the basis of quantities that can easily be calculated, such as (opportunity)

costs and government-guaranteed payments (subsidies), but rather on the basis of

behavioural and other influential elements that should be taken into account in a

realistic investigation. This part of the study takes a descriptive approach. In the

empirical study, the influence of intrinsic and extrinsic variables on the outcome,

namely the investment decision, is tested.

Behavioural studies of decision making on farms mostly analyse farmers’

motivations, goals and attitudes. However, their decision behaviour is regarded as

9 Growth of Biogas Production in German Agriculture: An Analysis of Farmers’. . . 253



the result of a combination of motivational and external factors as well as the farm’s

structure (Burton 2004). Within the external dimension, Solano et al. (2003) focus

on social network structures. The strong social impact that other people have on

farmers’ work or family environments is characteristic of agricultural behaviour

and differs significantly from that of other sectors (Solano et al. 2003).

Compared to other sectors, farms and their primary production are very depen-

dent on and influenced by natural resources and the environment. Hence, farmers

face a variety of complex decision situations, which allow for only a limited

formalisation (Nuthall 1999, 2010).

As a farmer must deal with most aspects of biology, economics, the weather, organisations,

people and so on, they face very complex decision situations with only a modicum of

support in an immediate office sense (Nuthall 1999: 17).

Willock et al. (1999) developed a basic model to explain farmers’ behaviour. The

study explores the relationship between farmers’ personality and their behaviour. The

authors found that personal factors, such as personal character traits, influence

farmers’ behaviour indirectly by means of attitudes and objectives. Consequently,

four different kinds of behaviour were observed: production-oriented business

behaviour, environmentally oriented behaviour, stressed behaviour and business

development behaviour. These behaviours confirm that there are differentiated

behavioural and decision-making structures. Willock et al. (1999) and Burton

(2004) pointed out that external, physical or situational effects as well as intrinsic

drivers strongly influence decision situations, such as specific investments – the

outcome behaviour. The additional factors do not influence farmers’ attitudes, but

have a direct impact on their decisions (Willock et al. 1999; Burton 2004)

9.4.2 Data and Methods

9.4.2.1 Research Design

Based on these theoretical assumptions and taking the dynamics of the diffusion of

renewables in agriculture into consideration (see Sect. 9.1), we created a basic

model to explain farmers’ individual decision behaviour regarding investments in

renewables (see Fig. 9.5).

Hypotheses (H1 to H7) were posited to operationalise and measure each con-

struct in the empirical analysis. The model describes the potential factors

influencing decision-making behaviour. There are three core elements: individual,

farm-internal and farm-external factors.

Individual Factors

In her qualitative approach, Trojecka (2007) found that ecological awareness

is a motivational factor that influences farmers’ behaviour. Farmers’ desire for
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CO2-neutral, ecologically friendly regenerative energy production could be a driver

of bioenergy investments. Lynne and Rola (1988) refer to a sense of responsibility

for the environment, which has a strong influence on farmers due to its central

importance in their mode of production. Therefore, we assume that a high level of

ecological awareness influences the probability that farmers will invest in

renewables positively.

H1: A high level of environmental awareness has a positive impact on the
probability of investing in renewables.

It is well known that farmers with a high technical interest adopt new production

techniques (Austin et al. 1998). In order to select an appropriate renewables

technology, farmers should also have extensive knowledge and understanding of

construction and the operation of such facilities. We thus expect that a farmer with a

high affinity for technology will be more likely to make an investment than one who

is not interested in technology.

H2: A high affinity for technology has a positive impact on the probability of
investing in renewables.

Sauer and Zilbermann (2009) state that some decision-makers are not willing to

take risks in order to advance their business, which results in a delay in the uptake of

innovations. Therefore, we presume that risk aversion affects the decision-making

process.

Fig. 9.5 Empirical model explaining farmers’ decision behaviour regarding investments in

renewable energies
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H3: A high willingness to take risks has a positive impact on the probability of
investing in renewables.

Farm-Internal Factors

The implementation of new production procedures or branches of industry in an

existing firm is restricted by their structural conditions. Schramm (1977) indicates

that entrepreneurs pay more attention to their factor endowments than other

determinants when making business decisions. La Due et al. (1991) emphasise

financial conditions’ relevance for farm expansion and, hence, for the agribusiness

sector.

H4: A high level of satisfaction with the economic situation has a positive impact
on the probability of investing in renewables.

Langert (2007) uses the example of energy crops cultivation to confirm that

structural conditions are a major factor when making farm production decisions.

Therefore, the production structure is assumed to have a strong influence on

investment considerations, especially in biogas production.

H5a: High quality farmland has a positive impact on the probability of investing
in renewables.

H5b: A large amount of farmland has a positive impact on the probability of
investing in renewables.

H5c: High labour capacity has a positive impact on the probability of investing in
renewables.

Farm-External Factors

Biogas production has complex impacts on local agriculture, as described in

Sect. 9.4.1.1. The competition between food and (exclusively or partly) energy-

producing farmers has increased. However, farmers are strongly linked and depen-

dent on one other (Fehr and Schmidt 1999). In Granovetter’s (1985) Theory of
Embeddedness, economic actions are examined in the social context. He found

evidence of pro-social behaviour, which means that entrepreneurs’ final decisions

are not exclusively driven by monetary considerations, but can be influenced by

relational aspects.We assume that strongly perceived externalities, such as increasing

land use competition and politically induced competitive distortions, have a negative

impact on farmers’ individual investment decisions, since they have a high potential

for social conflicts. Farmers who are aware of these phenomena are unwilling to enter

these complex social conflicts. Consequently, they reject the opportunity to invest-

ment in biogas production, or favour another type of renewable energy.
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H6: Strongly perceived negative external effects of biogas production have a
particularly negative impact on the probability of investing in biogas
production.

Farmers are key actors in the rural communication network and are in close

contact with many non-agricultural groups (Retter et al. 2002).

H7a: In general, the social environment has a strong impact on the decision-
making process.

In their Theory of Reasoned Action, Fishbein and Ajzen (1975) describe the

social environment’s strong impact on behaviour. Human behaviour is affected by

people’s perception of how others would view them if they acted in a certain way,

especially if the behaviour is socially visible. The opinion of family, friends and

local residents of a specific situation affects farmers’ behaviour significantly

(Solano et al. 2003).

H7b: The social environment’s negative opinion of the object of investment
(biogas production) has a negative influence on the probability of investing
in biogas production.

In the empirical model, attitudes are represented by individual factors. The

farm’s internal dimension reflects its given structural and economic situation.

The farm’s external dimension includes all the outside determinants that affect

the decision. These include the social environment and competition between biogas

and food production as described in the literature. The outcome of the model is the

investment decision for (positive) or against (negative) an investment in

renewables. Additionally, the type of renewables is considered in the model. The

various types of renewable technologies have different impacts on agriculture.

Owing to the strong interactions between biogas production and its effects on

agriculture, this technology is considered separately. Consequently, biogas (biogas

production) and other renewables sources (other renewables), such as the investment

object, are integrated into the model.

9.4.2.2 Methodology

The empirical validation of the model is based on the previously mentioned survey

of German farmers (see Sect. 9.3). To the best our knowledge, no other quantitative

studies investigate farmers’ decision behaviour regarding investments in renewables

from a behavioural approach. Moreover, biogas production’s negative externalities,

which affect farmers’ individual investment behaviour, require further research.

Based on the model, the three respondent groups (non-investors, biogas investors

and other RE investors) were interviewed on the topics of land use competition and

their investment behaviour.
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The starting point is the real investment decision that the farmers take from an

ex-post perspective. The analysis focusses on the predictors’ influence on the

decision-making outcome. The complex decision-making process itself is not

investigated in this sub-study. After removing one outliner from the data, 159

cases (58 biogas investors, 64 other RE investors and 37 non-investors) were

used for further analysis (see Sect. 9.3). A multivariate analysis of variance was

used to perform a multiple comparison between the three identified groups of

farmers in terms of their perception of biogas production’s effects in their region.

The level of significance was adjusted according to the Bonferroni correction. This

post-hoc test identifies in which sub-samples the differences are statistically proven.

Thedata dimensionwas reduced by an explorative factor analysis to further validate

the empirical model. A multinomial logistical regression revealed the effect that the

direction and strength of the independent variables has on investment behaviour.

9.4.3 Empirical Results

9.4.3.1 Intensity of Land Use Competition

Firstly, farmers’ perception of the negative effects of the biogas production, as

described in Sect. 9.4.1.1, should be mentioned. The majority of the interviewed

farmers are highly aware of biogas production in their region. An average of four

biogas plants is located within 10 km of 86 % of all the respondents’ farms.

Significant differences in farmers’ perceptions of biogas production’s effects on

the local agriculture were identified between the subsamples (see Table 9.3). The

increasing land rental rates and land scarcity particularly challenged farmers who

had neither invested in the production of biogas (non-investors), nor in a different

form of renewables (other RE investors). Thus, the non-investors perceive an

increasing level of competition with their biogas producing colleagues. The farmers

did not, however, believe that biogas production in the region could lead to an

increase in regional feed prices.

In a further item, all the respondents were asked how they would feel if a biogas

plant were built close to their farm. The very highly differentiated responses suggest

that the different regional conditions and individual situations on farms play a large

role in farmers’ conflict perspective.

Except for the labour capacities, no significant differences were observed

between the structural and socio-demographic characteristics of the three groups.

With a mean of 4.13 (full-time) employees, the biogas investors have more

employees than the other RE investors, who operate with 2.37 employees. The

significant difference (F-value: 3.88, p < 0.05) can be explained by the high

demand for labour for the cultivation of energy crops as raw materials for biogas

production.
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Table 9.3 Farmers’ perceptions of the impacts of biogas production on agriculture
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9.4.3.2 Identifying the Potential Determinants of Investment Behaviour

An exploratory factor analysis was carried out to reduce the data dimension and

aggregate variables. Following the theoretical model (see Fig. 9.5), all recorded and

appropriate variables that explain the differentiated decision behaviours were

included in the analysis. The final factor analysis comprised 18 variables from

five factors (see Table 9.4). With the exception of the fifth factor ‘affinity for

technology’, all the constructs have satisfactory indicator values for validity and

reliability (Cronbach’s alpha > 0.6; MSA > 0.6) (Field 2009).

The factor ‘perceived negative external effects of biogas production’ reflects

biogas production’s side effects on agriculture in the course of the diffusion of

renewables through biogas production. The dimension ‘economic situation’

involves farmers’ economic self-assessment. The assessment of farms’ viability is

included in this factor. The construct ‘social influence’ reflects the influence of

entrepreneurs’ social environment on decision making. Entrepreneurs include busi-

ness people as well as external contacts from the area surrounding the farm, such

as the local residents. The family of the entrepreneur is not included in this factor.

We aimed to have two dimensions in this construct: Firstly, we determined how

people from farmers’ social environments influence them when making investment

decisions (Hypothesis H7a). We questioned the farmers on the extent to which other

people influence their decision making. Secondly, we consider the phenomena

of driving or inhibiting impacts on investment behaviour (Hypothesis H7b). How-

ever, only the factor reflects the first dimension. Therefore, the rest of the analysis

only focusses on Hypothesis H7a. The aggregation ‘environmental awareness’

reflects farmers’ attitudes to the environment and the entrepreneurs’ ecological

orientation. The factor ‘affinity for technology’ represents individuals’ attitudes to

new technologies. Individuals’ willingness to become early adopters of innovations

is integrated into this factor.

The factor analysis does not represent all of the explanatory model’s constructs.

Therefore, based on suitable logical considerations, individual items were also

further analysed. The following variables represent the outstanding constructs:

• Willingness to take risks: ‘The improvement of existing production branches on

the farm is less important than investing in unknown areas.’2

• Farm structure: the soil quality rated in points, the cultivated farmland area in ha

and the labour capacity in full-time employees (family employees included)

9.4.3.3 The Impact of Land Use Competition and Other Determinants

on Investment Behaviour

The multinomial logistic regression reveals independent variables’ direction as well

as their impact on investment behaviour. A positive investment decision is deter-

mined by various factors. Farmers’ actual investment decision is used as a

2 This variable was recoded.

260 K. Granoszewski et al.



dependent variable in the logit model. More specifically, the variable indicates

whether the farmer has invested in renewables production, specified as biogas

production (coded as 1, subsample biogas investors), any other form of renewables

(2, other RE investors), or has not (yet) invested in any form of renewables (3,

Table 9.4 Results of the explorative factor analysis
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noninvestors). As covariates, the identified factors and the additional items were

used as explanatory variables. Despite its limited reliability, the factor ‘affinity for

technology’ was integrated into the regression model due to its theoretical rele-

vance for behaviour (Austin et al. 1998).

Seventeen respondents were excluded from the regression analysis due to

missing values in the socio-demographic and farm structure variables, resulting in

a sample of 142 respondents.

The regression model fulfils the required quality criteria concerning reliability and

validity (see Table 9.5).With a total variance (Nagelkerkes R2) of 53.0%, themodel’s

overall explanatory power is good. In total, 45.7 % of non-investors, 66.1 % of other

RE investors, and even 79.2 % of biogas investors are correctly predicted. Overall,

66.5 % of the cases in the model are classified correctly and are well above the

proportional (34.7 %) and maximal random probability (41.6 %) (Field 2009).

Table 9.5 shows how the odds ratio (equivalent to exponential B) of belonging to

a certain group changes if the value of the dependent variable increases by one unit.

A comparison of the statistical significance of regression coefficients between

the farmers who have invested in renewables (biogas and other renewables) and

those who have not shown that three factors influence group affiliation. Satisfaction

with the economic situation and a positive assessment of farm viability are strong

predictors of the two groups of investors in renewables. Compared to the non-

investors (reference group), farmers’ likelihood of investing in renewables (i.e. to

be assigned to one of these two groups) increases 2.8 and 2.5 times, respectively, if

the economic satisfaction increases by one unit (H4 rejected). In respect of the two

groups of investors, separate consideration have to be undertaken regarding how

other variables can influence the group to which a farmer belongs. The probability

of an investment in biogas production is 2.8 more likely if the farmer has a high

technological interest (H2 confirmed). The negative coefficient of soil quality, but

especially of the ‘perceived negative effects of biogas production’, means a reduc-

tion in the probability of belonging to the group of biogas investors. An increase in

soil quality decreases the probability of being an investor. This might be due to the

high opportunity costs of good farmland (H5a rejected). An increase in the percep-

tion of the negative impacts of biogas production by one unit results in farmers

being 6.3 times less likely to be willing to invest in biogas production.

This decreasing investment effect is caused by the focused political and financial

promotion of biogas, which leads to higher competition between farmers (increas-

ing land rental rates) and shows the diffusion of renewables’ relevance to individual

investment behaviour (H6 confirmed). Interestingly, this effect is only slightly

significant for the other forms of renewables.

The impact of farmers’ social environment on decision making is not significant

(H7a confirmed). However, the opinions of people in the farmers’ networks (not

tested in our model) may have an influence on their investment behaviour (see

Hypothesis H7b).

The differences between the forms of technology/investments and between

biogas and other RE investors regarding decision making, were considered in a

second step of the logit regression, in which the other RE investors were chosen as

the new reference group. In Table 9.5, this second step estimation is called the
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‘investment object’. The biogas and other RE investors differ from each other in

terms of the factor ‘perceived negative effects of biogas production’ on a significant

level (odds ratio 0.27, p < 0.001). Farmers who perceive such negative effects are

3.7 times (1/0.27) less likely to invest in biogas production, which reflects a high

awareness of land use competition. These farmers are engaged in less criticised

forms of renewables, as wind and photovoltaic energy, which do not lead to

resource conflicts between farmers such.

Furthermore, a better level of soil quality (odds ratio 0.97, p < 0.05) has a slight

positive effect on the probability of investment in other renewables. Unlike the

factor ‘willingness to take risks’, farmers who are less risk-averse are 2.7 times

more likely to belong to the group of biogas producers (H3 is thus confirmed).

Table 9.5 Influencing factors on farmers’ decision behaviour regarding investments in renewable

energies
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A comparison between the farmers’ ‘ecological awareness’, ‘labour capacity’

and ‘cultivated farm land area’ reveals no significant differences (H1, H5b and H5c

are thus rejected).

9.4.4 Discussion

The findings of the multi-group comparison reveal that biogas extension has a

strong impact of on agriculture. There are large differences between biogas-

producing farmers and food producers. However, the perceptions of farmers who

produce other forms of renewables also differ from those of biogas producers. The

most crucial points that the farmers mentioned are the farmland scarcity and the

resulting increase in land lease rates. The interviewed farmers were very concerned

about biogas expansion. Biogas production thus contributes to an increase in the

already high level of competition between German farmers. The threat potential for

food-producing farms is obviously high, revealing a very high conflict potential.

The results show that, on the basis of the selected model, a large number of

different factors influence farmers’ decision behaviour with regard to investments

in renewables. Thus, the results of Willock et al.’s (1999) and Burton’s (2004)

studies on agricultural decision making are basically confirmed.

A decisive contribution to the adoption of renewables is the self-assessment of

the economic situation and the farm’s viability. Our hypothesis that economically

successful farmers are more willing to invest in renewables than their less success-

ful colleagues was confirmed. This may be due to solvent farms having a good basis

for capital-intensive investments, such as renewables. Therefore, farmers’ financial

perception of their entrepreneurial behaviour (La Due et al. 1991) is proven relevant

in the case of innovations, such as renewables.

Lynne and Rola’s (1988) as well as Trojecka’s (2007) studies indicate ecological

motivations’ strong influence on farmers’ behaviour. According to our model, eco-

logical awareness does not influence decision behaviour regarding renewables.

Considering the recent discussions on climate change, these are quite unexpected

findings. They may be explained by German farmers’ general scepticism regarding

environmental issues (Pongratz 1992). In recent years, all farms have been faced

with higher environmental requirements. Non-organic farms are very sceptical of

ecological innovations (Pongratz 1992). However, findings from the multi-group

comparison on the effects of biogas production indicate that the investor groups’

attitudes to nature conservation change when the environmental effects of energy

crop cultivation are taken into consideration. This brings us to the conclusion that

farmers are ecologically aware; however, this is not relevant for their investment

decision. Farmers’ ecological awareness should rather be understood in the specific

context of energy crop cultivation. Farmers are quite aware of the negative ecological

effects of biogas production, such as the decreased level of biodiversity caused by

monocultures. This ecological effect and their impact on farmers’ investment

behaviour may becomemore important in the course of expanding biogas production.
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Biogas producers are willing to take higher risks than investors in other

renewables (e.g., photovoltaics). Therefore, attitudes towards risks are of crucial

importance when choosing the technology type. Investments in biogas production

are associated with significantly higher technical uncertainties than those in other

forms of renewables.

Contrary to Retter et al.’s (2002) and Solano et al.’s (2003) findings, the social

environment did not influence business decisions in our model. This may be due to

the social dimension being latently integrated into the first factor (the perceived

negative effects of biogas production).

Farmers’ investment behaviour is not only affected by intrinsic motives and the

farm-internal factor ‘economic situation’, but primarily by biogas production’s

perceived negative external factors. The perceived negative external factors’ strong

influence on decision making confirms the current controversial debate on the

usefulness of biogas production on farms (WBA 2007). Farmers perceive the

effects of biogas production’s expansion as increasing the competitive pressure

with other local farmers. This has a negative impact on the general decision to

invest in biogas production. Hence, these farmers are less willing to invest in this

technology. Moreover, we observe that these externalities have an impact on

technology selection. Farmers perceiving a high level of land use competition are

more likely to invest in other renewables than in biogas production.

The considerable investment-inhibiting effect of land use competition can be

explained from a resource and a social point of view. Firstly, in the resource-based

attempt to explain the increased demand for farmland for biomass production

(energy crop cultivation) and the limited land supply, the higher competition

leads to increasing productive land’s cost. Thus, in many regions with intensive

agriculture, prices have increased on the land lease market (Bahrs and Held 2007;

Heissenhuber et al. 2008). The progressive land use competition is problematic,

because farms generally have a high proportion of leased farmland. Hence, they are

very sensitive to changing land lease prices.

Secondly, energy production has a higher added value than food production,

which results in biogas-producing farmers exhibiting a higher willingness to pay for

land leases than their food-producing colleagues (Bahrs and Held 2007). Agricul-

tural energy producers are a force to be reckoned with in the land market. There-

fore, the competitiveness of existing agriculture production branches on farms

(food production) is at risk. Food producers are critical of the short and medium-

term effects; they therefore decide not to invest in biogas production, which leads to

the existing problems in the bioenergy market.

Furthermore, social effects can explain the investment-inhibiting effect of land

use competition. The intra-agricultural resource conflict is problematic because less

competitive farmers are not willing to sell their farms. Most farms are owned and

operated by a family, which ensures family’s income. These findings result in a

higher ‘willingness to survive’ than that found in firms in other sectors (Inhetveen

and Schmitt 2010). The farm business is continued even if their primary economic

circumstances no longer permit this. Furthermore, many farmers are very emotional

and feel that tradition links them to their farms (Roessingh and Schoonderwoerd

9 Growth of Biogas Production in German Agriculture: An Analysis of Farmers’. . . 265



2005). From an economical point of view, this irrational behaviour is also observed

in other farm production branches. For instance, despite the price decline in German

dairy production over the last few years and the subsequent decline in dairy farms’

profitability, dairy farming has not been excessively abandoned (BMELV 2009b).

This could be explained by farmers’ ‘willingness to survive’, which highlights the

earnestness of competition between farmers. The availability of farmland due to

farm sales has therefore not increased and, consequently, the pressure on the land

lease market is still high. Given this increased competition, there is a higher

potential for conflict in the long term (Mautz 2007). This type of competition has

an explosive nature, especially if resource conflicts change into relationship

conflicts, which are more complex (Feindt et al. 2004). Under these conditions,

farmers choose other forms of renewables with a lower conflict potential (e.g.,

photovoltaics). Thus, our results confirm Granovetter’s (1985) evidence of socially

driven behaviour.

In addition, many farms have close, mutually beneficial ties with other local

farms. An example of such positive network externalities is the joint purchase of

machinery. If some of these farms restructure from food to energy production, the

new operating structure could result in a loss of cooperation partners in the network.

Consequently, the transition costs will increase.

This sub-study explores the determinants of farmers’ investment behaviour in

renewables and how they contribute to a better understanding of decision making at

the farm level. However, when interpreting the findings, some limitations should be

taken into account. Firstly, the study is limited by its regional focus on North West

Germany and the small sample size. In Germany, the diffusion of biogas production

has to date been rapid and far-reaching. In many other countries, in which biogas

production is only in its infancy, the level of competition between the farmers

differs. These limitations should be taken into account when transferring the results

to other regions.

We pointed out that external factors, such as localisation and the level of

competition between farmers, predict their investment behaviour better than intrin-

sic individual factors. Therefore, each farm’s specific situation should be consid-

ered. The findings should be complemented by an analysis of the effects of

increased biogas production at the individual and local level. The necessity for

this is evident in the high standard deviations in the multi-group comparison

through the multivariate analysis of the variance and the in-factor analysis. This

confirms that the farmers have very different perceptions. However, we point out

the high relevance of socio-economic patterns (the level of competition) for biogas

production in agriculture. The findings show biogas production’s potential for

further expansion in agriculture and the crucial effects thereof.

Furthermore, our explorative study’s findings indicate possible approaches to

further research:

• The lack of influence that ‘environmental awareness’ has on the investment

decision-making process is surprising in view of the climate change debate and

should be validated in a large sample study.
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• To date, the decision-influencing factors have been considered separately. How-

ever, there are indications that, even among the factors themselves (e.g., between

the factors ‘social influence’ and ‘perceived negative effects of biogas produc-

tion’, see Sect. 9.4.3.3), there is path dependency. It may therefore be useful to

examine these effects in an extended structural equation model.

• The large number of identified determinants and the high standard deviations

indicate heterogeneity among the farmers. Clustering these agricultural

entrepreneurs according to the identified behavioural determinants may prove

these differences.

• Knowledge of unintended negative effects’ impact on entrepreneurial decision-

making behaviour should be the basis of a further analysis of the policy

implications in terms of a policy analysis by means of reflexive evaluations.

According to Le Grand (1991), a stable policy relies on such knowledge.

9.5 The Role of Risk Aversion, Bounded Rationality

and Investment Subsidies

This section presents the second part of the sub-study. The chapter proceeds as

follows: Firstly, the theoretical background is described (Sect. 9.5.1). Thereafter, the

design of the second part of the survey and the methodology are described in detail.

Section 9.5.3 presents the results of the hypothetical investment’s investment thresh-

old and its potentially influencing factors. We determine the explanatory power of the

influencing factors and illustrate the investment subsidy’s effect on the investment

behaviour.

9.5.1 Theoretical Background

The term investment describes a long-term (lasting for more than one production

period) monetary investment for economic purposes. Real investments, such as an

investment in a biogas plant or in buildings and machinery, lead to changes in the

company’s equipment with regard to producer durables, which are also called

durable means of production. Each investment is characterised by the cash flow,

which comprises cash resources that, in relation to an investment, flow out of or into

the company. Usually, an investment starts with a major pay-out, namely the

purchase price. Pay-outs can also arise at a later stage in the form of repairs,

operating supplies, insurances or the maintenance of a biogas plant’s input sub-

strate. In contrast to these pay-outs, one or more deposits arise from the investment

in the form of products’ sales revenue or services produced during the investment’s

useful lifetime. The investment object’s sales revenue (residual value), which may

accrue at the end of a useful lifetime, is also a deposit.

Several aspects are of particular importance when evaluating an investment’s

(investment analysis’s) economic advantageousness: Besides the immediate pay-out
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in the form of the purchase price, investments generate return flows during their multi-

annual useful lifetime. The latter often comprises 10, 20 or even 30 years. Hence,

payments that accrue at different times should not be compared nominally (according

to their numerical value). In order to economically evaluate payments, they need to

first be financially and mathematically comparable (Sect. 9.5.1.1). If the investments

are planned for the distant future, uncertainty will be particularly high. While the

prices and revenues expected in the near future can be estimated quite accurately, the

risks increase with an expanding planning horizon. Consequently, investors’ individ-

ual risk attitudes are of considerable importance for the evaluation of an investment

(Sect. 9.5.1.2). Additional aspects might have an impact on the investment decisions.

Section 9.5.1.3 presents the examples of bounded rationality as well as the effects of

the soil and the environment.

9.5.1.1 Basics of Investment Analysis

Financial/Mathematical Fundamentals

In a broader sense, the calculation of interest, which is also denoted as financial

mathematics, is an indispensable prerequisite for the profitability analysis of

investments. Assuming you invest 10,000 EUR in a bank over a period of N ¼ 5

years with an interest rate of i ¼ 5 % per year, how much money will you have after

the 5-year period? To achieve an exact result, it should be taken into account that

the interests obtained over these years also yield interest. This is done by ‘correctly’

adding the unaccrued interest. After a year, one will already have accumulated

10,500 EUR (10,000 + 10,000 5 % ¼ 10,000 1.05). In the second year, this sum of

10,500 EUR can be invested at 5 % interest. At the end of year two, of the amount

will have grown to 11,025 EUR (10,000 1.052). After 3 years, capital to the value of

11,576 EUR will have been obtained. At the end of 5 years, the capital will have

grown to 12,763 EUR (10,000 1.055) as a result of this compound interest effect.

The factor with which the initial amount C0 is multiplied by a given number of

years N and at a given interest rate i, is called the compounding factor (AFi,N). The

compounding formula describes, in general terms, how to calculate the future value

CN. The latter equals the amount of money C0 available at time zero after N years,

including the compound interest:

CN ¼ C0 � 1þ ið ÞN ¼ C0 � AFi;N (9.1)

The present amount of money C0 is also referred to as the present value. The

future value of a present payment is higher the farther the future point in time and

the higher the interest rate.

Hence, the answer to the reverse question of how much capital one has to invest

today in order to accumulate 12,763 EUR at 5 % interest within 5 years is already

known – one has to invest 10,000 EUR. However, if one wants to calculate the

present value of an equal current amount of money C0 starting with a future amount
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CN, the compounding formula needs to be converted. This reverse of compounding

is referred to as discounting.

The factor with which the future amount of capital is multiplied when

discounting it at a given number of years N and at a given interest i is referred to

as the discount factor (DFi,N). This factor is the reciprocal of the compounding

factor. The discounting formula describes, in general terms, how to calculate the

present value C0 of a future amount of money CN under consideration of the

compound interest (see Fig. 9.6):

C0 ¼ CN � 1þ ið Þ�N ¼ CN � 1

AFi;N
¼ CN � DFi;N (9.2)

The higher the interest rate and the longer the observed period of time, the lower

the discounting factors. In other words, in the present, the more future payments are

and the higher the interest rate is, the less they are worth.

In order to compare the alternatives with payments that accrue at different times,

they have to be applied to one point in time. The time of investment does not matter

with regard to the decision support: Either all payments are applied to the future by

means of compounding or they are applied to the present by means of discounting.

When calculating the net present value, all surpluses of future deposits are applied

to the present.

Net Present Value

The net present value (NPV) is the present value of all deposit surpluses triggered
by the investment that is the sum of the discounted deposit surpluses (see Brealey

et al. 2008):

NPV ¼ e0 � a0ð Þ � 1þ ið Þ�0 þ e1 � a1ð Þ � 1þ ið Þ�1 þ � � � þ eN � aNð Þ � q 1þ ið Þ�N

¼
XN
t¼0

et � atð Þ: 1þ ið Þ�t ð9:3Þ

The question:

What is the present value C0 of a future amount of money CN if the compound
interest is considered?

CN
C0=?

0
Present value

1 2
…

N
Year

Future value

Fig. 9.6 Discounting of a future payment
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(et-at) is the deposit surplus at the respective time t and (1 + i)�t is the

discounting factor for the respective year; thereby, i denotes the interest rate.

Since each investment represents a series of payments, which starts with a payout

or a negative deposit surplus (a0 > 0 and e0 ¼ 0), the situation can be summarised

with the following formula:

NPV ¼ �a0|{z}
investment costs

þ
XN
t¼1

et � atð Þ � 1þ ið Þ�t

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
present value of the future investment returns

(9.4)

In the calculation of the net present value, the initial value is compared to the

present value of the future investment returns. This present value is calculated on the

basis of the adequate target rate. In the case of equity financing, the investments to

evaluate are therefore compared implicitly with the alternative of ‘not implementing

the investment and not investing with a bank’. The net present value of the returns

from this alternative does not have to be determined separately. It is zero because the

interest rate of the investment is equivalent to the adequate target rate.

The net present value denotes today’s value of the whole operational investment

project. It indicates, in the form of an absolute value, how much more the invest-

ment will earn than used capital costs are. From a profitability point of view, an

investment is worth implementing, if its net present value is greater than zero, as it

will generate more profit than costs. Otherwise, the investment should be discarded.

If the net present value is only marginally greater than zero, an investment should

only be made if the entrepreneur solely pursues a profit maximisation goal. If

additional corporate goals as well as any non-monetary efforts related to the

investment need to be considered, entrepreneurs are likely to demand a net present

value considerably greater than zero before they invest.

From a technical point of view, it is worth mentioning that, for investments with

homogenous future deposit surpluses (e1 � a1 ¼ e2 � a2 ¼ � � � ¼ eN � aN ¼ e� a),
the net present value formula Eq. 9.3 can be simplified as follows:

NPV ¼ �a0 þ e� að Þ � CFi;N (9.5)

The net present value of an investment is significantly influenced by the following

factors:

• The deposit surpluses. The higher the deposit surpluses in the specific years

during an investment’s useful lifetime, the higher the net present value of the

investment ceteris paribus.

• The level of the adequate target rate. The lower the costs of the deployed capital,

the higher the net present value of an investment ceteris paribus.

• The temporal structure of the accruing payments. The earlier deposits accrue and

the later pay-outs accrue, the more profitable the investment ceteris paribus.
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9.5.1.2 Individual Risk Attitude

It has often been pointed out that entrepreneurial decisions in general and invest-

ment decisions in particular are dependent on the decision-maker’s risk attitude (see

Bard and Berry 2000; Harwood et al. 1999). If the word ‘risk’ is used in the context

of economic activity, different social groups associate different matters with it.

Non-entrepreneurs primarily think of the dangers posed to society, which result, for

example, from the use of genetic engineering, fossil fuels or pesticides (social risk

perspective). For entrepreneurs, however, the word ‘risk’ has a totally different

primary definition (entrepreneurial perspective). For the latter, changes in the

institutional and legal framework conditions as well as developments in the markets

represent uncertain environmental conditions and, therefore, sources of risk that

make economic activities’ success less certain. Here, risk denotes that nobody

knows how much money he or she will earn or lose in the future.

Although these two perspectives could not differ more at a first glance, they have

something in common: In both cases, risk describes the probability distribution of a

target-relevant quantity. The social perspective is about the probability that society

as whole will have to bear economic activities’ future adverse effects. From an

entrepreneur’s perspective, risk is, conversely, all about the probability distribution

of the entrepreneurial success that results from the prevailing framework conditions

as well as from the input and output prices. Since the present section deals with

entrepreneurial decisions, we focus on the entrepreneurial perspective despite the

obvious relevance of the social risk perspective.

When examining the net present value in the previous section, we did not take into

account that we live in an uncertain world in which many influencing factors are

stochastic variables. Entrepreneurial decisions are always made under uncertainty.

This means that prices, revenues, etc. are generally stochastic variables. The latter can

adopt different future values, referred to as variations or states of the environment. If

the factors relevant to success are uncertain, the overall success of an activity that an

entrepreneur has selected also becomes a stochastic variable whose variations cannot

be definitely predicted. As in many cases, the term ‘risk’ is here equated with the term

‘uncertainty’, although one would actually have to refer to it as uncertainty in both a

narrower and broader sense in order to contrast the specific meaning (¼ quantifiable

risk) with the superordinate meaning (¼ uncertainty in total).

With regard to the two objectives ‘income’ and ‘certainty’, the decision-maker’s

subjective risk attitude is of particular importance. If two alternative courses of

action have the same risk but expect different amounts of income, all entrepreneurs

would choose the alternative with the higher income expectation. If, however, the

alternative with the higher income expectation also bears a higher entrepreneurial

risk, decision making is not so simple. The risk-averse decision-maker experiences

conflicting objectives in terms of striving for income and striving for certainty.

Despite the lower expected income, this decision-maker may prefer a less risky

alternative if the lower risk constitutes more benefits than the loss the decision-

maker can make through his or her expected reduction in income.
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The meaning of risk attitude and especially risk aversion can be effectively

explained by a lottery example: If a person participates in a coin tossing game to

receive payment for a stake, there is an equal chance that the coin will either land on

‘heads’ or ‘tails’. The participant will earn nothing for ‘heads’, while he or she will

receive 1,000 EUR for ‘tails’. Thus, the expectation value of the game’s payoff is

500 EUR. How much would you be prepared to pay to participate in this game?

If you are prepared to pay more than 500 EUR to participate, you are very

prepared to take risks. The expected winnings of the game are negative but the risk

provides an additional benefit. If, given a participation fee of 500 euro, you are

indifferent regarding participation, you are risk neutral. In this case, in your

opinion, the amount that you are willing to pay to participate is equivalent to the

expectation value of the uncertain payoff of the game. However, if you are only

prepared to pay less than 500 EUR to participate, you are risk-averse. If you are

willing to pay a maximum of, for example, 400 EUR, you are only prepared to

participate in the game because you can expect an average winnings of 100 EUR

per round played. In other words, the participation fee of 400 EUR that you

definitely have without participating in the game is of the same value to you as

the expectation value of 500 EUR that can be won in the game. In this context, one

often refers to a premium that the risk-averse decision-maker (risk premium)

demands for the risk; in this case, the premium is 100 EUR. The risk premium is

generally an amount of money that a risk-averse decision-maker demands for

taking a risk.

In reality, it is assumed that entrepreneurs are risk-averse although to varying

degrees. This assumption explains why entrepreneurs voluntarily take out insurance

in a risky environment even though, due to administration costs as well as the

insurance’s profit margin, it on average generates more costs than income over

the years. Hence, the insurance reduces the expected amount of income rather than

increasing it. Action alternatives, ceteris paribus, become increasingly less beneficial

for risk-averse decision-makers, the riskier they are. Conversely, action alternatives,

ceteris paribus, are more beneficial for risk-taking decision-makers, the riskier they

are. This corresponds with the assumption that the decision-maker is prepared to

invest an amount of money to experience risk (negative risk premium). People who

like to gamble at casinos are examples of such decision-makers. Anybody who takes

100 EUR along to a casino knows that the expectation value of the money he or she

will take home is significantly less than 100 EUR as, statistically, casino gamblers lose

more than they win. Consequently, gambling at a casino is not a sound business

strategy for earning money. However, some people obviously derive benefits, for

example, the amusement value, from the risk. For these people, the benefits are worth

the investment. The riskwould notmatter at all for risk-neutral decision-makers. Their

benefit only depends on the expectation value of the income. In this case, the risk

premium is zero. In order to take risk into account, a premium can be used to calculate

the net present value (see Sect. 9.4). Alternatively, it is possible to increase or reduce

the risk-free interest rate.
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9.5.1.3 Further Aspects

Simon (1956, 1957) introduced the ‘bounded rationality’ concept, i.e. the notion

that the availability of information and the individual’s cognitive abilities limit the

rationality of individual decision making. From a standard rational choice perspec-

tive, which assumes that individuals maximise their utility, bounded rational

decision making is considered a behavioural ‘anomaly’. Since Simon (1956) first

published his pioneering work, many economists have adopted the concept of

bounded rationality, i.e. the notion that, in many situations, optimisation is beyond

humans’ cognitive abilities (see Cyert and March 1963 and Sauermann and Selten

1962 as examples of early adopters).

Daniel Kahneman, a psychologist, and Vernon L. Smith, who established labo-

ratory experiments as a tool in economic analysis, propagated the idea that

behavioural ‘anomalies’ are ubiquitous, and thus a relevant field of research in

economics, most successfully. Kahneman and Smith jointly won the Nobel Prize in

Economics in 2002. Nonetheless, nearly 35 years after Simon’s seminal work,

Selten (1990: 649) urged economists to ‘put their effort into the further develop-

ment of the bounded rationality approach to microeconomics’.

Gigerenzer (2000) emphasises that, in decision making, people use heuristics

derived from an adaptive learning process. He furthermore argues that a relevant

feature of bounded rationality is that many people are unable to interpret relative

figures, such as percentages, correctly due to their ‘figure blindness’ (Gigerenzer

2002). This is relevant for financing decisions, because banks use the effective rate

of interest (a relative figure) to enable comparisons between different loans.

Farmers who do not recognise the monetary differences between alternative loan

offers when the information is presented as a difference in the effective rate of

interest, may therefore reveal bounded rationality.

Moreover, effects concerning the soil and environment (see Muradian et al.

2010; Willms et al. 2009) may be relevant for the evaluation of an investment in a

bioenergy plant.

9.5.2 Data and Methods

9.5.2.1 Research Design

In order to adequately predict the effects of political changes on investment

conditions, it is essential to understand farmers’ decision-making behaviour. The

observation of farmers’ decisions is of little use in this context. On a farm,

investment decisions related to a capital-intensive object (such as a biogas plant)

are relatively rare. Moreover, basic conditions differ between farms (e.g., the

financial resources), making it difficult to draw comparisons (Gardebroek and

Oude Lansink 2008).

We therefore confronted farmers with a hypothetical situation: They had to decide

on the implementation of a hypothetical investment.We used this type of standardised
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experiment to make the surrounding conditions and activities manageable (Just and

Wu 2009; Starmer 1999). While this method reduces the external validity, it has the

advantage of increasing the internal validity (Roe and Just 2009). Furthermore, we

gave all respondents the same information to focus our analysis on the conversion

threshold and on certain driving factors as well as to examine limited cognitive

abilities to process information as a facet of bounded rationality. The economic

experiment was designed to allow us to calculate a normative benchmark to which

the empirical data could be compared.

The research is based on the survey described in Sect. 9.3. The hypothetical

decision situation was as follows: All the respondents were asked to imagine

managing a 200 ha crop farm. They were also asked to assume that they had

600,000 EUR in capital. Two investment alternatives were available. The money

could be placed in a bank for 20 years and earn 5 % interest per year, or could be

invested in a recently built biogas plant next to their farms. The farmers had to

choose between these two alternatives.

The biogas plant was described as having the capacity to generate 150 kW of

installed electrical power. The expected operating life of the plant was said to be

20 years and there would be no residual value. Furthermore, the farmers had to

assume that the investment was tax neutral and that the expected annual cash inflow

resulting from the generation of power and heat would be 200,000 EUR. The

expected cash outflow for labour costs, maintenance, electricity and insurance

would amount to 100,000 EUR annually, excluding the cost of the biogas plant’s

input substrate. Thus, in each of the 20 years of use, the biogas plant would provide an

expected net cash flow of 100,000 EUR before the cost of the substrate was

subtracted. The farmers were asked to assume that silo maize was the only substrate

that could be used. The operation of the plant would require an input of 30,000

decitonne (one tenth of a metric ton) of maize each year. The maize would be

produced on land currently used to cultivate wheat. We used wheat as the competing

product because it is very popular in Germany. To make the critical wheat price – the

price on which the investment had to be decided – independent of a site-specific yield

level, the farmers were asked to assume that there was a fixed relationship between

the maize and wheat yields: The production of 6 decitonnes of maize replaces 1

decitonne of wheat. Therefore, the wheat price is independent of the site-specific

yield level because the wheat production on the farm would be reduced by 5,000

decitonnes per year. The variable costs of the maize production were assumed to

equal the variable costs of the wheat production. The resulting digestate was an ‘item

in transit’ because the value of the fertiliser was presumed to correspond exactly to

the costs of its application.

While we are aware of the described situation’s hypothetical character, care was

taken to achieve plausible conditions. Table 9.6 summarises the cash flows associated

with the investment. This presentation was not shown to the surveyed farmers.

After the biogas plant was described to the farmers, they were asked to indicate

their investment threshold. This ‘trigger price’ was defined as the average (critical)

wheat price (in euro per decitonne) over the operating life of the plant that would

convince the farmers to invest in the above-mentioned biogas plant and change the

existing production programme. Consequently, the wheat price had to decrease
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until the biogas plant was selected as the investment alternative. The trigger price

shows the subjective value that each decision-makers expect from the investment

and from which they estimate their individual utility.

Further questions examined the trigger price more closely and provided informa-

tion about factors that were expected to affect the price (see Sections 9.5.1.2 and

9.5.1.3). These ‘influencing factors’ take the farmers’ individual preferences into

consideration. The following questions were asked:

1. Imagine that instead of investing in the biogas plant, you put the 600,000 EUR in

the bank, earning an annual interest of 5 %. Please estimate the annuity that you

could withdraw over a 20-year period under the assumption that the total amount

will be consumed at the end of this period.

2. What is the maximum annual insurance premium that you would have to pay to

have a guaranteed yearly incremental cash flow of 100,000 EUR from the biogas

plant?

3. At what wheat price would you start investing if the cultivation of maize for the

biogas plant had no impact on the soil fertility?

4. At what wheat price would you start investing if the biogas plant had no

environmental effects?

5. At what wheat price would you invest if the government supported your invest-

ment in the biogas plant with an investment subsidy of 100,000 EUR?

The first question was asked to determine the cost of capital; the second, the risk

premium; the third, the soil fertility premium; the fourth, the environmental pre-

mium and the fifth, the effect of the investment subsidy on the critical wheat price.

Various pre-tests showed that using an arrow with predetermined intervals and

asking the farmers to mark the appropriate place with a cross helped with the

queries about the wheat prices in questions 3–5. All aids were allowed when

answering the questions and there was no time restriction.

9.5.2.2 Determining a Normative Benchmark

Can calculations based on rational choice models adequately explain farmers’

investment behaviour? To answer this question, we first determined normative

benchmarks. Based on the assumptions that decision-makers act perfectly rationally

Table 9.6 Cash flow structure of the considered biogas plant

Period 0 1 2 . . . 20

Cash inflow for:

The generation of power and heat 200 200 200

Cash outflow for:

Investment costs 600

Others (maintenance, power, etc.) 100 100 100

Opportunity costs (lost revenues from selling

the 5,000 decitonnes of wheat)

? ? ?

Annotations: n ¼ 142; in thousands of euro; the variable costs of the production of wheat and

maize are assumed to be equal and are therefore not included
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and that profit maximisation is the only entrepreneurial objective, a biogas plant’s

net present value (NPV) and homogenous investment returns per period were

calculated as follows (see Eq. 9.6):

NPV ¼ �a0 þ e� að Þ � CFi;N; with a ¼ qW � pW þ a�S andCFi;N

¼ 1þ ið ÞN � 1

1þ ið ÞN � i (9.6)

Above, a0 denotes the investment costs, e is the cash inflow and a is the cash

outflow. The cash outflow is composed of the substrate costs and other cash

outflows a�S . The substrate costs correspond to the displaced wheat yield qW

multiplied by the wheat price pW. The risk-free interest rate is denoted by i; the
expected useful life of the biogas plant is described by N and the capitalisation

factor is CFi;N.

The wheat price triggering the investment is the price of the crop replaced by the

substrate cultivation. This price can be calculated by setting the NPV equal to zero

and solving Equation Eq. 9.6 to obtain the wheat price pW:

pW ¼ e� a�S � a0=CFi;N

qW
(9.7)

Therefore, the biogas plant considered in this study requires a reduction in wheat

production of 5,000 decitonnes and investment costs of 600,000 EUR, while it

generate an expected investment returns of 100,000 EUR p.a. Therefore, the

corresponding wheat price is:

pW ¼ 200; 000� 100; 000� 600; 000=12:46

5; 000
¼ 51; 854

5; 000
¼ 10:37 (9.8)

The opportunity costs of the land, which amount to 51,854 EUR p.a., pertain

to the lost 5,000 decitonnes of wheat. With an assumed wheat price of 10.37 EUR

per decitonne, the biogas plant investment results in a net present value of zero.

In other words, the annual cash inflow of 20 EUR per decitonne of wheat

(¼ (200,000 EUR – 100,000 EUR)/5,000 decitonnes) allows the cost of the

substrate to be 10.37 EUR per decitonne. The remaining 9.63 EUR per decitonne

are needed to cover the investment costs.

In addition to the costs of capital and the annual investment returns from the

investment in a biogas plant, which are all incorporated into Eq. 9.7, there are other

cost components that may influence decision making. The cost component ‘risk

premium’ (RP) is influenced by the subjective perception of the risk resulting from

the investment as well as each farmer’s individual risk attitude (see Sect. 9.5.1.2).

Some farmers may frame their subjective perception of investment risk in terms of the

supply of the substrate (the variability of the silage maize yield), or the amount of

276 K. Granoszewski et al.



energy output (the technical default risk of the biogas plant). However, other farmers

may view risk in terms of the risk reduction that the diversification effects of the new

branch of farm business create. The larger the mentioned value of the risk premium,

the bigger the reduction in capital expenditure will be.

The cost component ‘soil fertility premium’ (SP) is determined by sustainability

aspects that are relevant from a production factor point of view. For instance, the

decision-maker may fear negative effects due to the introduced (expanded) cultiva-

tion of maize because the productivity of his land may decrease in the long term due

to the negative effects on crop production. The cost component ‘environmental

premium’ (EP) is relevant when decision-makers have non-economic aims that are

affected by their investment in a biogas plant. For example, the appreciation of

climate-friendly energy production at the biogas plant may, from the farmer’s point

of view, be reflected in a negative environmental premium. In contrast, if negative

environmental effects, such as the ploughing up of grassland, are expected, a

positive environment premium is indicated. This leads to the following extension

of Eq. 9.9:

pW ¼ e� a�S � a0=CFi;N � RP� SP� EP

qW
(9.9)

Equation 9.9 clarifies that the investment reluctance increases when the critical

wheat price decreases; the higher the risk, the higher the soil and environmental

premiums. In addition to these premiums, there are other factors that may increase

the investment reluctance, for example, the expectation of inflation or of a possible

farm succession. Such factors were not considered in this investigation. Figure 9.7

provides an overview of the three normative benchmarks.

Although it is not taken into account in Eq. 9.9, it is evident that an investment

subsidy would reduce the investment costs, (normatively) resulting in a higher

trigger price and a higher willingness to invest. Technically, the existing investment

costs a0 are replaced by a00 ¼ a0 � z, where z denotes the investment subsidy.

9.5.3 Empirical Results and Discussion

Section 9.5.3.1 presents the results of the trigger price and the influencing factors.

In Section 9.5.3.2, the explanatory power of the influencing factors is examined

using a regression model. Section 9.5.3.3 shows the effect of an investment subsidy

on investment behaviour. In a first step, all the data were converted into euro per

decitonne of wheat.

9.5.3.1 Survey Results of the Trigger Price and Influencing Factors

The survey results show that farmers have various conversion thresholds for

potential investments in bioenergy production. In our example, the conversion

thresholds range from 5 to 30 EUR per decitonne of wheat (see Fig. 9.8), although
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the farmers were confronted with the same investment scenario and the site-specific

conditions had no effect on the critical wheat price. This indicates that the farmers’

behaviour regarding potential investments in a biogas plant was very heteroge-

neous. Figure 9.9 presents a chart of the historical wheat price from 2005 to 2010 as

a comparison standard. At a historical price of 5 EUR per decitonne, the investment

was not favourable because the market price was always higher. In contrast, the

farmers who quoted a trigger price of 30 EUR per decitonne should have invested

because the market price was always lower. Overall, the range of empirical results

seems plausible.

Table 9.7 shows the mean, standard deviation, minimum and maximum values

of the trigger price and the influencing factors.

The average critical wheat price stated by the farmers is 12.14 EUR per

decitonne (standard deviation: 3.78 EUR per decitonne). If the farmers are myopic

profit maximisers, they invest too early because the normative critical wheat price is

Empirical stated trigger price:

NPV

NPV RP

NPV RP SP + EP

Benchmark I:   net present value

Benchmark II:  + risk premium

Benchmark III:
+ soil fertility premium
+ environmental premium 

N
o
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e

Fig. 9.7 Three normative benchmarks to analyse the trigger price

Fig. 9.8 Critical wheat price
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10.37 EUR per decitonne (see Eq. 9.8). This significant difference (p-value

< 0.001; two-sided t-test) of 1.77 EUR per decitonne (¼ 12.14 EUR per decitonne

– 10.37 EUR per decitonne) implies that the investment in the hypothetical biogas

plant has a net present value (see Eq. 9.6) of �110,235 EUR. This highly negative

figure is caused by the plant’s 20-year operating life and the yearly requirement of

5,000 decitonnes of wheat equivalent. This seems to question the assumption that

farmers are profit maximisers. It is important, however, to note that these results

only prove that farmers’ decision-making behaviour is not in accordance with

Eq. 9.6. One cannot conclude that they act under bounded rationality regarding

investment decisions in the context of biogas plants. Farmers may expect equally

large benefits from the total investment than those arising from the positive effects

that these benefits have on their farms’ risk profile. In the same manner, the ‘soil

fertility premium’ and ‘environmental premium’ could be relevant.
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Fig. 9.9 Historical price chart for wheat from 2005 to 2010 (Data based on GJAE different

volumes)

Table 9.7 Survey results of the trigger price and influencing factors

Trigger price

(wheat)

Influencing factors

Cost of

capital

Risk

premium

Soil fertility

premium

Environmental

premium Others

Mean 12.14 11.86 1.12 0.19 �0.04 �0.99

13.13

Standard

deviation

3.78 2.64 1.05 1.00 1.20 4.68

Minimum 5.00 5.00 0.05 �5.00 �7.00 �11.00

Maximum 30.00 19.70 5.00 5.00 5.00 16.20

Annotations: n ¼ 135; in euro per decitonne; Assuming a pure profit-maximising decision-maker,

the normative critical wheat price is 10.37 EUR per decitonne. Of the cash inflow of 20 EUR per

decitonne, 9.63 EUR per decitonne remain to cover the cost of capital
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Hence, the effects of the risk, the environment and the soil fertility need to be

analysed in addition to the potential existence of bounded rationality. The total cost

of the investment was 9.63 EUR per decitonne. The farmers estimated the cost

of capital to be an average of 11.86 EUR per decitonne (standard deviation: 2.64

EUR per decitonne), thus misjudging the value by 2.23 EUR per decitonne. This

difference between the empirically measured and the normatively determined cost of

capital deviates significantly from zero (p-value < 0.001; two-sided t-test). It should

be pointed out that 2.23 EUR per decitonne results in a net present value of�138.954

EUR. Taking the correctly estimated cost of capital into account, the capital value of

a myopic profit maximiser would, ceteris paribus, total 28,719 EUR (¼ �110,235

EUR + 138,954 EUR). The underestimation of the cost of capital could, for example,

be due to the decision-makers’ lack of skills to adequately take the interest and

compound interest effects into account. Gigerenzer (2002) emphasises that many

people have difficulty with correctly calculating relative values, such as percentage

values, due to ‘number blindness’. Musshoff et al. (2009) show that farmers underes-

timate the interest and compound interest effects. When considered in isolation, this

underestimation leads to an overinvestment in bioenergy.

The average of the risk premium is 1.12 EUR per decitonne (standard deviation:

1.05 EUR per decitonne) and is positive. This indicates a reduction in the willingness

to invest compared to a simple profit orientation. Farmers seem to be risk-averse and

expect an increase in the overall corporate risk resulting from an investment in a

biogas plant. Therefore, they invest later. Soil fertility effects were relevant for about

11 % of the interviewed farmers and they revealed an average soil fertility premium

of 0.19 EUR per decitonne (standard deviation: 1.00 EUR per decitonne). Environ-

mental effects, which were important to approximately 12 % of the farmers, result in

a mean environmental premium of �0.04 EUR per decitonne (standard deviation:

1.20 EUR per decitonne). In this regard, the negative premium shows a slightly

positive perception of the investment. Just over 10 % of the farmers specified a soil

and environmental premium. This may have been due to their belief that they were

already following procedure in these areas and therefore had little room to improve,

even without investing in a biogas plant.

If the trigger price specified by the farmers is taken as a basis, an overall effect can

be inferred. The influencing factors total 13.13 EUR per decitonne, which is 0.99

EUR per decitonne higher than the trigger price of 12.14 EUR per decitonne. This

deviation differs significantly from zero (p-value ¼ 0.016; two-sided t-test). There-

fore, Eq. 9.4 does not appropriately describe the interviewed farmers’ investment

behaviour. Furthermore, the difference of�0.99 EUR per decitonne could have three

possible causes:

1. Bounded rationality in the context of determining the cost of capital, which has

already been confirmed.

2. Bounded rationality regarding the aggregation of the separate influencing

factors.

3. Additional influencing factors that were not explicitly addressed in the

interviews (e.g., effects that include ethical or image considerations).
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The afore-mentioned difference of�0.99 EUR per decitonne is overcompensated

by 1.24 EUR per decitonne when the underestimated cost of capital (2.23 EUR per

decitonne) is taken into account. The residual value of 1.24 EUR per decitonne (see

Table 9.8) is probably divided between the two other causes mentioned above.

With regard to the interpretation of the results, it is important to bear in mind that

decision-makers in the real world – where real money is involved – have stronger

incentives to make optimal decisions. Therefore, real-life decisions are often based

on detailed assessments that, if necessary, are made with the help of consultants. In

a hypothetical decision situation, such incentives cannot be given. The influence of

bounded rationality may therefore have been overestimated. However, the literature

emphasises that, in principle, effects found in non-incentive scheme experiments

remain, even if the incentives are increased. With regard to bounded rationality,

Schoemaker (1982: 553 f.) concludes: ‘[There is] no evidence that suboptimal

laboratory behaviour improves when committing subjects financially to their

decisions’ (see also Frey and Eichenberger 1989).

To investigate how a change in incentives affects the extent of bounded rationality

in a decision situation, we integrated the afore-mentioned questions into a written

university examination on investments. Fifty-nine ‘prospective (farm) managers’ –

agriculture and economics students in their fourth to sixth term – participated, thereby

ensuring the educational requirements necessary for capitalisation. However, they

had little practical experience with running a business. Incomplete responses were

not included in the analysis. The cost of capital was evaluated accurately by 25

students. The remaining 34 students were unable to answer the question correctly.

The students calculated the average cost of capital as 10.08 EUR per decitonne

(standard deviation: 6.05 EUR per decitonne). Compared to the normative bench-

mark (9.63 EUR per decitonne), they underestimated the costs of the capital by about

0.45 EUR per decitonne. In contrast, the farmers’ absolute deviation from the

normative benchmark was 2.23 EUR per decitonne. Therefore, the level of bounded

rationality regarding the cost of capital decreases the larger the incentive is, but is not

totally eliminated.

Table 9.8 Aggregation of the influencing factors based on the empirical and normative cost of

capital

Trigger

price

(wheat)

Influencing factors

Cost of

capital

Risk

premium

Soil fertility

premium

Environmental

premium Others

Mean with the empirical cost

of capital

12.14 11.86 1.12 0.19 �0.04 �0.99

13.13

Mean with the normative

cost of capital

12.14 9.63 1.12 0.19 �0.04 1.24

10.90

Annotations: n ¼ 135; in euro per decitonne
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9.5.3.2 Explanatory Power of the Potential Influencing Factors

The hypothetical decision-making situation might have been too abstract for the

farmers, or they might not have understood the decision-making situation. There-

fore, we analyse whether there are significant correlations between the trigger price

for the described biogas plant and the potential influencing factors. Based on a

multiple linear regression analysis, we examine the extent to which the influencing

factors (independent variable) affect the trigger price (dependent variable):

yi ¼
Xj

j¼1

aj � xij þ χi; with i ¼ 1; 2; . . . ; I (9.10)

yi denotes the dependent variable of the i-th observation and aj is the corresponding
regression coefficient for the j-th independent variable. xij. χi is the error term of the

regression. The regression coefficients aj are estimated using the least squares

method. Table 9.9 shows the results of the regression.

The coefficient of determination R2 is 0.895 (adjusted R2 ¼ 0.892); it therefore

presents a high explanatory potential. The four regressors can explain about 89 % of

the variation in the trigger price. Furthermore, the F-test indicates a highly signifi-

cant correlation. Thus, the global quality criterions demonstrate that the regression

model is notmisspecified. In addition, they indicate that the farmers’ answers were not

based on pure guesswork and that the farmers understood the complex hypothetical

decision-making situation sufficiently.

In addition to the influencing factors’ overall explanatory potential, each influencing

factor’s input is of particular interest. The significance of each regression parameter

is analysed using a t-test. The cost of capital and the risk premium significantly

influence the trigger price at a probability of error of less than 1 %. The impacts of

the soil fertility premium and the environmental premium are, however, not significant.

The standardised regression coefficients show that the cost of capital, followed by the

risk premium, offers the highest explanatory potential for investment behaviour

concerning bioenergy plants.

Table 9.9 Results of the linear regression with the trigger price as dependent variable

Cost of capital

Risk

premium

Soil fertility

premium

Environmental

premium

Regression coefficients 0.909 0.923 �0.322 �0.083

Standardised regression coefficients 0.869 0.112 �0.026 �0.008

t-value 22.041 2.838 �0.889 �0.272

(p-value) (0.000) (0.005) (0.375) (0.784)

R2 (adjusted R2) 0.895 (0.892)

F-value (p-value) 279.722 (0.000)

Annotation: n ¼ 135
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A separate regression analysis was conducted with bounded rationality in the

context of the cost of capital as a determinant (see Sect. 9.5.3.1). However, as

independent variables, personal characteristics, such as age or the level of education,

showed no significance.

9.5.3.3 Impacts of Investment Subsidies

Specific bioenergy policies are designed to increase the production of energy from

renewable resources. How can farmers’ willingness to invest in bioenergy plants be

increased? With the net present value in mind (see Eq. 9.9), there are three main

possibilities. In addition to reducing the risk of the investment returns (e), which the
REA guarantees, a low-interest credit (i) can lead to a cutback in capital expendi-

ture. A further alternative to create investment incentives is to lower the investment

costs (a0) by means of a subsidy (z).
As an example, we investigate the third possibility. We therefore asked the

farmers to state their trigger price under the assumption of an investment subsidy of

100,000 EUR for the biogas plant. If the subsidy is taken into consideration, the

reduced investment costs amount to 500,000 EUR. From a macro-economic point

of view, a support programme of investments may cause a misallocation of

resources (Brümmer and Loy 2000); however, this aspect is not considered here.

Under the assumption of perfect rationality with profit maximisation as the only

entrepreneurial objective and if, according to Eq. 9.7, the application costs for the

subsidy are subtracted; the reduced investment costs increase the trigger price by

1.60 EUR per decitonne. In other words, as expected, the investment will then be

made earlier, ceteris paribus. The subsidy will have a positive impact because the

average critical wheat price of 12.14 EUR per decitonne that the farmers men-

tioned, will increase to more than 13.74 EUR per decitonne if all else is equal.

Table 9.10 presents the means, standard deviations and ranges of the trigger

price before and after the implementation of the investment subsidy.

With the inclusion of the investment subsidy, the range of the empirical trigger

price changes slightly from 2 to 29 EUR per decitonne compared to 5 to 30 EUR per

decitonne without the subsidy. Therefore, the minimum and maximum trigger

Table 9.10 Consequences of the investment subsidy

Trigger

price before
subsidy

Trigger price after
subsidy

Changes in propensity

to invest
Empirically

unanticipated part

of subsidyEmpirical Normative Empirical Normative Empirical

Mean 12.14 13.74 13.03 1.60 0.89 0.71

Standard

deviation

3.78 – 3.73 – 2.17 2.17

Minimum 5.00 – 2.00 – �7.50 �4.90

Maximum 30.00 – 29.00 – 6.50 9.10

Annotations: n ¼ 135; in euro per decitonne; The investment subsidy is 100,000 EUR
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prices did not shift in the expected direction. Owing to the investment subsidy, the

average critical wheat price increased from 12.14 EUR per decitonne to 13.03 EUR

per decitonne (standard deviation: 3.73 EUR per decitonne). Therefore, as

expected, the subsidy generally increased the farmers’ willingness to invest. In

particular, 83 of the 135 farmers mentioned a higher trigger price, 30 were not

affected by the subsidy and 22 mentioned a lower trigger price. However, the net

present value of the average price would be �65,692 EUR if the wheat price was

13.03 EUR per decitonne (without the subsidy: �110,235 EUR). Thus, the net

present value would increase by about 45,000 EUR if the investment subsidy was

100,000 EUR.

Although the normatively expected change in the trigger price is 1.60 EUR per

decitonne, only 0.89 EUR per decitonne of that amount is reflected in the increase

in the average willingness to invest. The remaining 0.71 EUR per decitonne did not

have the expected effect. Hence, about 45 % of the investment subsidy is not

reflected in the increase in the willingness to invest. Based on a comparison of

the means, the anticipated and the unanticipated parts of the subsidy differ signifi-

cantly from zero (p-value < 0.001; two-sided t-test). We could exaggerate and say

that, in the considered investment decision, the investment subsidy would have to

be approximately 200,000 EUR to affect an incentive of 100,000 EUR.

The results can be explained in two ways: Firstly, some farmers may feel the

investment would require too much effort due to the bureaucracy and the work

(including the loss of farm labour hours due to desk work) involved in the invest-

ment subsidy. Consequently, even if a subsidy were offered, their willingness to

invest would not increase to the extent that the normative prognosis model predicts,

and could even decrease. Secondly, the bounded rationality of the decision-makers

may mean that they do not understand the actual value of an investment subsidy.

9.6 Implications and Conclusions

The decision-making behaviour at the farm level is crucially important in the

context of bioenergy expansion. Both sub-studies help us understand how farmers

make their investment decisions. Thus, our research findings contribute to the

literature on farmers’ entrepreneurial behaviour in general. In the context of

renewables, knowledge of the different determinants of farmer decision outcomes

is relevant to estimate their future engagement in innovations such as bioenergy.

Understanding individual farmers’ decision making improves our ability to deter-

mine the future development of bioenergy production and market potentials.

Therefore, decision-making variables should be incorporated into the design of

forecasting models for energy and environmental policies.

The first sub-study confirms negative externalities’ occurrence in the context of

expanded bioenergy production. The intensive discourse among experts from

research and practice on the intra and inter-sectoral consequences resulting from

the political support of biogas production indicates that the government is unable to
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predict far-reaching effects, such as the unintended land use competition. Such side

effects illustrate the limits of political control and politically driven markets’ high

vulnerability (Wolf 1987).

The externalities are linked to the REA scheme. In many European countries, a

similar fixed price system was adopted. In these countries – especially those with a

strong agricultural background, such as France or Spain – land use competition may

only occur later on. Our findings should be considered to optimise the funding

policy in order to indicate or prevent externalities.

However, in its biomass allocation roadmap, the policy has established objectives

for the further expansion of biogas production (BMU and BMELV 2009) (see

Chap. 1). Our findings imply that the further diffusion of biogas production has

been overestimated and is not realisable under present conditions. The policymakers

would be well advised to restructure the German REA to reduce the competitive

distortions among farmers. In this context, a slight reduction in the compensation for

energy from biogas may decrease biogas production’s economic profitability. How-

ever, the structure of the compensation rates also needs to be amended. The current

additional compensation for using biomass from farmland (energy crops) is driving

competition. Reducing this benefit will promote conflict reduction.

Over the last decade, the policy has focused exclusively on economic investment

incentives as an extrinsic factor to motivate farmers to invest. Our findings show

that farmers have little scope for creating intrinsic motivations, such as ecological

awareness. This is somewhat problematic, because non-economic dimensions, such

as ecology, then become less important. In fact, a large number of biogas plants’

operations have been energetically inefficient for many years (Pöschl et al. 2010).

Biogas plants were, and some still are, largely unaware of waste heat utilisation.

Policy and the agricultural advisory services should therefore provide better eco-

logical and energetically guidance and not only focus on economic incentives.

In the second sub-study, farm managers were confronted with a hypothetical

decision situation regarding an investment in a biogas plant. The survey results

confirm that farmers have various conversion thresholds (trigger prices) for poten-

tial investments in bioenergy. This explains why they respond very differently to

economic conditions. Moreover, farmers who have actually invested in a biogas

plant also invested earlier on in the experiment than the others.

Furthermore, the farmers’ answers were compared to three types of normative

benchmarks with different components to isolate the driving factors that influence

the conversion threshold. The first benchmark only contained the cost of capital.

A risk component was added to the second benchmark. The third benchmark was

extended to include soil fertility and environmental premiums. These potential

components of the trigger price showed different levels of influence. The

investigated effects with regard to soil sustainability, altered substrate cultivation

and non-economic objectives, did not sufficiently justify the trigger price. In

contrast, the individual assessment of the risk and the cost of capital had a high

impact on the trigger price. Bounded rationality was another essential influencing

factor regarding the evaluation of the cost of capital, resulting in the capital costs

often being underestimated.
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The impact of an investment subsidy was analysed to determine investment

incentives’ potential. On average, the farmers only perceived 55 % of the amount of

the total investment subsidy. Investment subsidies are already viewed critically in

agricultural policy and will be called into question further if future studies confirm

this effect.

The results show that bounded rationality has an effect on real decision-makers’

behaviour and that they do not follow normative forecast models. Therefore,

rational choice is not always a suitable explanation for economic decision making

(see Faucheux and Froger 1995). This indicates, firstly, that additional profits could

be earned from those arising from attractive (unattractive) but unrealised (realised)

investments. Secondly, a decision-making aid, such as training (capacity building),

could be helpful to counteract wrong decisions. It should be noted that support for

decision making is not about influencing or changing farmers’ preferences, but aims

to increase their utility by reducing their bounded rationality and enabling them to

make decisions that are better aligned with their individual preferences.

The behavioural economic aspects of bounded rationality require more in-depth

research. This involves, for instance, collecting more detailed information on the

farmers’ socio-economic background, such as their education, age, income and

family background. It also implies investigating the decision-making process to

discover the algorithms, heuristics and calculi used to make decisions.

On a more general level, bioenergy should be considered a sustainable energy

supply system. Although bioenergy production plays an important role, it requires

room for innovation (Madlener and Stagl 2005: 162) and public subsidies that are

effective, efficient and transparent.
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Räume. Aus Politik und Zeitgeschichte, 37, 23–30.
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Chapter 10

Social Acceptance of Bioenergy Use

and the Success Factors of Communal

Bioenergy Projects

André Wüste and Peter Schmuck

Abstract This chapter analyses the social acceptance for bioenergy resources and

bioenergy utilisation based on the following three studies: (1) A quantitative

study on 678 rural Germans and Austrians attitudes towards bioenergy, based

on a standardised questionnaire; (2) a study in 13 villages, analysing data on

2,200 inhabitants readiness to support a bioenergy project; (3) a qualitative inter-

view study analysing the success factors as well as impediments to establish

decentralised, communal bioenergy projects. Interviews were conducted with the

initiators or participants in 25 bioenergy villages in Germany. This chapter focuses

on changes in the individual and social well-being during the planning of a

bioenergy village. Through the three studies, we seek to gain insights into

Germany’s very dynamic development of bioenergy production facilities, not all

of which meet sustainability criteria: A growing number of people in Germany’s

rural areas are directly or indirectly affected by the increasing development of

bioenergy utilisation. In many cases, only the economic aspects of bioenergy plants

are considered prior to their being built; local population and other stakeholders are

not involved. Increasing fears, caused by the local population’s lack of information,

often lead to conflicts, resistance and declining acceptance of bioenergy projects.

The studies in this chapter seek to open potential avenues in order to have local

population’s support for sustainable bioenergy projects.
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10.1 Introduction

This chapter focuses on social scientific studies as an activity that helps solve

problems during the transformation of our conventional energy system on the

basis of renewable energy sources. Our study bases on the Göttingen approach of

sustainability science (see Sect. 2.3). In the selected problem field of bioenergy use

– one option in a future global renewable energy scenario – traditional research

results should be used as a general basis for solving problems. However, few such

results are available. The development of bioenergy production installations in

Germany has been a swift and dynamic process. This has prevented researchers

from using the usual sequence, in which, prototypically, several years of basic

research result in a substantial knowledge pool that serves as the basis for practical

applications. Given that sustainability science has to solve global problems under

severe time pressure, swift changes have forced scientists to undertake research and

apply the result in parallel.

The situation becomes more concrete if one knows that, 10 years ago, Germany

had only a few biogas plants, but since the introduction of the 2000 Renewable

Energy Sources Act, the number has increased by several hundred per year to more

than 7,000 today. Therefore, public acceptance of these plants may change sub-

stantially from year to year: There are different advantages, but also negative side

effects, such as maize monocultures, which may critically influence public opinion.

If one intends to support sustainable bioenergy projects precise data are required on

the public acceptance of different production and consumption alternatives. These

data include qualitative information about the different argumentation pattern types

(for and against) within Germany’s rural population. Such scientific knowledge

allows a researcher, when planning with practitioners, to anticipate and adequately

respond to biased arguments against bioenergy projects or to incorrect information

in the media.

Our studies also analyse the success factors of already completed sustainable

bioenergy projects in Germany. Applying these success factors to on-going projects

has proven a very powerful mechanism for transferring sustainable models to our

projects and to the regional and national levels. In 2000, we analysed the social

success factors of pioneering communal renewable energy projects and then suc-

cessfully applied these principles (Eigner and Schmuck 2002), when establishing

five bioenergy villages in the Göttingen district between 2002 and 2010. In 2008 we

documented our experiences in Jühnde as well as those in various following

projects. The resulting publication (Ruppert et al. 2008) was distributed nationwide

and supported the developing of more than a hundred of other bioenergy villages in

Germany.

In this on-going project, we follow the principles of our Göttingen approach of

sustainability science at the regional level, widening our focus on solutions for

sustainable renewable energy models from villages to rural districts, each of which

include several communities and villages (see Chap. 11).
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10.2 Acceptance of and Social Barriers to the Development

of Bioenergy Usage

Since the first amendment to the Renewable Energy Sources Act, there has been a

boom in biogas production in Germany. Today, there are more than 7,000 biogas

plants in Germany (FNR 2012). However, this rapid growth has partly led to the

rural population’s declining acceptance of these plants and to dissent regarding

their suitability in agriculture.

Thus, in addition to bioenergy plants’ technical, financial, administrative,

organisational and infrastructural challenges, the perceptions of and acceptance

by the affected population represent a massive obstacle to their implementation

(Roesch and Kaltschmitt 1999, p. 348) that needs to be overcome to facilitate the

shift to renewable energies.

There are many definitions of acceptance. According to Endruweit and

Trommsdorff (2002), acceptance is an attribute of an innovation’s introduction in

order to achieve positive responses from the concerned people. Dethloff (2004)

considers acceptance the positive adoption of an idea, a status, a product or service,

thus defining willingness. Acceptance is therefore not merely toleration and toler-

ance (attitude level), but also comprises readiness to act (behavioural level) as a

criterion. The opposite of acceptance is rejection or non-acceptance, and if the

rejection is linked to defensive actions, this leads to active resistance or reactions

(Dethloff 2004, p. 18). At the very least, acceptance is a tolerant attitude or even a

consensus-oriented process (Jenssen 2010, p. 197).

A nationwide survey by the German Forsa Institute ascertained that more than

95 % of Germans approve of the increased development of renewable energies (AEE

2011). On the other hand, hundreds of citizens’ action groups have been formed

against bioenergy projects in Germany. For example, the construction of a biogas

plant in the northern Hessian village of Wommen was prevented by a citizens’ action

group. There are even citizens’ action groups against bioenergy in our three selected

districts. In the city of Burgdorf, in the Hannover region, a citizens’ action group was

formed to oppose a large biogas plant (1.5 MW) (see Chap. 11).

The causes of social protest against bioenergy projects are multifaceted. Fears that

local residents’ current quality of life – especially due to unwanted odours from the

bioenergy plant – could be affected play a major role in this regard. Further concerns

include rising costs, loss in value of immovables and of other tangibles (Mautz et al.

2008, p.107), traffic nuisance owing to biomass transport, monocultures’ effect on the

landscape and fear of accidents. These fears are potential causes for the well-known

NIMBY (not in my back yard) conflicts. NIMBY has meant that while rural

inhabitants considered bioenergy technology very important and useful in principle,

they nonetheless often oppose bioenergy plants in their surroundings.

The increase in conflicts over renewable energy and especially bioenergymay partly

be derived from the shift from small plants to large-scale industrial biogas production.

Pooling individual bioenergy plants in bioenergy parks, which occurred in Penkun

(north ofBerlin), for example, requires extremely area-intensive and transport-intensive

logistics. Increasing resistance may therefore be expected from the inhabitants of such
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park’s surroundings. In addition, mainly non-agricultural investors, such as power

supply companies, implement such large-scale projects. Furthermore, as a rule, local

citizens do not participate in industrial-scale biogas production. The profits from local

raw materials use therefore do not remain in the region, but mainly benefit investors

who are often not from the region (Mautz et al. 2008).

To prevent the NIMBY phenomenon, local residents need to be involved in

decision-making and implementation processes (Aretz et al. 2009, p. 49). This

allows them to openly discuss their fears, which could then perhaps be overcome.

Zoellner et al. (2008) showed that there are significant correlations between the

fairness perceived by the implementation processes and the acceptance. Further-

more, it is crucial for the implementation process to be transparent, since citizens

tend to be oppose a bioenergy project if they are not involved in the planning and

decision-making processes (see Zoellner et al. 2008, p. 4140).

To date, there are very few scientific results concerning bioenergy acceptance –

only a few relating to wind energy. Egert and Jedicke (2001) investigated wind

energy acceptance in relation to the landscape of a northern Hessian region. A team

of environmental psychologists from the University of Magdeburg analysed renew-

able energy acceptance in four different regions, focussing on photovoltaic, wind

and biomass energy (Zoellner et al. 2008). Griesen (2010) investigated biogas plant

acceptance factors by surveying two German regions. He identified the following

key acceptance factors: (1) the ethical appraisal, (2) the distance between the biogas

plant and the local residents’ homes and (3) the residents’ perceptions of bioenergy.

In our research project, we undertook a bioenergy acceptance study in Germany’s

rural areas that will provide findings on the acceptance of current bioenergy produc-

tion and consumption options and bioenergy usages perceived and expected

opportunities and risks. However, our research project has already contributed

findings about the social criteria for multicriteria decision analysis (MCDA) (see

Chap. 12). We next outline a few of the first study results.

10.3 Bioenergy Acceptance in Germany: A Nationwide

Acceptance Survey

This acceptance study, which took place between the summer of 2010 and February

2011, focuses on the different bioenergy production alternatives (e.g., small biogas

plants, major industrial bioenergy plants and biofuel plants) as well as the different

biomass resources (e.g., wood, straw, liquid manure and energy crops).

10.3.1 Methods

10.3.1.1 Description of the Sample and the Investigated Regions

Six respondent sub-samples from residents in rural areas of Germany were sur-

veyed: The main sample (n ¼ 377) comprised people living in villages without
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bioenergy production. This sample gives an overview about general acceptance or

concerns regarding bioenergy. Furthermore, several smaller samples were collected

from residents in areas surrounding the following special pathways of bioenergy

production and use:

• local communal biogas projects (n ¼ 66)

• major industrial bioenergy plants fuelled with energy crops (n ¼ 98)

• major industrial biofuel plants (n ¼ 55)

• organic farming in combination with biogas production (n ¼ 30)

• short-rotation plantations (n ¼ 52).

10.3.1.2 Design of the Questionnaire

A partly standardised questionnaire was created for the survey, with ten groups of

questions. Question complex one contains 15 items related to different biomass

resources for producing energy (e.g., bio waste, straw, energy crops, tree-cut, liquid

manure) with three response categories (“I am in favour because . . .”, “I am only in

favour if . . .” and “I reject this because . . .”). Each respondent also had the opportu-

nity to write a short statement. Question complex two contains nine items concerning

different bioenergy consumption opportunities (e.g., communal biogas plants with or

without a heating concept, large industrial biogas plants, biofuel plants, wood heating

plants). The response categories in question complex two are the same as those in

complex one. In question complex three, there are open-ended questions on the

potential opportunities and risks of using bioenergy. Question complexes four and

five contain closed questions relating to the expected consequences of a bioenergy

plant’s construction in the main sample and in the smaller samples to identify the

perceived consequences in areas with specific bioenergy production lines. Five-point

Likert scales were used evaluate statements regarding these questions. Question

complexes six and seven are semi-open questions on experiences with bioenergy in

the respondents’ local surroundings and their attitudes towards a possible bioenergy

plant in their villages. Question complex eight contains nine items concerning other

energy generation opportunities, such as petroleum, coal, solar energy and wind

energy; the response categories are the same as those in complexes one and two.

Question complex nine relates to the respondents’ actual and planned energy supply.

In the question, we requested complex, demographic data.

10.3.2 First Results

The questionnaire analysis is still on-going; we therefore focus on descriptive

results.
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10.3.2.1 Acceptance of Different Biomass Resources

An impressive result is the participants’ preference for biomass resources that

consist of waste materials. Wood from trees and hedges to generate bioenergy is

favoured by 75 % of the respondents , liquid manure by 69 %, sewage gas by 67 %,

lawn clippings by 65 % and residual wood from forestry by 64 % (see Fig. 10.1).

The respondents mention waste materials’ usefulness and waste reduction as a main

reason for this high endorsement of waste materials. Further positive outcomes

associated with waste material use for bioenergy are its environmental and financial
benefits.

The general endorsement and the rejection of the use of short-rotation

plantations and organic energy crops are in balance. The respondents mention

competition between food production and energy crop production as a main

reason for their rejection of energy crops and short-rotation plantations. A further

reason is the risk of monocultures. Positive arguments for energy crops use are

that energy crops are renewable sources and that they can help conserve fossil
fuels. The highest rejection figure (at 74 %) is for genetically modified energy

crops, reflecting the Germany population’s assessment of genetic engineering

having too many unforeseeable risks.

10.3.2.2 Acceptance of Current Bioenergy Consumption Options

The respondents favour smaller, communal plants regarding their acceptance of

current bioenergy consumption opportunities. Small biogas plants with a heating

concept and heating plants with residual wood are greatly favoured at 72 and 69 %

(see Fig. 10.2). The respondents explain that these are useful and decentralised
bioenergy consumption opportunities with benefits for the environment.

Fig. 10.1 Percentages of subjects’ preference for potential bioenergy resources in the bioenergy

acceptance survey
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A relatively small majority (50 %) supports small biogas plants without a heating

concept, while almost 20 % do not, owing to the lack of a heating component.
About 35 % approve large industrial bioenergy plants. The respondents

refer to concerns relating to competition between food production and energy
crop production and impacts on quality of life (e.g., traffic nuisance, impact on

the landscape), but mention independence from fossil fuels and environmental
benefits as positive aspects.

10.3.2.3 Acceptance of Other Energy Sources

The survey results show a general support for renewable energies. The highest

approval is for solar heating (more than 80 % of respondents) and photovoltaic

energy (approximately 74 %), followed by geothermal energy (more than 67 %)

and hydropower (65 %). The respondents especially mention benefits for the
environment and the global climate as the main reason for their positive appraisal

of renewable energies. A relatively small majority of respondents (51 %) are

supportive of wind power plants.

The fossil fuel and nuclear resources are less accepted. Especially nuclear

energy receives a high rejection rate (63 %), while that of coal energy is almost

50 % (see Fig. 10.3). The main reasons for the high rejection of fossil and nuclear

fuels are negative environmental effects and the finite nature of these resources. The
unclear situation concerning the disposal of nuclear waste is another aspect that the
respondents mention.

Fig. 10.2 Percentages of subjects’ preference for potential bioenergy production lines in the

bioenergy acceptance survey
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10.4 Acceptance of Bioenergy Villages in Göttingen District

After the successful implementation of the bioenergy village Jühnde, the district of

Göttingen initiated a follow-up project in 2006 to establish more bioenergy villages in

the district. As part of a village selection process, 34 villages were interested in

biomass-based power and heat supply. Representatives from the bioenergy village’s

project team and from the district administration organised meetings and information

sessions in these villages. Through selection criteria such as “agricultural and forestry

potential”, “actors’ high motivation” or a “compact village structure”, 13 potentially

suitable villageswere selected:Barlissen,Ellershausen,Erbsen,Gelliehausen,Hemeln,

Krebeck, Landolfshausen, Lödingsen, Reiffenhausen, Renshausen, Sattenhausen,

Scheden and Wollbrandshausen. In these villages, further village meetings were

organised and working groups, which the university team moderated, were initiated.

The working groups comprised interested and active villagers, who analysed the local

biomass potential and potential plant locations, informed andmobilised other villagers.

A surveywith the following research questionswas conducted in the single households

to get information about their readiness to participate on the bioenergy project:

• What opportunities, expectations, risks or fears regarding the implementation of

a bioenergy village do the villagers express? Which main motives lead to the

approval or rejection of the bioenergy village concept?

• How willing are the residents to participate in the planning phase?

• How do the residents assess the bioenergy village’s feasibility as a shared task of

the village community?

Fig. 10.3 Percentages of subjects’ preference for fossil, nuclear and renewable energy resources

in the bioenergy acceptance survey
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10.4.1 Methods

A two-page household survey was done in 2006 in 13 candidate bioenergy villages

in Göttingen (n ¼ 2,061). The survey consisted of quantitative and qualitative

questions addressing:

• The villagers’ willingness to connect their households to the planned local heat

supply system

• The villagers’ assessment of the notion of a bioenergy village (with explanatory

statements)

• The villagers’ willingness to participate in working groups

• The village community’s assessment of the chances of implementing a

bioenergy village project successfully.

This study focuses primarily on the open questions, which were analysed bymeans

of a content analysis. This is one of the classical approaches to analyse text material

(Flick 2004). The central element of a content analysis is creating a category system.

The category system can be developed through (1) a deductive approach with the

categories being developed before the analysis, or (2) an inductive approach with the

categories generated on the basis of the text material without reference to pre-

formulated theory concepts (Mayring 2008). A deductive theory-driven approach is

combined with an inductive material-based approach to develop the category system.

After defining the categories, the text material is compared with the category system

by noting the occurrence of the categories in the text. Based on the text material, open-

coding –which seeks to summarise data and phenomena by dividing them into units of

meaning (Flick 2004, p. 259) – is chosen. Single statements are defined as the coding

units. Quantitative working steps let us to arrange the categories according to the

frequency of their occurrence in the material.

Two examples illustrate the category system’s development: In keeping with the

three-pillar model of sustainability, a theory-driven and deductive approach is used

in respect of the question regarding the motives for agreeing to a bioenergy village

concept. Hence, the categories economic, ecological and social motives are

conceived, which prove useful to assign the data. The reasons for the rejection of

the bioenergy village concept do not correspond with these categories; here,

categories are developed inductively from the text material (e.g., ethical doubts
or limited quality of life). After repeated reading, the categories are confirmed and

arranged according to the frequency of their occurrence.

10.4.2 Results

10.4.2.1 Question 1: Willingness to Connect to the Local Heating Network

The survey reveals 52 % of the respondents’ general readiness to connect to the

communal heating system. The highest connection readiness was in village H

(67 %), and the lowest in village J (only 31 %) (Fig. 10.4).
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In 9 of the 13 villages, more than 50 % of the villagers expressed a desire to join

the project. In these villages, the process of social and technical support for the later

steps, such as the feasibility study, continued (IZNE 2007).

10.4.2.2 Question 2: Assessment of the Notion of a Bioenergy Village

with Explanatory Statements

74 % of the respondents in the 13 villages expressed a positive opinion of the

bioenergy village concept, 11 % were undecided and only about 1 % (or 34 of the

surveyed households) rejected the project (Fig. 10.5).

The reasons for a positive assessment of the bioenergy village concept, namely

ecological motives, economic motives and social motives, are used as possible

categories and are later confirmed through a data review. This division is inspired

by the three-pillar model of sustainability (Ott 2009). Other categories are

increased comfort and a residual category formulated during the content analysis

process. The categories regarding a negative assessment of the bioenergy village

concept are economic motives, limitation of living standards, lack of experience,
ethical concerns and a residual category.

The quantitative analysis of the categories results in the following findings:

Economic motives (e.g., savings in heating costs or energy independence) are the

category mentioned most often (58 %) regarding a positive assessment of a

combined power and heat supply. Ecological reasons (e.g., reduction of greenhouse
effect and climate change) follow as they are mentioned by 31 % of the

respondents. Social reasons (e.g., stabilisation of the village community) and

increased comfort (heating oil no longer needed) are given less often.

Fig. 10.4 Percentages of respondents intending and not intending to take part in the bioenergy

village project in 13 villages (A–M) of the Goettingen district
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Furthermore, the rejection of a bioenergy village is mainly justified for economic

reasons (43 %). The perceived limitation of living standards (e.g. odour from
manure or traffic nuisance) is mentioned by 23 % of the respondents. Ethical

concerns (e.g. the burning of food) and a lack of experience (e.g. the technology
is not fully developed) are not often mentioned. Other reasons include the perceived
dependency on farmers (Fig. 10.6).

10.4.2.3 Question 3: Willingness to Participate in Working Groups

In total, 474 persons (25 %) agreed to participate in planning working groups – an

average of 36 persons per village (variation: 16–55). The highest willingness to

participate in planning was 44 % – in village K. The lowest interest in active

participation was found in village L (17 %) (Fig. 10.7).

The reasons for a lack of willingness to participate in planning are assigned to

the following categories: high age, health concerns, lack of time, information

deficit, distance between home and work, and other reasons. The main reason for

most villagers’ lack of willingness to participate in the working groups is a lack of

time, followed by high age. Medical concerns, lack of information and the distance

between home and work are also mentioned (an equal share of 6 % each)

(Fig. 10.8).

10.4.2.4 Question 4: Assessment of the Village Community

The question about the village community’s ability to establish a bioenergy village

as a shared project drew an affirmative response from most villagers (on average,

85 %) in the 13 villages. Even in village A, the least optimistic village in this regard,

Fig. 10.5 Percentage of the respondents’ opinion of the bioenergy village plan in 13 villages

of the Goettingen district
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Fig. 10.6 Percentages of respondents’ motives for supporting (on the left) and rejecting (on the

right) the bioenergy village plan in 13 villages of the Goettingen district

Fig. 10.7 Percentages of respondents intending and not intending to participate in working groups

in the bioenergy village project in 13 villages (A–M) of the Goettingen district

Fig. 10.8 Percentage of respondents’ reasons for their lack of willingness to participate in the

working groups in the bioenergy village project in 13 villages of the Göttingen district
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66 % of the analysed households were of the opinion that the village community

could implement a bioenergy village project (Fig. 10.9).

The following are our theoretical considerations when categorising the

respondents’ reasons: The collective self-efficacy construct is a potential motive

for faith in the shared project’s success. According to Bandura’s (1992, 1997) the

social cognitive theory, cognitive processes, motivational processes, emotional

processes, and behavioural processes are controlled by self-efficacy expectations.

Self-efficacy is described as the extent of the subjective expectation of being able to

perform a required behaviour to achieve a desired result. Individual expectations

and collective expectations differ. High collective self-efficacy is based on the

assumption that the group has trust in the team’s capacities and on an optimistic

perception of the accomplishment of future stress-producing events (Eigner-Thiel

and Schmuck 2010). Schwarzer and Schmitz (1999) describe collective self-

efficacy as the subjective certainty that new or difficult requirements can be

managed by means of the group’s shared competences. The appropriate category

can be confirmed in the responses. During the analysis, the category positive
experiences is formed and anchored in personal perceptions of previous community

activities in the village.

The positive statements about the village community were primarily explained

(46 %) by the perceived collective self-efficacy. Positive experiences with commu-

nity projects were also mentioned, for instance, “building a community house”,

“renovating a swimming pool” as well as “village festivals” (Fig. 10.10).

The following categories were formulated for negative attitudes about the shared

project’s success: “disinterest” in a community development, the (negative) “per-

sonal experience” resulting in a lack of faith in the project, and a residual category.

Remarkably, in the category “other” reasons (see Fig. 10.11), structural aspects of

the village, such as the small “size of the village”, the “too large buildings” and the

“new buildings” were specifically mentioned. This suggests that some respondents

Fig. 10.9 Percentages of respondents in 13 villages (A–M) of the Goettingen district who are

optimistic and not optimistic that their villagewill successfully complete the bioenergy village project
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did not understand the question, since the question sought to determine the village

community’s perception of the feasibility of a bioenergy village as a village

community project.

10.4.3 Discussion

An average of 70 % of the villagers’ answers point to strong interest in the

bioenergy village concept. This high percentage may reflect the university

members’ successful public relations activities as well as the positive influence of

the well-known bioenergy village Jühnde, which is very close to the other villages.

Even the lowest rate of 51 % in village J was impressive.

10.4.3.1 Motives for the Assessment of the Bioenergy Village Concept

Economic and ecological reasons dominate regarding the positive statements about

the bioenergy village concept, while social motives play a minor role. According to

Stern et al. (1993), these motives can also be interpreted as egocentric (self-

centred), biocentric (nature-related) or anthropocentric (related to the community

of all humans). This means that the economic reasons mainly reflect egocentric

motives, because heating cost savings are expected once the bioenergy village has

been realised. The expected increase in comfort by having an own heating system

and the lower maintenance costs may also be assigned to egocentric motives.

Biocentric motives play an important role as they were approximately one-third

of all the reasons mentioned. Anthropocentric motives have little significance. This

could be explained as a ceiling effect: In these villages, a strong sense of commu-

nity predated the start of the on-going project (see above). Another aspect that may
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Fig. 10.10 Percentages of respondents’ reasons in 13 villages of the Göttingen district for

optimism (on the left) or lack of optimism (on the right) regarding a successful creation of a

bioenergy village
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exert a positive influence on the assessment of the bioenergy village concept is

transfer effects and positive experiences with the bioenergy village Jühnde. How-

ever, these are rarely mentioned in the survey (under the category “other”). In the

case of the negative statements, the economic reasons and the expected limiting of

living standards can be assigned to egocentric motives. The “ethical concerns” that

lead to the rejection of a bioenergy village can be interpreted as an anthropocentric

motive, because “the burning of food” competes with the consumption of food and

is thus detrimental to humanity. The category “lack of experience” reflects suspi-

cion of the “new technology” and the associated fear of supply uncertainties.

Fig. 10.11 Location of the 25 German communal renewable energy projects whose initiators

were interviewed
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However, such fears can be countered by targeted public relations activities, for

example, by visiting best practice projects. In some cases, the new dependence on

the farms providing the material led to the rejection of the bioenergy village

concept.

The following recommendations can be derived from these findings for future

projects: In the first information sessions with villagers, it seems to be important to

stress the broad range of positive motivations for such projects. In addition to

financial aspects, the benefits to the community and the ecological advantages

should be addressed in detail to strengthen the biocentric and anthropocentric

motives. A motivational mix rather than a single motivation seems to increase the

likelihood. According to the findings, the rural population has different motivations

for participation. On the other hand, critical arguments should be addressed early

and systematically. If possible, such arguments should be refuted in public

discussions or invalidated by visiting best practice models to show that certain

concerns are unfounded.

10.4.3.2 Social Feasibility

In all the villages, the evaluation shows slight willingness of the inhabitants to join

working groups to organise the conversion process. Since the required activities are

mainly unsalaried, limited available time is a barrier conditioned by work and

family responsibilities. Furthermore, the offered jobs are mostly outside the

villages, so that many residents are dependent on a daily or even weekend commute

between home and work. Our recommendation is that, with regard to project

implementation, the main actors in the operating company should discuss the

possibility of a shift from voluntary activities to financed activities. The statements

concerning the positive assessment of the village community were equally due to

collective self-efficacy and positively perceived experiences. For future projects,

this means that the likelihood of establishing a bioenergy village should be based on

a systematic survey of the village community’s opinions. If there are positive

experiences and attitudes, the likelihood of implementation are probably higher.

However, this is a beneficial, but not sufficient, condition for the project’s success;

our study shows villages, in which optimism was present, but the project has not as

yet been implemented.

In short, in these 13 villages, there was a very high social acceptance of the

bioenergy village concept. Nevertheless, the low willingness to connect the own

house with a heating network shows that there is a discrepancy between the general

support and the de facto implementation of a bioenergy village. Despite the

relatively equal initial conditions in the 13 villages, only four villages have to

date successfully converted into a bioenergy village.
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10.5 Success Factors for Communal Bioenergy Projects

Following the principle of a community-related energy supply, many villages and

communities take control of their energy production. There are approximately 140

bioenergy villages in Germany, with many more in progress. For example, the state

of Baden-Wurttemberg is funding the development of 100 bioenergy villages until

2020 and the state of Mecklenburg-Western Pomerania is planning 500 bioenergy

villages until 2020. On the other hand, many project plans have not been realised.

Therefore, analysing the conditions for success in such projects may be a valuable

instrument to increase the likelihood of a systematic transfer of the idea of self-

sustainable renewable energy communities.

The following section deals with the different paths to implement communal

bioenergy projects and its success factors. These are based on a qualitative inter-

view study. This study mainly sought to elaborate on motives for engagement,

motivation, organisation and implementation strategies, the factors supporting and

hindering a bioenergy project’s implementation and the consequences of an

established project. Therefore, interviews were held with initiators in 25 bioenergy

villages or communal renewable energy projects (see Fig. 10.12)

10.5.1 Methods

Witzel’s problem-centred interview method, an established qualitative method, was

used to collect data. The interview allows the interviewee to speak as freely as

possible, thus allowing an open discussion. However, it is centred on the interviewer

introducing a specific problem. The interviewer prepares certain aspects of this

Fig. 10.12 Paradigm model (see Strauss and Corbin 1996)
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problem beforehand, having compiled these as an interview guide. The principle of

openness is important for the interview procedure. The interviewee can respond

without predetermined response alternatives (Mayring 2002, p. 67).

In 20 bioenergy villages and five “integrative” bioenergy projects that combine

bioenergy use with other renewable energies, we contacted interviewees who were

substantially involved in projects’ initiation, development and implementation.

We then transcribed the recorded interviews.

10.5.1.1 Analysis of the Interviews

The interview transcripts were analysed using the grounded theory method (Strauss

and Corbin 1996). Grounded theory is not a method, but a style of research and a

strategy to discover a theory on the basis of empirical, mostly qualitative, data

(Legewie 2005, p. 12). Its central element is the encoding process. Encoding means

assigning one or multiple codes (keywords, items) to a text passage. During the

analysis, the codes are not only derived from the data, but are also linked together

and combined into superior categories (Legewie 2005, p. 16). It is useful to classify

the categories in a coding scheme in order to determine their relationship. Strauss

and Corbin (1996) proposed a particularly common coding paradigm. In addition,

the analysis has a central phenomenon to which the other categories are related. The

causal conditions are events that help develop the phenomenon. Furthermore, the

phenomenon is embedded in a context with intervening conditions. Action and

interaction strategies refer to the actions and reactions that occur as the result of the

phenomenon and, finally, these actions and reactions’ outcomes are the results

(Strauss and Corbin 1996).

10.5.2 Results

The illustration of the results relates to Strauss and Corbin’s (1996) paradigm

model.

The following five main categories were formed as causal conditions: “local

conditions”, “impulses”, “individual motives”, “other participants’ motives” and

“tackling problems with dynamism”. Verve concerning the context and intervening

conditions, the main categories were “impeding factors”, “internal barriers”, “sup-

port factors”, “cooperation” and “synergy effects”. In the field of the action and

interaction strategies, the following main categories were developed: “looking for

information”, “information strategies”, “communication strategies”, “project

implementation strategies” and “organisation”. The consequences were reflected

in the subcategories “project effects”, “personal effects” and “new perspectives and

aims” (Fig. 10.13).

We next describe the different main categories on the basis of the proposed sub-

categories.
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10.5.2.1 Phenomenon

The phenomenon is referred to as successful pathways to local renewable energy
projects, because the interview study focuses on determining the different success

factors as well as transferring them to and applying them in our own projects (see

Chap. 11). Some of the investigated villages combined bioenergy use with other

renewable energies; the phenomenon therefore does not only focus on bioenergy

projects.

10.5.2.2 Causal Conditions

We subsequently describe the conditions responsible for project initiation.

Local conditions: This main category describes important requirements that

support the implementation of a bioenergy village project. The local inhabitants’

peaceful coexistence is also a relevant condition to successfully establish the

project. Many interviewees mentioned the availability of agricultural area and

biomass for energy production as a fundamental requirement for the project.

Another requirement is the interviewed initiator and other local persons acting as

a driving force.

Impulses: This category describes the various initial sparks that lead to the

project’s initiation. Transfer effects from other, already established, bioenergy

villages in Germany or Austria, such as the bioenergy village Jühnde and the

energy self-sufficient district Guessing, were considered crucial. These projects’

positive effects influenced the interviewee and other inhabitants, who conveyed

these ideas to their own village. In some villages, the impetus to realise a bioenergy

Fig. 10.13 Paradigm model of the results of the interviews with the initiators of renewable energy

projects
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village came from the villagers. In almost all 25, the interviewees mentioned the

active search for alternatives to fossil or nuclear energy based fuels. It became clear

that there were different initiator motives and participant motives.

Individual motives and other participants’ motives: During the analysis of the

interviews, a spectrum of different motives was identified. The main reasons for

engagement in a bioenergy village project were ecological motives (e.g., carbon

dioxide reduction), social motives (e.g., to strengthen community life), economic

motives and self-sufficiency (e.g., agricultural added value).

Tackling problems with dynamism: This category describes the constant efforts

and endurance required for a sustainable and local energy supply to improve living

conditions in the village and eventually culminating in the transformation of society.

10.5.2.3 Context and Intervening Conditions

We next present the general conditions that influence the development of a

bioenergy village project.

Impeding factors: This main category describes the influencing factors that

negatively affect the project development process. On the one hand, there were

price fluctuations in the global market (crop price increase or oil price decrease),

which influenced the bioenergy village project negatively. Another negative factor

was the uncertainty concerning the project financing, especially the acquisition of

financial support. These aspects therefore have an impact on the project economy.

Some interviewees mentioned their uncertainty concerning the economic viability

of the project and contradictory economic interests as impeding influencing factors.

The initiators also mentioned the lack of support by policymakers and administra-

tive bodies as a negative influencing factor.

Internal barriers: This main category relates to impeding factors concerning the

village and the local conditions generally. The inhabitants of all 25 villages had

doubts about the project. The initiators in particular have to grapple with questions

concerning costs and energy supply security. Certain villagers’ envy of others was

another problem. In some villages, doubt and envy led to negative propaganda

about the bioenergy village project. Disinformation (rumours) was mentioned as an

impeding factor.

Supporting factors relating to the village: In nearly all of the 25 villages, the

initiators mentioned open-minded inhabitants as an essential supporting factor in

the village. In some villages, discharge pipe or road construction works were

planned, so that the installation of the local heating grid could be undertaken in

combination with the roadworks. These synergy effects had a positive impact on the

project acceptance and project economy.

Support/Cooperation: Constructive cooperation with supporters at different

levels was a key factor. Especially support from the local council and the mayor

was considered necessary for the successful implementation of a bioenergy village

project. Assistance from outside the village was also important if, for instance, the

district administration and the permit authorities supported the project. Some of
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the interviewed initiators perceived different organisations’ support as helpful (e.g.,

association of cooperatives, German Biogas Association (Fachverband Biogas)).

Some interviewees appreciated constructive cooperation with planning offices and

funding bodies.

10.5.2.4 Action and Interaction Strategies

We subsequently describe the envisaged strategies that contribute to project

success.

Information strategies: In all the examined villages, the initiators planned

information sessions and village meetings to inform the inhabitants about the

project and mobilise them to participate in the planning process. Best practice visits

were organised to already established, communal renewable energy projects. Face-

to-face conversations were very important, especially to convince sceptics and

opponents. In some villages, a significant contribution was conversations with

inhabitants and word-of-mouth recommendations by them.

Communication strategies: This main category describes ways to discuss and

communicate with the inhabitants about the bioenergy village project. Most of the

25 interviewed initiators emphasised the principle of transparency, especially

relating to project finances and project economy. That means that all problems

and points of criticism were discussed openly with the local inhabitants. In some

villages, an independent moderator was included in the communication process.

Project implementation strategies: Most interviewees considered the involve-

ment of the villagers in the planning and implementation process to be important.

As a result, one or more working groups were established in the villages. The

villagers’ competencies were not only included in the planning process, but also in

the construction work of the heat supply system. In a later phase, it was necessary to

obtain professional support, such as planning offices, for a feasibility study. Some

initiators recommended a cross-party approach. It is very important that the project

is not exploited for the interest of only one sub-group of villagers.

Organisation: This main category contains important organisational steps relat-

ing to the bioenergy village project. This includes the choice of the type of

company, the acquisition of subsidies, the organisation of biomass and cooperation

with financial institutions.

10.5.2.5 Consequences

In the following we describe the individual-level consequences and effects.

Effects on the project: Nearly all the interviewed initiators reported positive

ecological effects as a result of the project, especially carbon dioxide reduction.

Furthermore, the projects added much value in the region, because energy expen-

diture remain in the region instead of it being paid to energy companies outside the

region. Nearly all the interviewees noted an improved communal life, a feeling of
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togetherness in the village and that new inhabitants had been integrated into their

communal life. Only in two cases did the initiators not notice any effect on their

communal life. Furthermore, in some villages, the inhabitants identified with the

project and appreciated the work of the initiator and the main actors.

Another positive effect was more nationwide publicity. Many interviewees

reported numerous visitors to the villages. In addition, many bioenergy village

projects won awards, for instance, from environmental organisations or from

federal state governments.

Personal effects:This category focuses on the personal effects that the interviewed
initiators experienced during and after the implementation process. Many were proud

of the achieved result and reported stronger feelings of well-being. Some

interviewees noticed improvements in their social skills. Furthermore, the initiators

gained professional knowledge in the field of renewable energies. Some of them are

now highly sought as experts in the development of a communal renewable energy

supply. The interviewees also reported a higher quality of life owing to the more

secure local or regional energy supply.

New perspectives and goals: This category describes further developments in

these 25 bioenergy villages. Newly established goals include the expansion of the

local heating grid, the implementation of other renewable energies, developing the

region into a renewable energy region and the construction of renewable energy

charging stations for electric cars.

10.5.3 Discussion: Success Factors and Recommendations
for Future Projects

Similar to the experiences of the bioenergy village Jühnde, this interview study

confirmed the findings of Eigner-Thiel and Schmuck (Eigner and Schmuck 2002;

Eigner-Thiel 2005; see Chap. 2). We subsequently focus on the relevant success

factors derived from the interview study results.

10.5.3.1 Individual Motives

The motives for initiator engagement in the investigated villages are multifaceted.

The interviewees primarily mentioned ecological aspects, mostly in combination

with other motives, such as the regional added value, independence from fossil fuel

resources, and intergenerational justice. The diversity of the personal motives for

engaging in communal renewable bioenergy projects confirms Dörner’s (1999)

findings that ecological actions require a mix of motives. Self-centred motives,

such as the desire for self-realisation, also play an important role.
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10.5.3.2 Create Awareness

There are different reasons for individual inhabitants participating in a communal

renewable energy project. A holistic message is therefore important to communicate

that various objectives, for example, a balance between environmental protection

and regional added value, can be achieved with these projects.

10.5.3.3 Financing Aspects

All the projects could only be implemented on the basis of the funding opportunities

that the federal government’s Renewable Energy Source Act offered. Further

financial support from different funding programmes was also necessary for

investment.

10.5.3.4 Support from Politicians and the Administration

Political support is a very important factor for the successful implementation of a

communal renewable energy project. Support from the local council and the mayor

is especially necessary. High-level political support (e.g., the administrative dis-

trict, federal state government and federal government) assists with the implemen-

tation process. In some cases, the projects were considered lighthouse projects,

which made it easier to obtain subsidies and permissions.

Given that initiators of and participants in such communal bioenergy projects

work on an honorary basis, a stronger knowledge-based, logistic and financial

support from competent authorities is helpful.

10.5.3.5 Democratic Structures

A democratic organisational structure, such as a registered cooperative society, is

recommended for the operating company. Some bioenergy villages show that

energy supply on the basis of renewable energies may help democratise society’s

energy supply.

10.5.3.6 Transparent Communication Policy

A major challenge for the initiators was finding appropriate information and

communication strategies. Village meetings are suitable for conveying the initial

information. New information and results arising from the process can also be made

public in village meetings. One-on-one conversations are very helpful, especially

when dealing with sceptics. Transparency should be applied during the information
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and communication process. Furthermore, visiting model plants and already

established communal renewable energy projects is a very successful way of

obtaining information and convincing people to participate in a project.

10.5.3.7 Involvement of Inhabitants

The early involvement of inhabitants in the planning and organisation process increases

the likelihood of success. Inhabitants can contribute their different competences and

knowledge, and the work can be divided over many people. In some villages, working

groups similar to the Jühnde model (see Chap. 2) were founded.

10.5.3.8 Personal Contribution

In most villages, the inhabitants’ personal contribution to the project proved a

success factor. Not only it is an opportunity to save costs (e.g., the excavation

work), but it can also strengthen the village community.

10.6 General Discussion and Outlook

The Göttingen approach of sustainability science includes the close interconnection

between social scientific research results and their applications in transdisciplinary

projects. We could directly apply some of these study results in the planning

workshops in our model regions of Wolfenbüttel, Goslar and the Hannover district

(see Chap. 11). For example, the results (success factors) of the interview study in

the 25 communal renewable energy projects were presented in a planning workshop

in the district Wolfenbüttel. Based on these experiences and the experiences of the

bioenergy villages of the Göttingen district, the workshop participants started an

initiative to convince the district government of Wolfenbüttel to provide financial

and political support for the development of bioenergy villages in their districts.

Convinced of the impact that visiting model plants has, our team invited district

politicians to a best practice tour of the bioenergy villages Barlissen, Krebeck and

Wollbrandshausen in the Göttingen district. As a result, the initiative received

funding to start a bioenergy village support process in the Wolfenbüttel district.

The nation-wide acceptance survey results are useful to predict the acceptance of

different bioenergy consumption options. Consequently, they are useful when

policymakers seeking to help develop bioenergy use in their region need to make

strategic decisions. The broad concerns regarding energy plants or wood farms call

for careful reflection of which bioenergy resources to prioritise, given that rural

populations accept biowaste resources more easily. Further, the limited arable area

available for both food and bioenergy production calls for a more complex consid-

eration of the interplay between the different renewable energy production lines than
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that on which our project has focused to date. The follow-up phase of the on-going

project will therefore emphasise the combination of different renewable energy

lines. For instance, in the Goslar district, the combination of wind and water

power, bioenergy from degraded soils and the storing of wind electricity in under-

ground pump power stations is thought to create a stable and locally-based energy

supply, in order to successfully progress to a post-fossil and post-nuclear age.
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Ökologisches Wirtschaften, 24(4), 47–50.
Bandura, A. (1992). Exercise of personal agency through the self-efficacy mechanism. In

R. Schwarzer (Ed.), Self-efficacy: Thought control of action (pp. 3–38). Washington, DC:

Taylor & Francis Inc.. ISBN 10: 1560322691.

Bandura, A. (1997). Self-efficacy: The exercise of control (604 pp). New York: Worth Publishers,

ISBN-10: 0716728508.

Dethloff, C. (2004). Akzeptanz und Nicht-Akzeptanz von technischen Produktinnovationen. Dis-
sertation (340 pp). Lengerich: Pabst Science Publishers.

Dörner, D. (1999). Bauplan für eine Seele (831 pp). Reinbeck: Rowohlt-Verlag, ISBN-10:

3498012886.

Egert, M., & Jedicke, E. (2001). Akzeptanz von Windenergieanlagen. Naturschutz und
Landschaftsplanung, 33, 373–381.

Eigner, S., & Schmuck, P. (2002). Motivating collective action: Converting to sustainable energy

sources in a German community. In P. Schmuck & W. Schultz (Eds.), Psychology of sustain-
able development (pp. 241–257). Boston: Kluwer Academic.

Eigner-Thiel, S. (2005). Kollektives Engagement für die Nutzung erneuerbarer Energieträger –
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Verlag GmbH.

FNR (Fachagentur Nachwachsende Rohstoffe). (2012). Entwicklung Biogasanlagen. Retrieved

December 14, 2012, from http://mediathek.fnr.de/grafiken/daten-und-fakten/bioenergie/bio-

gas/entwicklung-biogasanlagen.html

Griesen, M. (2010). Akzeptanz von Biogasanlagen. Dissertation, University of Bonn. Bonner

Studien zur Wirtschaftssoziologie 34 (252 pp). Aachen: Shaker Verlag, ISBN: 978-3-8322-

9616-2.

IZNE. (Interdisciplinary Centre for Sustainable Development) (2007). Entwicklung weiterer
Bioenergiedörfer im Landkreis Göttingen. Unpublished report of Projektgruppe Bioenergiedorf,
IZNE, Uni Göttingen.

10 Social Acceptance of Bioenergy Use and the Success Factors of Communal. . . 317

http://www.kommunal-erneuerbar.de/fileadmin/content/PDF/AEE_KommunalErneuerbar_Aufl05_web.pdf
http://www.kommunal-erneuerbar.de/fileadmin/content/PDF/AEE_KommunalErneuerbar_Aufl05_web.pdf
http://mediathek.fnr.de/grafiken/daten-und-fakten/bioenergie/biogas/entwicklung-biogasanlagen.html
http://mediathek.fnr.de/grafiken/daten-und-fakten/bioenergie/biogas/entwicklung-biogasanlagen.html


Jenssen, T. (2010). Einsatz der Bioenergie in Abhängigkeit von der Raum- und Siedlungsstruktur
(396 pp). Wiesbaden: Vieweg + Teubner, ISBN-10: 3834808199.

Legewie, H. (2005). Qualitative Forschung und Ansatz der Grounded Theory (23 pp). Retrieved

December 14, 2012, from http://www.ztg.tu-berlin.de/download/legewie/Dokumente/

Vorlesung_11.pdf

Mautz, R., Byzio, A., & Rosenbaum, W. (2008). Auf dem Weg zur Energiewende (175 pp).
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Chapter 11

Applying the Sustainability Science Principles

of the Göttingen Approach to Initiate Renewable

Energy Solutions in Three German Districts

Peter Schmuck, Marianne Karpenstein-Machan, and André Wüste

Abstract This chapter reports on an interdisciplinary and transdisciplinary action

research project that applies sustainability science principles and supports the

conversion of the energy supply from fossil and nuclear fuels to biomass and

other renewable energies in three districts in Lower Saxony, Germany. The project

began in 2009 and is still continuing. The first steps were: (1) A partner district

selection to identify districts highly likely to realise the intended changes.

A suitability criteria list was compiled and three districts were selected. (2) In

these districts, a detailed analysis was performed of the de facto state of biomass use

for energy production, with special focus on existing personal networks, bioenergy

potentials, related conflicts, and actual plans. (3) Planning workshops were

arranged with local politicians, regional administration staff for agriculture and

environment and other stakeholders, such as farmers and nature conservation

activists, who articulated their regional conversion goals, developed concrete

projects and discussed ways to realise these plans. The setting was consensus-

oriented and moderated by the team of scientists. They also supported this energy

conversion process and performed parallel research.

Keywords Action research • Sustainability science • Bioenergy regions

11.1 Background

This chapter focuses on the application aspects of sustainability science in our

project. In line with Chapter 2, we continue with the process we worked on between

2000 and 2008 in the bioenergy villages, but now focus on the rural district level.
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The conversion of the energy supply from fossil and nuclear fuels to bioenergy and

other renewable energies is practically and scientifically supported (for the theoretical

background, see Schmuck and Schultz 2002 as well as Sheldon et al. 2000). The

following paragraphs follow the Göttingen approach’s sequence of activities (see

Chap. 2, Fig. 2.1).

The first problem-solving steps are described in Chap. 2, with energy as the

problem field selected from the global problem map. During the past few years, no

scientific evidence has indicated a decrease in this problem’s significance; on the

contrary, climate scientists have begun to formulate “tipping points” in our earth

climate system that will accelerate climate change effects nonlinearly if we do not

search for and implement post-fossil fuel alternatives (Lenton et al. 2008).

Examples are the instability of the Greenland ice sheet with an accelerated ice-

melting and its interactions with the atmospheric and oceanic circulation or the

increase of irregularities of the Indian Monsoon patterns. Our project’s goal is to

replace finite fossil fuels with renewable energies and focuses on biomass for

regions and districts in Germany.

The search for financial and political support for our project plan was far more

straightforward than the first step in 1998, when the notion of a bioenergy village was

still a very innovative and seemingly risky endeavour. In 2007, the Ministry of

Science and Culture of the federal state of Lower Saxony asked the team to continue

our bioenergy villages success story (Ruppert et al. 2008; Chap. 2 in this book) at the

district level in Lower Saxony. An independent commission evaluated and accepted

the submitted project proposal; the project could therefore begin in 2009.

The rest of the chapter describes the next steps in our approach and our action

research activities (Whyte 1991; Mills 2000; Brydon-Miller et al. 2003; Kasemir

et al. 2003). We describe the search for practice partners through a competition

between districts, the competition results, the pilot projects in the three selected

districts in Lower Saxony and the transfer of knowledge between the districts.

Finally, we provide an evaluation of the planning procedure.

11.2 Search for Practice Partners: A Competition

Between Districts

The problem of finding practice partners for the project was solved as follows: Based

on our experience at the village level, we launched a competition between the 38

districts in Lower Saxony. The three winner districts would receive our support to

establish a sustainable bioenergy supply. Rather than directly asking the districts’

political heads for support, our method had the advantage that the cooperation

activity and responsibility would be balanced between the practitioners and the

scientists, thus ensuring that districts with the best-motivated politicians applied.
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We contacted the political leaders of the 38 districts, offering our scientific

support for and expertise to the three winning districts once they had described

their bioenergy use’s status quo, had indicated their political will to change to

renewable energies and had described the strengths and weaknesses of the district’s

approach.

Twelve districts applied for cooperation. We held meetings in ten districts that

had completed their applications (Northeim, Wolfenbüttel, Uelzen, Goslar,

Göttingen, Lüchow-Dannenberg, Hannover, Diepholz, Lüneburg and Rotenburg/

Wümme, see Fig. 11.1). The leading representatives of agriculture and forestry,

local politics, administration, nature protection, electric power companies,

bioenergy networks, biogas plant planners and operators, and the heads of relevant

research projects were present at these meetings.

At these meetings, we asked for details of actual bioenergy development in the

districts to identify the de facto preconditions that best fit our research demands and

goals. This would promote sustainable bioenergy production and distribution. On

the whole, the information provided would allow us to systematically compare the

interested districts and select the three partner districts with the best realisation

prospects.

Fig. 11.1 Ten districts within the federal state of southern Lower Saxony applying for cooperation

in the bioenergy project

11 Applying the Sustainability Science Principles of the Göttingen. . . 321



This fit was evaluated by means of a systematic list of five primary and two

secondary suitability criteria that the scientists had developed. The criteria served

as a basis to compare the districts. These criteria and indicators were:

Primary criteria:

• 1. The political will to foster renewable energies, including bioenergy, and to
protect the climate. The indicators of this political will were (a) relevant

political resolutions, which the highest political level of the district supported

or initiated, (b) relevant steering instruments developed to measure environ-

mental data (the landscape framework plan) and (c) the administration’s

active support of sustainability projects.

• 2. The motivation of the districts’ primary actors to cooperate with a team of
scientists. The indicators included the variety of the stakeholder groups at the
first meeting, the interest in our research project topics and the readiness to

discuss and cooperate as expressed verbally during the initial meeting.

• 3. The contact persons’ cooperation readiness and reliability as well as the
interpersonal fit. The indicators included the organisational quality of the first

meeting as well as the completeness and timeliness of the application

documents. Our empathywith the contact persons indicated the interpersonal fit.

• 4. The agriculture representatives’ cooperation readiness and reliability. The
indicators were their willingness to complete data sheets on the agricultural

practices in the own company and the willingness of single farmers from the

district to cooperate with our team to establish a “model bioenergy farm”.

• 5. The social cohesion among the district’s different stakeholder groups. The
indicators included the presence of relevant actors at the first meeting, their

engagement during this meeting and a constructive discussion climate during

this meeting.

Secondary criteria:

• 6. The representativeness. The three selected districts had to have a broad

diversity of landscape forms, agricultural structures and bioenergy develop-

ment levels to ensure later on the transferability of the scientific experiences

to other districts.

• 7. The fit with our scientific profile. The three selected districts had to give us
the opportunity to fully apply our team’s different competencies concerning

bioenergy villages, degraded soils, nature protection topics and the combus-

tion of straw and wood.

The following tables show the districts’ ranking regarding the five primary

criteria. Where subjective evaluations were required, the three authors, who were

present at all ten meetings, undertook the ratings individually and independently of

one another. Our individual ratings differed in a few fields of the evaluation matrix

(10 villages * 5 criteria), we subsequently discussed these. In most cases, we could

then agree on one rating score. In the remaining three cases (see Table 11.1), we
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provided two ratings, which were averaged to form the sum score. The criteria and

evaluation results were presented and discussed at several plenary meetings of the

team of scientists. This contributed to the team reaching a final consensus on which

districts were best suited for cooperation.

Five districts (sum score > 5) showed a strong political commitment compared

to the other five districts with lower scores (Table 11.1).

In Table 11.2 we find a very clear bifurcation: In three districts, the motivation to

cooperate is clearly higher than in the others.

The sum scores of Table 11.3 again show a fairly high variability, indicating

differing willingness to cooperate in the ten districts.

Table 11.4 shows that four districts had to be excluded from cooperation with

our project, because cooperation with agriculture representatives was a necessary

precondition for the collaboration.

The indicators shown in Table 11.5 – the presence of a variety of relevant actors

at the first meeting and their engagement during the meeting by providing construc-

tive discussion – again showed significant differences between the districts.

Table 11.6 shows that three districts have (1) positive sum scores across all

criteria, and (2) the highest scores in the sum of all the criteria. These three districts

thus form the top three in the ranking. Given that all districts that had not fulfilled,

or only partially fulfilled, one or more criteria had to be disregarded, this leads to

seven districts (sum scores marked in grey) being eliminated. Therefore, the

secondary criteria, which had been developed in case more than three districts

fulfilled all the main criteria, were not applied.

The districts selected for cooperation were Wolfenbüttel, Goslar, and Hannover.

Table 11.1 Political will to foster renewable energies including bioenergy, and to perform

climate protection activities

District

Resolutions to support

renewable energies/

bioenergy

Support by

administration

District head

supports the

process

Responsibility for

environment, landscape

framework plan Sum

A – 0 – 0 �2

B + ++ ++ ++ 7

C – – – ++ �1

D + ++ + – 3

E + ++ ++ 0/+ 5.5

F ++ ++ ++ +/++ 7.5

G ++ ++ 0 ++ 6

H 0 0 0 ++ 2

I ++ ++ 0 +/++ 5.5

K 0 – – ++ 0

Criteria: – not fulfilled, 0 partially fulfilled, + fulfilled, ++ very well fulfilled, empty space not

applicable or irrelevant
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Table 11.2 Motivation of the districts’ main actors to cooperate with a team of scientists

District

Representatives

from

agriculture

Representatives

from

forestry Mayors Environmentalists

Research

project

heads

Regional

planner Sum

A 0 + + 2

B ++ ++ ++ + 7

C – – 0 0 – �3

D ++ ++ + + + 7

E – 0 ++ 0 1

F 0 0 0 0 0

G + + + ++ ++ 7

H 0 + + 2

I – + ++ 2

K – 0 + 0

Criteria: – not fulfilled, 0 partially fulfilled, + fulfilled, ++ very well fulfilled, empty space not

applicable or irrelevant

Table 11.3 Direct contact persons’ cooperation readiness and reliability as well as interpersonal

fit

District

Application

documents on time

Application

documents complete

Organisation of

the first meeting

Empathy, positive

feeling Sum

A + + + 0 3

B + 0 ++ ++ 5

C – + – – �2

D + + ++ ++ 6

E – + ++ – 1

F + ++ ++ ++ 7

G – 0 ++ ++ 3

H + 0 + 0 2

I + + + + 4

K + + + – 2

Criteria: – not fulfilled, 0 partially fulfilled, + fulfilled, ++ very well fulfilled, empty space not

applicable or irrelevant

Table 11.4 Agriculture representatives’ cooperation readiness and reliability

District

Data sheets completed

and returned

Declarations of readiness to cooperate with our

team to establish a “model bioenergy farm” Sum

A ++ ++ 4

B ++ ++ 4

C – – �2

D ++ + 3

E + + 2

F 0 + 1

G 0 + 1

H – – �2

I – – �2

K – – �2

Criteria: – not fulfilled, 0 partially fulfilled, + fulfilled, ++ very well fulfilled, empty space not

applicable or irrelevant
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11.3 Pilot Projects in Three Districts – Different

Lighthouse Projects

Our next step was a detailed analysis of the de facto bioenergy use’s status quo in

each of the districts. Competent main actors were interviewed with regard to the

bioenergy projects, their project plans and conflicts with existing plans. The

Table 11.5 Social cohesion of different stakeholder groups in the district

District

Variety of the stakeholder groups

at the first meeting Constructiveness of the discussion Sum

A ++ 0 2

B + ++ 3

C ++ – 1

D + ++ 3

E + – 0

F + ++ 3

G + ++ 3

H + + 2

I 0 ++ 2

K 0 – �1

Criteria: – not fulfilled, 0 partially fulfilled, + fulfilled, ++ very well fulfilled, empty space not

applicable or irrelevant

Table 11.6 Summary of Tables 11.1, 11.2, 11.3, 11.4, and 11.5: Sum scores of the five main fit

criteria for the ten districts

Grey: criteria with sums of 0 or lower, indicating that the criterion is not fulfilled or, at best,

partially fulfilled. Bold numbers: Sum scores and ranks of the top three districts
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following sections describe the first steps of our work and the on-going cooperation

activities in the three districts (for further results see Schmuck et al. 2012).

11.3.1 District Goslar

District Goslar is located in eastern Lower Saxony and includes the western part of

the Harz Mountains and its northern foreland. Approximately 145,000 people live on

an area of 965 km2. Today, approximately 35 % of this district area is used for

agriculture, while 60 % is covered in forests. District Goslar has both fertile soils and

stony soils with low fertility. Typical crops are wheat, sugar beets, and brewing barley.

District Goslar has six biogas plants in operation, with another planned. Most of

these plants are not very efficient because the heat produced in the biogas combus-

tion is only partially used or not used at all. In District Goslar we were confronted

with a substantial conflict, which we had to solve before we could start. A company

from a neighbouring district planned a waste combustion plant in a village in the

district. There a citizens action committee was formed to protest against the plans,

which contributed to the plan being abandoned. However, during the starting phase

of our project, a consultant from the neighbouring district invited bioenergy actors

from the district, to which the protesting village belongs, to found a bioenergy

network. Interestingly, at the meeting, the relevant company, which also planned

another energy plant in the same area, was the official sponsor of the meals. Our

team could not collaborate with this initiative because many actors questioned the

consultant’s independence and credibility. We therefore started our activities inde-

pendently of these activities.

In the first planning workshop, the main goal was to formulate the goals and

visions for the district’s future bioenergy production. Our team members provided

presentations on the bioenergy acceptance data in the rural population and on the

ecologically and socially sound promotion of bioenergy projects. Afterwards, many

expectations, hopes and visions were formulated regarding bioenergy’s role in

2020. These included:

• 100 % renewable energy without any CO2 emissions, power stations combining

wind power, water power and bioenergy sources and the installation of energy

storage facilities (i.e. dam reservoirs as pump storage stations).

• Using polluted soils to produce energy plants.

• Cooperatives running power plants as well as electric mobility solutions with

associated filling stations.

• Compilation of bioenergy resources’ potential to develop other plants.

• Initiation of ten bioenergy villages.

• Using 50 % of the available straw to heat the schools in the district.

These visions were made more concrete in a later step by formulating the

following goals:
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• Local power plants based on renewable energy and organised by communities

produce energy for the district.

• Electricity produced in the district is mainly merchandised in the district.

• Biogas pipelines collect biogas from small biogas plants; the gas is then used

directly, or converted to fossil gas quality, fed into the fossil gas pipeline and

used at another place in the district.

• Installing hot water pipelines for efficient distribution of heat energy in districts

with a high demand for heat.

• Making the external costs of fossil and nuclear energy transparent to improve

renewable energy’s profile.

Local actors then presented two bioenergy projects to provide potential starting

points for the planned processes:

The farmer of our model farm formulated the development goals of his biogas

plant: increased acceptance of his plant within his village and full use of the heat

produced in the plant. The group provided possible solutions for these intentions,

including a satellite heat and power station connected to the existing plant via a

biogas pipeline at a point in the village where heat is needed. Such a solution would

fulfil both the farmer’s and the villagers goals.

The second project was presented by a farmer with a biogas plant and by the

mayor of the village that intends to use the electricity generated by the biogas plant

and wind power generators near the village. The idea is to have a stable electricity

supply that is independent of the four big power companies that deliver most of

Germany’s electricity from fossil and nuclear sources. The group developed possi-

ble helpful activities, including the search for partners for local power plants, the

search for best practice projects, and the search for information on communities’

takeover of public power supply networks.

The final step was to plan our next workshop. The group agreed to start by

elaborating the necessary steps for the second project, which would focus on further

renewable energy development in village I. In two workshops (I and II), our team

delivered information on communities’ takeover of public power supply networks.

At the second workshop, an expert who organised all the electricity and heat supply

for a village delivered an impromptu presentation.

Planning workshop II started with a presentation of a best practice project, the

first village (Feldheim, near Berlin) in Germany with an own electricity supply

network fed completely with local renewable energy (in addition to a hot water

pipeline delivering heat from local bioenergy).

Inspired by this presentation, possible steps for implementing goals in the village

and on the district levels were written on moderation cards and pinned to a board,

discussed and then evaluated by means of priority scores. Every group member

received five points that could be placed on these activity cards, which contained

the actions most likely to be realised within a short time. Finally, the participants

were invited to take responsibility for specific actions. The results are shown in

Tables 11.7 and 11.8.
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Table 11.7 Results of the brainstorming regarding future activities in the village I., district Goslar

Activity

Priority

scores Who is Responsible

Analysis of actual state

Analyse the demand of electricity in the village 8 Group of activists in the village I.

Cooperation with pupils of the local school in

collecting corresponding data

4 Group of activists in the village I.

Calculating available amount of electricity of the

biogas plant and the wind power generators

4 Group of activists in the village I.

Activities directed at implementation

Feasibility study for a hot water pipeline fed by a

wood chip combustion plant

7 Mr. W. from local power company

and Group of activists in the

village I.

Management of an accounting grid for the wind

power used directly in the village

4 Mr. W. from local power company

Foundation of a civil society i.e. cooperative to

finance feasibility studies

3 Group of activists in the village I.

Table 11.8 Results of the brainstorming regarding future activities in the district Goslar

Activity

Priority

scores Who is Responsible

Analysis of actual state

Producing of maps of the district showing existing

biogas plants and further agricultural potential

for biogas, existing fossile gas pipelines and hot

water grids

2 University group, Mr. W. from

local power company

Analyses of amounts of agricultural waste products

and biowaste in industry and restaurants

2 Company “Fritz-Planung”

Publicity work

Public information actions regarding renewable

energy via mass media, internet, supported by

chambers of crafts, guilds, engineering

companies

9 Ms. G., association “X with

energy”

Activities directed at implementation

Surface solar and wind power stations on areas not

usable for agriculture (degraded soils), local

citizens contributing to financing

5

Founding of a community power company (several

neighbored cities and villages around city L.)

with regional partners

4 Major of city L., Mr. S.

Enforced usage of wood and water power to gain

energy, discussions with responsible

administration

3
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In the spring of 2011, the activist group in the village independently organised

meetings of the villagers and working groups. This indicates that we had success-

fully initiated the transformation process.

11.3.2 District Wolfenbüttel

District Wolfenbüttel is situated north of the Harz Mountains in eastern Lower

Saxony. Approximately 125,000 people inhabit an area of 722 km2. Today, approx-

imately 68 % of the district is used for agriculture. District Wolfenbüttel has very

fertile soils. Typical cultivated crops are wheat, sugar beets and brewing barley as

well as vegetables. Approximately 18 % of the district area comprises forests.

District Wolfenbüttel has six biogas plants in operation, with another two

planned. Similar to District Goslar most of these plants are not very efficient,

because the heat from the combined heat and power stations is only partially used

or not used at all. However, in the District Wolfenbüttel exists one bioenergy

lighthouse project: the bioenergy village B. It is supplied with heat by a central

heating plant burning wood chips. A biogas plant is under construction and will also

soon deliver heat to households. The electric power will be fed into the public grid.

Currently, approximately 60 households are supplied with heat and hot water.

Another specific characteristic of District Wolfenbüttel is the contaminated farm-

land soil in the floodplains of the rivers O and I. In this context, energy plant

cultivation for bioenergy can be an alternative to food production in these areas (see

Chap. 14). In this district, the planned projects of intensive animal husbandry in

order to use the waste material for bioenergy production was another conflict hot-

spot. This led to citizens’ initiatives against these projects.

In planning workshop I in District Wolfenbüttel, our team of scientists provided

input presentations with regard to energy crop cultivation, the usage of

contaminated soils for the energy production, bioenergy’s social acceptance in

the rural population and the creation of integrative and sustainable bioenergy

districts.

The main goal of the participants in this workshop was to formulate future goals

and visions concerning renewable energies and bioenergy production for District

Wolfenbüttel. They were invited to draw colour pictures on paper to visualise their

visions or hopes for District Wolfenbüttel in 2020. The following visions and hopes

were formulated (see also Fig. 11.2):

• The integration of bioenergy resources (wood, energy plants) with other renew-

able energies (wind, water, solar and geothermal energy).

• Energy storage in disused underground mines.

• The shared organisation of renewable energy projects.

In a next step, two small working groups elaborated these visions and formulated

more concrete goals. One group worked on the topics “acceptance of bioenergy,

decentralized bioenergy projects and the integration of other renewable energy

sources” with the following results:
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• The development of bioenergy villages in District Wolfenbüttel: A village

competition to initiate bioenergy villages combined with an information session

about bioenergy villages.

• The use of a biogas plant’s unused heat for a heating network.

• Strengthening tourism by improving the aesthetic of the landscape by improving

the diversity within energy plant cultivations.

• Taking the characteristic landscape into account when planning energy

bioenergy facilities.

• Using roadside vegetation for bioenergy production.

The other working group worked on the topic “using contaminated soils in the

floodplains for the production of energy plants”. Its results were:

• Using contaminated soil instead of non-contaminated soil areas for energy plant

production.

• Investigating the heat, which may be produced from plants in the contaminated

areas (is wood gasification possible?).

• Establishing short-rotation plantations on contaminated soils as a flood attenua-

tion and to prevent water contamination by eroded soil material.

• Establishing cooperation models.

In the final step, the themes for the next planning workshops were defined.

The participants agreed to investigate the possibilities to use contaminated soils for

Fig. 11.2 Drawings by representatives of district Wolfenbüttel, showing their hopes and visions

regarding energy supply with renewable energy by 2020
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bioenergy production. Between these workshops, our team collected relevant

information on the contaminated soils in District Wolfenbüttel. A specialist in our

team created maps of the contaminated floodplains, water protection areas and flood

protection areas (see Chap. 14).

Planning workshop II started with two natural scientists in our team offering

presentations on bioenergy production on contaminated soils, energy plant cultiva-

tion and flood protection. Two working groups were then formed. One working

group discussed the opportunities for energy plant cultivation in relation to flood

protection, water pollution control, nature protection, and compensating measures.

Three scenarios and working steps were discussed for renewable energy usage on

contaminated soils:

• Short-rotation plantation on contaminated soils. It is important to identify the

flood areas, because short-rotation trees do not provide flood protection.

• Biogas production. In this context, it is necessary to check whether the digestate

on these soils can be fertilized (for details, see Chap. 14).

• Photovoltaic power installations, including extensive grassland farming under

these installations.

The participants realised that there is a lack of scientific analysis to allow one to

safely argue for or against any of these three scenarios. A legal bioenergy usage

guideline on contaminated soils was proposed as a mid-term goal.

The second working group discussed the potential heat demand in the

communities with contaminated soil areas. The following points were discussed:

• Do enough residents want to join a local heat supply system?

• How can the heat be distributed?

• What are optimal locations for a biogas plant or a bioenergy village?

• Which operating structures are possible?

• More information sessions for farmers cultivating energy plants on

contaminated agricultural areas.

• All communities in these areas are already supplied with natural gas. This could

be a point of conflict.

The aim of the next workshop was to create detailed maps indicating water

protection areas, flood protection areas, nature protection areas, and gas pipelines.

The theme of the next planning workshop was establishing bioenergy villages in

District Wolfenbüttel. Our team prepared input presentations and invited an expert

from a bioenergy village in the Göttingen district.

Planning workshop III started with three input information presentations. The

first presentation, which our team provided, focussed on the experiences from

implementing five bioenergy villages in Göttingen, emphasizing the necessity of

political support for the initiation of such a process. The second presentation dealt

with the different pathways to successfully establish renewable energy projects and

bioenergy villages in Germany. A representative of the bioenergy villages Krebeck

and Wollbrandshausen delivered the third presentation. He focussed on the eco-

nomic opportunities that implementing a bioenergy village would bring to the
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village and district. Based on his personal experience, he also explained the social

and ecological advantages for the village communities.

Maps that our team prepared were then presented; these showed the eight

biogas plants in the district, the water protection areas and natural gas grids. Based on

these maps, our scientific team suggested that approximately 30 villages and

communities could be suitable bioenergy villages. This recommendation was based

on the following criteria:

• There is no main natural gas supply; competition with a fairly environmentally

friendly energy supply can thus be avoided.

• The distance to the next bioenergy plant is more than 3 km; competition for

farmland can thus also be minimized.

• There are ample farmland and grassland in the surrounding areas.

During a planning meeting, the participants discussed supporting villages in

District Wolfenbüttel with the district government’s financial resources. In this

regard, our university team guaranteed its support for a public meeting on the

opportunities to establish bioenergy villages in District Wolfenbüttel. Furthermore,

the university team organised a best practice tour to two bioenergy villages in

Göttingen for District Wolfenbüttel’s political and administrative staff; it took

place in May 2011.

During the spring of 2011, the district government decided to provide substantial

financial support for a bioenergy village competition in District Wolfenbüttel.

11.3.3 District Hannover

District Hannover has 1.1 million inhabitants. It is situated in the vicinity of the city

Hannover in southern Lower Saxony. Agriculture plays a significant role in District

Hannover. It has approximately 1,800 farms with an agricultural area of 116,000 ha.

The farms comprise an average area of 66 ha. In contrast to Districts Goslar and

Wolfenbüttel, District Hannover’s soils are less fertile. The main cultivated crops

are winter wheat, sugar beets, winter rape, winter barley, winter rye and maize. Of

the 1,800 existing farms, approximately 500 farms engage in animal husbandry

(300 cattle-breeding farms and 200 pig farms). A climate protection agency

promotes bioenergy and other renewable energies in District Hannover. This

agency’s quest is a CO2 reduction of 40 % by 2020 by increasing energy efficiency,

through energy savings and the enforced development of renewable resources such

as wind, biomass, solar and geothermal energy. Fifteen communities in District

Hannover have already signed a climate protection programme. A position paper

for biomass use has been drawn up; it points out that the district’s biomass potential

should be used for sustainable energy production, with simultaneous consideration

of the landscape’s ecological balance. By 2010, 14 biogas plants had been

implemented in the district, with 17 further plants planned. Once all the projects

are realised, there will be an electrical capacity of 16 MW. Besides manure, which

can be digested, approximately 127,000 t of biomass (dry matter) are necessary to
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run the digestion plants. crops from arable land have to be cultivated to feed the

biogas plants. Nearly 10 % of the arable land has to be used for this purpose.

The following describes exemplary projects in the district.

The City of Uetze: The authorities are very ambitious and innovative in promoting

and implementing renewable energy in their community. They plan to establish

their own public energy services. Two biogas plants have been already implemented.

Both energy plants have very good heat energy usage concepts. Communal properties,

private houses, and industrial buildings are connected to a hot water pipeline carrying

heat energy from the combined heat and power station situated close to the biogas

plant. In one project, farmers financed the biogas plant and hot water pipeline were

privately; in the other, a farmer financed the biogas plant and the community the hot

water pipeline. The community supports sustainable energy crop cultivation with

diverse crops. Besides biomass energy, a wind park, which an external investor

financed, is being implemented in the community and a further park, which the

Uetze community will finance, is planned for the near future.

The Community of Lenthe: Energy production from biomass started in this

community with a biogas plant that a farmer financed and a hot water pipeline

that the community financed. The farmer delivers the electricity to the public grid

and supplies the heat energy via a hot water pipeline to Lenthe’s households.

The plant and the outside facilities are very well designed and are integrated into

the landscape. The farmer has upgraded the biogas plant to produce more bioenergy

and to supply more households with heat energy.

The city of Burgdorf: In this community, four farmers plan to invest in a large

biogas plant with an electricity capacity of 1.5 MW. The intention is to build a

biogas treatment facility that separates the methane from other gases. This nearly

pure methane can then be fed into the natural gas grid, which is operated by an

international energy supplier. However, a citizens action committee was formed in

the city to oppose the farmers’ plan. The committee is opposed to too much maize

cultivation, as well as the bad odours, high transportation frequency and the loss of

life quality in their residential area that could result from the planned plant. The

committee members call the plant the “gas factory” to highlight its industrial nature

and indicate their rejection of such a plant in the rural landscape. The city adminis-

tration, which is also the licensing authority, plans to arrange a public hearing with

the biogas plant applicants, the action committee and other people from the

community. After this hearing, the authority has to decide about the licensing

application. If the application is formally correct and adheres to all regulations,

the local authorities have to agree to the plant being built, even if some citizens

oppose it. A compromise might be the best way forward. One possibility would for

the farmers to transparently communicate their energy crop cultivation plans and to

operate the plant accordingly. If they can convince people that they do not only

cultivate maize as an energy crop, can avoid bad odours through high technical

standards and have transportation that does not impact negatively on the residential

areas, they could build the facility with the locals’ approval. If not, the farmers and

their families will lose their standing in the community, even if they do obtain the

license to build the facility.
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In the first planning workshop in district Hannover (see Fig. 11.3), the main

focus was on changes to and problems in the energy crop cultivation. The scientific

team members provided presentations on relevant topics such as (1) data on the

energy crop cultivation status quo in district Hannover, (2) the biomass potential in

district Hannover, (3) sustainable energy crop rotations and possibilities to diversify

the cultivation with intercropping, mixed cropping and undersown crops and (4)

information on the nature protection aspects of energy crop cultivation.

After the presentations and discussion, two working groups were established to

work on various issues.

Subgroup 1 worked on the topic ‘Energy crop cultivation/crop rotation – the

chances and risks of a diverse crop rotation design with different energy crops and its

implementation chances in practice’. The farmers in this group pointed out that, in

practice, there is already sufficient crop rotation with energy crops. On sandy soils,

this rotation comprises winter rye as the energy crop. On more fertile soils, triticale

yields are better than that of rye. Sorghum is cultivated as a second crop after winter

rye. The following three crop rotations belong the a typical crop rotation cycles:

• winter rye – (1a) fieldgrass – (2) maize

• winter rye – (1a) sorghum – (2) maize with undersown fieldgrass – (3) maize

• winter rye – (2) maize – (3) maize (organic fertiliser for the humus balance).

The farmers note that, in maize cultivation, far fewer pesticide treatments are

necessary than in food crops such as winter wheat, rape and sugar beet.

Fig. 11.3 Planning workshop with farmers and administration staff in district Hannover
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The following problems were outlined: The farmers complain that people

demonise maize cultivation and always associate humus degradation and soil

erosion with it. Maize plants’ height is also a problem for some citizens, because

the plants block peoples’ view of the landscape. Farmers argue that maize concen-

tration in the district is very low compared to that of other districts and regions.

They note that even if they try to involve their neighbours and inform them about

their projects, people are often simply opposed to bioenergy. Biogas farmers also

point out that farmers without a biogas plant are envious and fear the higher rentals

that energy crop cultivation can trigger.

Members of nature protection organisations feel under-informed about farmers’

crop rotation and the crops that farmers want to cultivate for their biogas plant. More

communication between the different actors is therefore called for. In our workshop’s

working group, farmers and nature protection organisation members met for the first

time and gave their impressions of and opinions on bioenergy projects. They agreed

to regularly talk with one another rather than about each other.

The following ideas were proposed during discussion to solve problems:

• More public relations work, such as reports on positive bioenergy examples in

the media, and suggestions for alternatives to maize cultivation.

• The building of hot water pipelines in the neighbourhood of biogas plants to

supply houses with inexpensive heat energy.

• Farmers should organise their crop rotation cycles systematically, thus avoiding

a high maize concentration in the district.

Subgroup 2 worked on the topic ‘Acceptance of bioenergy projects: How to

optimise nature protection and licensing regulations’. Here, the following problems

and barriers were mentioned:

• The other actors’ (administration, farmers, citizens, members of nature protection

organisations) perspectives are often not well known and therefore not considered.

• Administration authorities often do not know the details of bioenergy projects;

some have never even visited a bioenergy plant.

• People notice visual disturbances triggered by bioenergy projects.

The following ideas were formulated as possible solutions:

• Establishing networks between farmers and the administration to improve com-

munication and sensitivity.

• Introducing informal networking: a regulars’ table, “fireplace meetings” and

conferences.

• Establishing a coordination position in the administration to arrange communi-

cation between the groups/actors.

• Establishing steering and project groups that the district government manages

and finances to enable the transfer of positive experiences of and acceptance by

bioenergy projects in other districts.

• Inviting people to information days.

• Providing administration members with opportunities to visit biogas plants.
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• The subsidies for maize cultivation via the Renewable Energy Sources Act

(EEG) should be reduced, but increased for other crops.

• The local and regional government should set a maximum percentage limit for

maize cultivation in the district.

• The local and regional administration should compensate activities such as

flower strips between energy crops financially.

• The media should be provided with information on sustainable and accepted

projects (e.g., a participative planning process that includes a biogas plant’s

neighbours in the plant location, biomass transportation, heat supply offers to the

plant’s neighbours, etc.)

• The communication of advantages in press, for example, showing sustainable,

well-designed and aesthetically pleasing crop rotation, thereby reducing

people’s prejudices against energy crops; communicating the district’s the low

maize concentration.

Topics for the next planning workshop were determined in the workshop: an in

depth analysis of the status quo of the current biogas plants in district Hannover,

drawing up a list with plants’ most important characteristics (the electricity capac-

ity, input materials and crops, the radius of the crops cultivated for the plant, and the

heat energy utilisation) to show the differences between plants. This will allow one

to recommend a specific plant to administration visitors, politicians and citizens.

Another goal is to discuss the biogas agency’s position paper on bioenergy. Are

this paper’s theses and demands a basis for sustainable bioenergy projects? Could

the paper form the basis of better agreements on district Hannover’s bioenergy

scenarios?

11.4 Knowledge and Experience Transfers Between Districts

Whenever applicable, we created opportunities for the actors in our model districts

to gain direct contact with experienced persons from other German villages that

have successfully implemented sustainable renewable energy projects, including

bioenergy projects. An important advantage of such direct contacts is that experi-

enced people – often farmers or local politicians – speak the same “language” as the

participant actors.

One way to enable such contacts is to invite these persons to workshops.

For example, we invited the Feldheim project’s coordinator. In Feldheim, 100 %

of the heat and electricity demand is produced through a combination of different

renewable energy plants. This achievement inspired our workshop attendants to

start similar lighthouse project in their district. In many of our workshops, we

organised similar presentations, which strengthen the audience’s trust that the

intended projects could be realised. Best practice trips are another efficient way

to enable the direct transfer of experience. We organised one such trip for farmers,

politicians and administration staff from districts Goslar and Wolfenbüttel. They

were invited to three bioenergy villages in our home district of Göttingen, where the
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mayors of the bioenergy villages Barlissen, Krebeck and Wollbrandshausen guided

the visitor groups through the plants and villages, conveying historical and other

project details. The people from our model districts found these talks very convinc-

ing. Some of the participants told us that the decision by district Y’s government to

start a bioenergy village support fund was partly the result of this. However, such

anecdotal evidence should be proven by means of social scientific analyses, on

which we focus next.

11.5 Research: Evaluation of Support Activities

The research activities of the Göttingen approach are designed to take place during

(1) the start of a practical sustainability project in order to ensure that the first

decisions have the best scientific basis possible; during (2) the conversion process,

they continuously check the progress towards the goals and to look for unexpected

side-effects; and finally, (3) after the conversion has been completed. At the end of

the on-going 3-year project phase, during the social science activities, structured

interviews are planned with active stakeholders in the three model districts

participating in the workshops. These interviews will mainly focus on the question

of how efficiently the principles and parts of the procedures we applied in the

workshops as well as other activities in the districts contributed to the participatory

activities. We will also survey the importance of personal contacts, the preference

for email rather than paper communication, the balance between strategy planning

and detailed planning during the workshops, the impact that the presentations

offered by the scientists, practitioners and external experts from other bioenergy

projects had, the adequacy of the workshop group size and diversity and the

efficiency of the plenum meetings compared to small group activities in workshops.

The results of these interviews will be the subject of a later publication.

11.6 Conclusion

In this project, beside assuming their traditional scientific role as objective

analysers, the authors also act as the initiators of the conversion processes to

sustainable development, basing their activities on the application of their scientific

research results. This dual role within sustainability research seems to be effective

for scientists to contribute to the challenges emerging from the indispensable

transformation to renewable energy systems.

The first results of our work show that scientists from different disciplines can

cooperate with different actors and groups in the chosen districts to promote these

villages and districts’ conversion to renewable energy sources. Our work demon-

strates that action research, a tool with a long tradition in social science (Lewin 1946),

can also be embedded in the broader framework of sustainability science, thus
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contributing to sustainable and accepted bioenergy projects – one of the key aspects

of sustainable development.
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Chapter 12

Assessment of Different Bioenergy Concepts

in Terms of Sustainable Development

Swantje Eigner-Thiel, Meike Schmehl, Jens Ibendorf,

and Jutta Geldermann

Abstract This chapter focuses on the assessment of different concepts’

sustainability regarding the energetic use of biomass in rural areas. The aim is to

provide decision support, while taking environmental, economic, social, and techni-

cal perspectives into consideration. Possible (technical and organisational) concepts

include biogas plants operated by electric service providers, a single biogas plant

owned by a farmer, or bioenergy villages owned by a village cooperative. We

describe the development of suitable ecologic, economic, social and technical criteria

to assess the sustainability of different concepts and the adaption of existing indicator

systems to the special requirements of sustainable biomass use for energy. The results

of this sustainability assessment illustrate the different biomass concepts’ advantages

and disadvantages, which are compared by means of multi-criteria decision analysis

methods. This decision support tool faciliates the decision process for mayors, district

administrators, farmers and investors, who have to choose the most sustainable

concept for a certain area. Furthermore, the sustainability assessment of bioenergy

concepts has specific requirements with regard to their visualisation if such an

assessment is to support the decisions of interested stakeholders in communities.
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Keywords Bioenergy concepts • Multi-criteria decision analysis (MCDA) • Social

criteria • Sustainable development • Visualisation

12.1 Introduction

The use of biomass to produce energy is gaining increasing attention from policy-

makers, energy supply companies and the public (Edenhofer et al. 2011; BMU

2009; Leitl 2007). There are several reasons for this: Owing to bioenergy’s poten-

tially lower carbon dioxide emissions, it is expected to contribute less to climate

change than fossil energy resource use. Furthermore, using biomass to produce

energy could preserve fossil energy reserves. In addition, bioenergy is the only

renewable energy source that addresses all three energy sectors: the supply of

electricity, heating/cooling and fuels for transportation (Vis et al. 2008). Fourthly,

it can support rural development by giving farmers an alternative source of income

besides food production, and – in the case of bioenergy villages – by involving

villagers in direct democracy (i.e. via their participation in the decision processes in

their village or district) and giving them a satisfying sense of community (Eigner-

Thiel 2005). Finally, by using local biomass to produce energy, the domestic energy

supply should be stabilised, thus reducing dependency on other – potentially

political unstable – countries for the import of energy resources (oil, uranium,

natural gas, etc.) (IEA 2004; Van Loo and Koppejan 2008).

Nevertheless, discussions on the sustainable development of biomass use to

produce energy, do not only mention the positive effects. There are also concerns

that the use of monocultures will increase due to a higher demand for energy crops,

which could result in massive land use changes to accommodate high-productive

crops such as maize.

Currently, the use of maize to produce energy has resulted in heated discussions.

In addition, this could increase transport activities in rural areas, which would

worsen the air pollution and lead to unwanted disturbances. Another critical point

is energy plants’ direct emissions, such as particulate matter and sulphur dioxides,

which could be hazardous to human health. The designation of areas for energy

crop production is also highly controversial. The ethical aspects of converting food

production, nature conservation or grassland areas for the production of energy

crops will lead to criticism, as will the environmental effects of direct and indirect

land use changes (e.g., more carbon dioxide emissions due to the ploughing of

grassland and a reduction in the biodiversity) (Jessel 2008; Fritsche et al. 2009).

In the meantime, several concepts for biomass use for energy, such as individu-

ally or collaboratively organised biogas plants or large-scale plants, have been

realised or planned in Germany. These types of concepts are the main focus of

the analysis in this chapter. However, economic, ecological and social aspects

should be considered when following sustainable development principles (for our

definition of sustainable development, see Sect. 12.3). Therefore, the decision

process concerning the type of bioenergy plant and its dimensions has become
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increasingly complicated. Multi-criteria decision models may need to be applied to

arrive at optimal agreements (Buchholz et al. 2009; Oberschmidt et al. 2010). The

crucial management of considerable amounts of diverse data is linked to the

decision model. The coordination of these data and their processing to arrive at

different visualised results constitute a challenge because the data originate from

different scientific fields (biology, physics, chemistry, geology, meteorology, psy-

chology, social and economic sciences) that are not only extensive, but also time

and space dependent (see Rautenstrauch 1999; Page and Rautenstrauch 2001).

Thus, decision support methods should collect data from heterogeneous sources

and condense them into different formats.

Many bioenergy supply concepts have been developed at a local scale in Germany

over the past years. One of these is the idea of an energy self-sufficient village, which

a group of scientists at the Interdisciplinary Centre for Sustainable Development

(IZNE) at Göttingen University developed in 1998 (see Projektgruppe Bioenergie

2010, Chap. 2 in this book and in Box 12.1).

Box 12.1 Bioenergy Village Jühnde, Lower Saxony, Germany

In Germany, the bioenergy village concept has been around since 2000. The

main aim of a village self-sufficient in energy is to have such a village

produce at least as much electric energy as the residents and local industry

need. The heat production should cover at least two-thirds of the village’s

demand. Another requirement is that the heat customers and the farmers

providing the biomass should actively help plan the conversion of the village

energy supply. With this idea in mind, the relevant scientists chose a suitable

village in the Göttingen district as a pilot project from 17 other appropriate

and interested villages. Thus, in October 2001, Jühnde was chosen as the

model village. Jühnde has 780 inhabitants, nine farmers, an agricultural area

of 1,300 ha and a forest area of 800 ha (Ruppert et al. 2008). Its advantage was

that it was of a suitable size, which was of economic importance as the village

was large enough to build a bioenergy plant that would be profitable. It was

also socially important, since it was still small enough to ensure that everyone

in the community could be kept informed. It was also a suitable area for

biomass production as the village farmers were willing to use their land for

biomass production. Moreover, it had a strong village community with many

active associations, which spread the idea throughout the village and

motivated enough households to participate in the project (Eigner-Thiel

2005).

After diverse planning stages (informing the inhabitants, closing contracts

with the farmers and energy consumers, obtaining building and operating

licences, etc.), construction began in 2001 and was completed in 2004. The

technical concept’s central component is the biogas plant in which

microorganisms turn liquid manure and other wet biomass into biogas by

(continued)
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This example of a bioenergy village clarifies that planning a bioenergy village

requires data from different sources. First, technical data on the bioenergy plant’s

output are required. In addition, each household’s heat requirement has to be

identified. Geographical data are also needed to identify suitable crops for the

areas and to calculate the potential yields. Furthermore, economic data are required

to calculate the investment and operating costs. For the realisation of a bioenergy

village, social factors, such as people’s motivation to engage in the planning

process and the quality of the social networks are crucial, because as many people

as possible should be involved and kept informed during all the planning stages.

Without people’s willingness, such a project cannot be implemented.

However, during the decision process for the optimal bioenergy concept, eco-

logical, economic and social objectives were sometimes at loggerhead: One of the

social aims was, for instance, to connect as many houses as possible to the

bioenergy plant. From an economic perspective, this was not, however, always

the best solution; for example, certain houses were too isolated from the others and

Box 12.1 (continued)

means of wet fermentation. In the combined heat and power plant (CHP), the

biogas is turned into electricity and heat. Electricity is fed into the public grid,

and the heat is used to warm water, which the district’s heating network pipes

to the connected households. To cover the high demand for heat in winter, the

plant is supplemented by a woodchip heating plant and an oil heating plant as

contingency reserves.

Heat distribution in Jühnde began in September 2005. Today, 72 % of the

households receive about 2,800 MWh of heat per year from the biogas plant.

The remainder (approximately 1,500 MWh of heat per year) is supplied by the

woodchip heating plant. The production of electricity is about 4,000 MWh per

year, which the local energy supply company purchases. The Renewable

Energy Sources Act (EEG) regulates the price of electricity.

Using biomass as a substitute for oil has had various impacts on the

individuals, society, economy and ecology in Jühnde. The ecological benefit

can be quantified as a 70 % per person reduction in the carbon dioxide

emissions. After a financial deficit in 2005 when the plants were installed and

started up, the operating company recorded a positive annual surplus. Since

then, the heat customers (households) have saved approximately €800 per year.
Psychological research has shown that those who were actively engaged in the

planning process experienced the village community more profoundly as well

as increased individual learning. Different methods of public relations, partici-

patory planning and planning workshops were also realised and documented

(Eigner-Thiel 2005, 2010). On the whole, Jühnde’s inhabitants are very

satisfied with the heat supply and the bioenergy village concept (Eigner-Thiel

and Schmuck 2010; Ruppert et al. 2008; Ahl et al. 2007).
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too far away from the biogas plant (Eigner-Thiel and Geldermann 2009). These

conflicts are indicative of all the other biomass paths: Each concept has its

advantages and disadvantages. This is typical of complex decision situations

when common sense becomes overburdened if a large number of criteria has to

be considered. Here, multi-criteria decision analysis (MCDA) methods offer a way

to structure the decision problem; therefore, this chapter will also show how this

problem can be solved. Section 12.2 describes how MCDA works.

Why is MCDA needed for the choice between different biomass alternatives and

why should these be assessed in terms of multiple sustainability dimensions?

Potential initiators of bioenergy projects draw on the limited experiences with

existing bioenergy concepts. Diverse life-cycle assessment (LCA) studies were

compiled after a methodological analysis of environmentally relevant material

and energy flows for the use of biomass use for energy. However, natural scientists

have criticised the assessment of the impacts, as the interrelationships are usually

too complex to be modelled along linear impact factors. In addition, these studies

do not show the impact on the affected local stakeholders, as economic and social

perspectives as well as local aspects are usually underrepresented (see Hofstetter

1998; Kempener et al. 2009).

General sustainability criteria can initially be used to comprehensively assess the

different bioenergy concepts pertaining to the economic, ecological and social

aspects. However, their actual application may lead to very different and even

conflicting results. Chapter 40 of Agenda 21 (BMU 1992) states that the usual

indicators such as a country’s gross national product or the unemployment rate do

not sufficiently describe the status of sustainability development. Therefore, beyond

the existing economic characteristics, further indicators should be developed to

represent the three dimensions of sustainable development (economic growth,

ecological protection and social equality) (see Box 12.3) as accurately as possible.

There are, however, many indicator systems for assessing sustainable development

(see, e.g., Breitschuh et al. 2008; Gamba 2008; Hoffmann 2007; Rösch et al. 2009;

WBGU 2008).

Nevertheless, there are significant difficulties with defining such indicator

systems, specifically if bioenergy’s sustainable use needs to be assessed, as the

possible indicators might not be precise, specific or comprehensive enough to

reflect the local and regional developments’ sustainability (see Heiland et al.

2003; Fleury 2005). After preliminary theoretical considerations of the definition

and the formulation of sustainability criteria, actual significant and quantifiable

criteria should be chosen for the specific area of biomass use for energy. Currently,

there is no general system for specifying the indicators, due to the specificity and

the complexity of the issues. Thus, besides an orientation towards the principles of

sustainability (see Agenda 21, BMU 1992), it is crucial to describe the indicator

system requirements transparently (e.g. see Reul 2002; Werheit 1996). Section 12.4

provides a description of our actual development of a criteria system.

First, sustainable development’s increasing requirements – owing to the increas-

ing awareness of the climate change impacts and the need for a reliable future

energy supply system – mandate consulting interdisciplinary expert groups, who
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will take the numerous, and partly conflicting, objectives of and criteria for

bioenergy assessment into consideration. General objectives, such as sustainability,

economic viability and technical feasibility, have to be broken down into opera-

tional criteria that can be measured and are decision-relevant, i.e. that will allow

one to distinguish between alternatives. In most decision situations, no dominating

alternative meets all of the objective sustainable development criteria to allow it to

be unanimously chosen from all the other alternatives. In fact, most of the

alternatives have their strengths and weaknesses, but these are measured in different

units; some kind of trade-off is therefore required. Figure 12.1 outlines a typical

decision situation with regard to a central biogas plant, a farmer’s biogas plant and a

bioenergy village as examples of bioenergy concepts and the focus of this chapter;

the bars’ different heights show the various attributes’ values within each concept’s

catalogue of criteria. The alternatives are described in some detail in Sect. 12.5.

Many aspectsmust be considered for a comprehensive assessment of the different

biomass paths. Their varying priorities also need to be weighted, since not all of

them are equally relevant.

First, absolute judgement span and immediate memory span impose severe

limitations on the amount of informationwe are able to receive, process and remember

(Miller 1956). Many aspects are considered during the process of balancing and

condensing information,, which can quickly lead to a situation in which common

sense no longer suffices (Dörner 2003; Vester 2003). The larger the number of people

involved in a decision process in complicated situations, the more support is needed to

objectively and efficiently arrive at decisions.Decisionmodels with several objectives

often describe reality better than models with only one objective. This has led to the

development of numerous new approaches to multi-criteria decision support over the

past 30 years (Figueira et al. 2005; Hwang and Yoon 1981; Yue and Li 1998; Munda

1995; Oberschmidt et al. 2009). In the theory of decision support and multi-criteria

analysis, weighting (see Sect. 12.6) is one of the most disputed steps due to its

relatively subjective character. However, decision trees and objective hierarchies

can be used to operationalise ecological, economic, social and technical criteria and

represent them in terms of certain attributes (e.g., their global warming potential).

Fig. 12.1 Schematic presentation of conflicting targets of different bioenergy concepts
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12.2 Decision Support for Sustainable Biomass Use for Energy

with Multi-criteria Decision Analysis (MCDA)

The MCDA framework is applied in research projects in this case to compare

various concepts of bioenergy villages and alternative bioenergy supply solutions.

This approach seeks to establish a decision support tool that increases the transpar-

ency of the decision process and lessens decision problems. However, with a

minimum of technical and energetic effort, this tool should help those deciders

who have to determine the most sustainable biomass concept for a certain area, as

well as mayors, district administrators, farmers and bioenergy investors. We there-

fore outline the MCDA structure and describe the criteria development process. In

addition, a comprehensive list of criteria is introduced and considered in Sect. 12.4.

The complex group decision process for sustainable biomass use for energy in a

specific rural area can be simulated in an MCDA model.

The aim of MCDA is the ex ante assessment of a few individual options by

explicitly considering a decision-maker’s subjective preferences with regard to

decision support and planning (monitoring and control vs. planning and choice)

(Belton and Stewart 2002).

MCDA has been widely applied in an environmental context but hardly in

bioenergy contexts. In these contexts, Mustajoki et al. (2003) describe the usage

of this method in lake regulation policy, Malczewski (1999) establishes a link

between spatial approaches (GIS) and MCDA, while Buchholz et al. (2009) provide

a comprehensive overview of MCDA’s application in the context of bioenergy.

The MCDA process can be divided into six steps, which might be somewhat

iterative and interdependent due to the growing insight into the underlying decision

problem:

1. Define and specify the overall objective in some detail in the criterion hierarchy.

2. Compile alternatives that can meet the defined objective.

3. Model and process information – investigate and calculate the values of the

attributes (lowest-level criteria) (see Fig. 12.2 below) for the alternatives.

4. Assign a relevant weight, i.e. depending on each attribute’s relevance, assign

weights to certain values.

5. Calculate the results with operations research methods (MCDA algorithms).

6. Make the results visible with graphs and charts to assess the alternatives, then

choose one.

Accordingly, the formulation of the overall decision objective is the starting

point of decision support. In most cases, the overall objective is very general

(“sustainable biomass use for energy”) and needs to be broken down into opera-

tional attributes. A criterion hierarchy (see Fig. 12.2) shows the top-down approach.

It starts with the overall objective (sustainable biomass use for energy) and expands

this by adding more detailed targets, which should cover all the ecological, eco-

nomic, social and technical aspects adequately without creating redundancy. Below

the targets, there are attributes; these can operationalise the objective on an ordinal

or cardinal scale (Belton and Stewart 2002).
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In our case, the different concepts for biomass use for energy will be assessed

according to the primary objective “sustainable development”.

The MCDA process and the compilation of the criteria hierarchy are iterative

actions; therefore, the criteria development procedure presented in this chapter is

only a preliminary one. Nevertheless, the information development procedure is

already applicable and we therefore demonstrate this procedure here.

12.3 Definition of Sustainable Development

A suitable definition is required to assess the different bioenergy alternatives’ effects

on sustainable development. There are many different definitions of sustainable

development. The most popular is the one by the Brundtland Commission (United

Nations 1987), theWorld Commission on Environment and Development (WCED):

“Sustainable development is development that meets the needs of the present

without compromising the ability of future generations to meet their own needs”

(p. 43).

The definitions that UNCED (1992) and the Helsinki Conference (1993) used

highlighted three issues as the cornerstones of sustainability. According to these

definitions, for development to be sustainable, it must be economically profitable,

biologically proper and socially acceptable.

To assess a sustainable development issue, the concept must be broken down

into single indicators or criteria. Some definitions only refer to ecological aspects

(e.g., the indicator system SCOPE (1995)). The most comprehensive indicator

system, which also considers social and economic aspects, is the UN Commission’s

Fig. 12.2 Criterion hierarchy of sustainable biomass use for energy
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sustainable development (CSD) indicator system. With its approximate 130

indicators, it is also a good foundation for the comparison of bioenergy concepts

– but nothing more, as not all of its indicators are useful for our aim. For example,

one of the indicators is that child labour should be avoided, which is obviously not

applicable in Germany’s biomass sector.

The EU set a minimum sustainable standard for biofuels with the Renewable

Energy Directive (European Parliament 2009). This focuses on ecological aspects,

seeks to reduce greenhouse gas emissions and tries to ensure that the biodiversity

will be maintained. Social criteria are only mentioned in relation to the production

of biofuels in developing countries and not with regard to biomass use in industrial

countries like Germany. The criteria mentioned reflect the world’s different agri-

cultural situations, which are not totally applicable to a comparison of the different

biomass concepts in Germany. However, the Directive has already been converted

into legislation in different European countries, including Germany (BioSt-NachV

2009). The relevant criteria therefore need to be defined in greater detail.

In the scientific literature, a distinction is made between strong and weak

sustainability: Weak sustainability means that a single dimension’s value can be

substituted by another (e.g., high economic values can substitute low ecological

ones), whereas strong sustainability means that no substitution is possible between

dimensions (Ott 2003; Wuppertal-Institut für Klima, Umwelt, Energie 1997;

Daly 1999).

In our approach, we refer to the Brundtland Commission’s (1987) definition of

sustainability and to the sustainability concept comprising the three aspects eco-

nomic growth, environmental protection and social equality (UNCED 1992; see

Box 12.2) because they form a good basis for breaking down the concept into

different categories. The technical dimension was added to the ecological, social

and economic dimensions to enhance criteria development and assessment trans-

parency, because the technical conversion of biomass is one of the distinct criteria

for assessing different bioenergy concepts. In addition, the strong sustainability

definition was chosen for the comparison of bioenergy concepts due to its above-

mentioned benefits.

We break the sustainable development concept down into different criteria,

which are addressed in the following section. We fill first apply the criteria to the

assessment of three concrete alternatives described in some detail in Sect. 12.5.

Box 12.2 The Brundtland Commission (1987)

The increasing deterioration of the human environment and natural resources

led the former UN Secretary General to appoint Gro Harlem Brundtland as

chairman of The Brundtland Commission (formerly the World Commission

on Environment and Development (WCED)) in 1983. The purpose of the The

Brundtland Commission was to rally countries to pursue sustainable devel-

opment together. Gro Harlem Brundtland, a former Prime Minister of

Norway, was chosen to head the Commission due to her strong background

(continued)
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Box 12.2 (continued)

in the sciences and public health. After releasing the Brundtland Report in

October 1987, the Brundtland Commission was officially dissolved in

December 1987. The organisation Centre for Our Common Future was

founded in April 1988 to replace the Commission.

The Centre for Our Common Future seeks to create a united international

community with shared sustainability goals by identifying global

sustainability problems, raising awareness about them, and suggesting the

implementation of solutions. Its report – Our Common Future – strongly

influenced the Earth Summit in Rio de Janeiro, Brazil in 1992 and the third

UN Conference on Environment and Development in Johannesburg, South

Africa in 2002. It is also credited with creating the most prevalent definition

of sustainability: “Sustainable development is development that meets the

needs of the present without compromising the ability of future generations to

meet their own needs” (p. 43). The three main pillars of sustainable develop-

ment are economic growth, environmental protection and social equality.

12.4 Compiling a Criterion List

Although our introduction refers to indicator systems (e.g., see Breitschuh et al.

2008; Gamba 2008; Hoffmann 2007; Rösch et al. 2009), the present approach uses

the term ‘criteria’, because the aim is not to compare the same aspect over time

(which is usually the aim of an indicator system), but to compare different kinds of

biomass paths at a single point in time, which is a fairly static approach.

From the different disciplines’ perspectives, the bioenergy concept’s evaluation

criteria were collected from experiences gained with local bioenergy projects

(mainly the bioenergy village Jühnde project and other village projects in the

Göttingen district in lower Saxony; Projektgruppe Bioenergiedörfer 2010; Ruppert

et al. 2008), from the literature and from discussions with experts (project-internal

and project-external experts).

Moderated discussions were organised to collect criteria from different expert

groups:

• ecology experts: geographers, earth scientists, agronomists, soil scientists, for-

estry scientists and plant scientists;

• economy experts: business administration, agricultural economists and industrial

engineers;

• social aspects experts: psychologists and sociologists;

• technical experts: practitioners and scientists with bioenergy experience.

The greatest challenge of collecting criteria was to make everybody in the discus-

sion groups understand that a criterion is only decision-relevant if its parameter value

differ from comparative alternatives. The comparison of various bioenergy concepts
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would focus on special preconditions for agricultural land, because each region has

special underlying basic geographical and socio-cultural conditions. These can

include:

• temperature

• precipitation

• soil type

• social traditions

• price of the land

Since these preconditions cannot be changed in one location and cannot distinguish

between the different concepts, these criteria are not decision-relevant. However,

these preconditions influence the criteria specifications.

The implemented workshops to collect and weight the criteria (see Sect. 12.6)

allowed for an iterative definition of the relevant decision criteria. If one of

the scientific disciplines found a more significant criterion, or an easier-to-measure

criterion, the criteria hierarchy was adjusted accordingly. The moderation of the groups

guaranteed effective structuring, systematicmanagement aswell as the decision-making

process’s transparency. This would ensure that all the experts possessed the same

level of information. Nevertheless, during the interdisciplinary discussions, difficulties

were experienced with understanding what certain people really meant, even within
one discipline. After many discussion forums, the relevant data and information were

presented as a hierarchy of criteria. This hierarchy’s structure and organization form

the basis of a systematic and quantitative assessment – a decision table.

The following criterion list was drawn up to assess the sustainability of

bioenergy alternatives (see Tables 12.1, 12.2, 12.3, and 12.4). As it is a work in

progress, this list has a preliminary status. Decision support is an iterative process,

and changes in the criteria hierarchy are thus to be expected when the decision

table, with all the criteria scores, is completed. In the following, the ecological,

economic, social and technical criteria are introduced and explained.

12.4.1 Ecological Criteria

Nature conservation refers to the protection of the ecosphere from negative impacts

by human activities, including the use of biomass for energy. These have effects on

the quality of the environmental media, i.e. the air, soil and water, as well as on the

non-renewable resources and biodiversity. To quantify these impacts on the envi-

ronment, methodological impact assessment approaches can be used as part of the

life-cycle assessment (Guinee et al. 2002; Geldermann et al. 1999). Suitable impact

categories and their characterisations are found in, for example, Schmitz and

Paulini (1999) or SETAC (1996). The methodology of life-cycle assessment

involves considering the entire product life-cycle. The impact assessment of a

bioenergy concept should also include resource extraction, the agricultural produc-

tion of biomass and its conversion into energy. Several studies have therefore
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Table 12.1 Ecological criteria related to biomass concepts

Ecological targets

Sub-targets Attributes Unit

Manifestation

of the

attribute for

sustainable

development

(Min./Max.)

(1) Air and climate (1.1) Climate change Global warming

potential

kg CO2

equivalents

Min.

(1.2) Toxic

contamination

Mass of

respirable

particulate

matter

kg PM10 Min.

Mass of benzo(a)

pyren

kg benzo(a)

pyren

Min.

Mass of inorganic

reference

substance

kg of inorganic

reference

substance

Min.

(1.3) Acidification Acidification

potential

kg SO2

equivalents

Min.

(2) Water (2.1) Aquatic

eutrophication

Mass of applied

fertiliser –

nitrogen

kg fertiliser –

nitrogen

Min.

Mass of applied

fertiliser –

phosphor

kg fertiliser –

phosphor

(2.2) Toxic

contamination

Mass of applied

pesticides

kg pesticides Min.

(3) Soil (3.1) Erosion Cultivation

method

Points on

ordinal scale

Min.

Land cover level % Max.

(3.2) Terrestrial

eutrophication

Mass of applied

fertiliser –

nitrogen

kg fertiliser –

nitrogen; kg

fertiliser –

phosphor

Min.

Mass of applied

fertiliser –

phosphor

Min.

(3.3) Soil

contamination

Accumulation of

heavy metal

reference

substance

kg mobilised

reference

substance

Min.

Mobilisation of

heavy metal

reference

substance

kg mobilised

reference

substance

Max.

(continued)
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Table 12.1 (continued)

Ecological targets

Sub-targets Attributes Unit

Manifestation

of the

attribute for

sustainable

development

(Min./Max.)

(4) Preservation of

resources

(4.1) Energy Scarcity of energy

ressources

kg crude oil-

equivalents

resource

Min.

Cumulative

energy

demand

MJ Min.

(4.2) Minerals Demand for

phosphate

kg phosphate Min.

(4.3) Land area

consumption

Demand for space m2 Min.

(4.4) Water

consumption

Demand for water m3 water Min.

(5) Protecting

biodiversity

Quantity of

cultivated

crops

Quantity Max.

Mass of applied

pesticides

kg pesticides Min.

Nitrogen fertiliser

type

Points on a

ordinal scale

Min.

Table 12.2 Economic criteria related to biomass concepts

Economic targets

Attributes Unit

Manifestation

of the attribute

for sustainable

development

(Min./Max.)

(1) Operating company’s

perspective

Net present value € Max.

Supply contract duration Years (points) Max.

(2) Employee’s

perspective

Profit sharing Yes/no (points) Max.

Possibility of additional

fee

Yes/no (points) Max.

(3) Heat clients’

perspective

Annual heat supply costs € per year Min.

Minimum deposit € Min.

Connection and

conversion fee

€ Min.

(4) Farmer’s perspective Input in pricing Points Max.

Operational flexibility Per year one point Max.

(5) Regional perspective Regional value added

(investment)

% of the investment sum Max.

Regional value added

(current)

€ Max.

Tax revenue € Max.
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Table 12.3 Social criteria related to biomass concepts

Social targets

Attributes Unit

Manifestation

of the attribute

for sustainable

development

(Min./Max.)

(1) Acceptance Cultivation concept scenery (aesthetics) Points Max.

Scenery of the technical plants (aesthetics) Points Max.

Smell Points Min.

Noise (factory) Points Min.

Noise (transport) Points Min.

(2) Participation Planning Points Max.

Information Points Max.

Decisions concerning finances Points Max.

(3) Psychological effects Feeling of independence from electricity

supplier

Points Max.

Feeling of independence from fossil energy Points Max.

Solidarity Points Max.

Self-efficacy Points Max.

Pride, fun, meaning Points Max.

Image of the village Points Max.

Assessment of accidents Points Min.

(4) Employment Additional workplaces Number Max.

Possibility to work part-time Points Max.

Table 12.4 Technical criteria related to biomass concepts

Technical targets

Attributes Unit

Manifestation of the

attribute for sustainable

development

(Min./Max.)

(1) Plant efficiency Thermal efficiency factor % Max.

Electrical efficiency factor % Max.

Use of heat in summer Yes/no (points) Max.

Modularity Points Max.

(2) Transport Frequency Points Min.

Point in time Points Min.

(3) Administrative effort Duration of licence Days Min.
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analysed the environmental effects of bioenergy product chains (Roedl 2010;

Fritsche et al. 2009; Kimming et al. 2011; Schmehl et al. 2012).

The list of ecological criteria below were presented by Weber-Blaschke et al.

(2002). These criteria describe recent environmental indicator systems and identify

various structures according to their environmental media, problem areas, sectors,

spatial dimensions and socio-economic indicators.

In this study, the first level of the ecological criteria’s hierarchy is structured

according to the environmental media and resources. The subordinate criteria level

lists the associated problem areas (see Table 12.1), which are quantified by

attributes at the bottom level. Firstly, the decision-relevant criteria are briefly

explained. Table 12.1 summarises the set of ecological criteria with their units of

measurement.

(1) Air and climate

The emission of specific substances into the air contributes to climate change, has

toxic effects on humans, animals and plants, as well as acidifying effects on

terrestrial and aquatic ecosystems. The impact categories ozone depletion and

photochemical ozone creation are not yet considered in the context of this study.

The main origins of these environmental issues are chlorofluorocarbons and

hydrocarbons, whose emission is estimated as not relevant for the comparison of

different bioenergy product chains.

(1.1) Climate change

At present, climate change is one of the most discussed environmental issues.

Although potential individual impacts on humans and ecosystems have been

analysed in different studies (Hughes 2003; Thuiller et al. 2011), the entire extent

of the future effects have not yet been estimated.

Global warming potential is one commonly accepted indicator with which to

quantify emitted greenhouse gases’ contribution to climate change. Recent indicator

values for greenhouse gases with a time horizon of 100 years are listed in the IPCC

(2007), which considers the emissions of all greenhouse gases from the bioenergy

chain’s life-cycle. The target is to minimise the global warming potential.

(1.2) Toxic contamination of the air

The burning of solid biomass – which is, for example, part of the bioenergy village

concept – causes emissions with potentially toxic effects (Ferge et al. 2005);

therefore, the conversion process is used to assess the degree of air contamination.

Since our study cannot carry out a detailed exposition analysis, the assessment is

restricted to the following three attributes (see also Chap. 14):

(a) Particulate matter

Particulate matter has a dusty and gaseous nature and is thus a potential risk for

living organisms’ health. An increased concentration of particulate matter can lead
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to respiratory and cardiovascular diseases in humans and to a high mortality rate.

The sources of particulate matter are: industrial processes, road transport and the

burning of biomass. PM10 (particles with an aerodynamic diameter smaller than

10 μm), which characterises respirable particulate matter, has commonly been used

as an indicator of particulate matter in the air (Hewitt and Jackson 2003; World

Health Organization 2006). Therefore, PM10 has been chosen as a suitable attribute

of particulate matter within the bioenergy process chain.

(b) Organic pollutions

The working group of the German Research Center for Environmental Health

analyses the hazardous organic substances emitted in the biomass burning process

and has identified Benzo(a)ypyren as a reference parameter that might be cancer-

causing (Lenz 2010) (see also Chap. 13). This reference substance is also taken as

the attribute of organic pollutions in the MCDA.

(c) Inorganic pollutions

The inorganic pollutions due to the biomass burning process are analysed by

colleagues in our research project (see Chap. 13). The group of inorganic pollutants

includes heavy metals such as cadmium, arsenic and lead, which might also be

carcinogenic (Lenz 2010). A reference substance has not yet been determined. A

suitable attribute for assessing inorganic pollutions will therefore be added in the

course of the project.

(1.3) Acidification

Several air pollutions such as sulphur dioxide, hydrogen sulphide, ammonia and other

sulphur and nitrogen compounds react in an oxygen environment with acid and

contribute, among others, to damage forests and lakes (Nixon et al. 2000). Although

the environmental impacts refer to water and land, acidification criteria are not listed

for these environmental media but for air as the origin of emission. Acidification is a

commonly used impact category in life-cycle assessment. In line with de Haes (1996)

acidification potential has therefore been chosen as an attribute.

(2) Water

Nixon et al. (2000) emphasise four significant water quality issues: eutrophication,

persistent organic pollution of rivers, acidification (see above) as well as nitrate and

pesticide contamination of groundwater. In this study, these issues are combined in

two sub-categories of aquatic eutrophication and water contamination with persis-

tent toxic substances. Since bioenergy chains do not seem to have significant effects

on the organic pollution of rivers, this aspect is omitted.

(2.1) Aquatic eutrophication

Aquatic eutrophication is caused by nutrients that lead to increased algae growth.

As a result of bioenergy chains, important nutrients, such as mineral fertiliser and

manure, enter ecosystems by means of run-off in the agricultural process stage.
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Within the outline of this study, it should be sufficient to consider minimising the

mass of nitrogen and phosphor due to the application of mineral fertiliser and

manure for biomass production as the criterion goal.

(2.2) Toxic contamination of water

In the context of bioenergy, there is a risk of toxic contamination of the groundwater

through pesticide application during the energy crop cultivation phase. The higher the

mass of pesticides applied for a special energy crop per area, the higher the risk of

groundwater contamination and the less sustainable the bioenergy concept.

(3) Soil

Erosion is the main threat that the environmental medium soil – which includes soil

life – faces; however, nutrient enrichment and heavy metal pollution have also been

identified as threats (Bouwman et al. 2002; Rodrı́gues et al. 2008; Rusco et al.

2008). A further problem is agricultural soil compaction due to the use of heavy

agricultural machines in cultivation. However, compaction is not expected to have

an effect on different bioenergy concepts and it is consequently omitted.

(3.1) Erosion

Erosion leads to agricultural soil losing its functionality (Pimentel 2006). Besides

site-characteristic factors, such as the soil texture, the precipitation regime and

slope, agriculture management also plays a significant role (Kort et al. 1998; Lobb

et al. 1999). The cultivation method and covering the land with crops are considered

important soil stabilization factors.

(a) Cultivation method

There are several cultivation methods to prepare agricultural soil for sowing. All

these methods increase the risk of erosion. In this study, three methods are defined:

(1) direct saw, (2) grubbing, and (3) ploughing. Direct saw is considered the best

and ploughing the worst regarding minimising the risk of erosion.

(b) Land cover level

Crops stabilise the soil and reduce the risk of erosion. The higher the land cover

level throughout the year, the better the protection against erosion and the better the

sustainability assessment.

(3.2) Terrestrial eutrophication

The deposition of aerial nitrogen compounds leads to increased vegetation growth

accompanied by a decrease in biodiversity and the vegetation’s increasing sensitivity

to disease, drought, frost and herbivore increases (Gallego Schmid 2009). The same

approach is used to calculate terrestrial eutrophication and aquatic eutrophication. The

target is to minimise nitrogen and phosphor feeding by means of fertilisers.
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(3.3) Soil contamination

Hazardous heavy metals affect soil, especially agricultural soil, which is the basis of

life. In the bioenergy chain, the most relevant contamination source is fertiliser

application (mineral fertiliser, digestate and manure) during the energy crop

production phase. The fewer the heavy metals introduced into the soil through

fertiliser, the better the sustainability assessment. In the context of this project, two

aspects are relevant: the accumulation and mobilisation of heavy metals.

(a) Accumulation of heavy metals

The introduction of heavy metals through fertiliser is a criterion that represents

heavy metal accumulation in soil. The fewer the heavy metals applied to agricul-

tural soil, the less the risk of heavy metal accumulation.

(b) Mobilisation of heavy metals

Since potentially contaminated sites can also be considered for energy crops, heavy

metal mobilisation is another attribute (see Chap. 14). Unlike amelioration

activities, the removal of pollutants is not used in this project’s assessment

approach (see Chap. 14). As within the biogas chain, a minimum of heavy metals

transferred to an energy crop ultimately leads to a low heavy metal content in the

digester. The mobilised quantity of a specific heavy metal is quantified for each

alternative bioenergy concept. The fewer the heavy metals mobilised, the better the

bioenergy concept.

(4) Preservation of resources

The need for mineral and energy resources is an essential part of all industrial

processes and should ’also be considered in bioenergy concepts. As these resources

are finite and the principle of equal opportunities for future generations should be

respected, resource consumption evaluation cannot be omitted from sustainability

analysis. Given the particularly strong association of bioenergy with agricultural

energy crop cultivation, further – renewable – resource types should also be

covered; the resources land area and water also belong to this aspect.

(4.1) Energy

Energy resources can be classified as non-renewable and renewable. Renewable

sources of energy are solar energy, hydropower, wind power, geothermal energy

and biomass. Non-renewable resources can be divided into fossil energy (oil, gas

and coal) and nuclear power.

(a) Scarcity of energy resources

The consumption of non-renewable fossil energy resources, such as oil, gas and coal,

leads to a potential scarcity. Given the static range and specific calorific value,

scarcity can be quantified with respect to crude oil as the tonnes of crude oil resource

equivalent (Gromke and Detzel 2006; Monier and Labouze 2001; Schmitz 1995).

The higher the crude oil resource equivalents’ value, the higher the extraction effect.
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(b) Cumulative energy demand

The cumulative energy demand (CED) is possibly an important characteristic value

with which to evalute energy criteria. The CED is defined as the entire primary

energy demand in Joule that can be allocated to an economic good’s life-cycle (VDI

1997); in this case, the specific bioenergy path. The CED is often used as a screening

impact indicator and can also be applied to distinguish between renewable and non-

renewable energy demands (Fritsche et al. 1999; Huijbregts et al. 2006; Schmitz and

Paulini 1999). The smaller the CED value, the better the assessment result.

(4.2) Minerals (demand for phosphate)

After discussions were held with ecology experts, the conclusion was that the analysis

of the scarcity of mineral resources within bioenergy systems should concentrate on

the consumption of phosphate as a fertiliser for energy crop cultivation.

Phosphate’s scarcity is already a primary problem, especially in agriculture

(Cordell et al. 2009). Therefore, the less phosphate is used for energy crop cultiva-

tion, the better this is for phosphate resource preservation.

(4.3) Land area consumption

Land area – especially in an unsealed and not built-up state – is a scarce good.

Consequently food production, energy crop cultivation and nature conservation

compete for it (DEIAGR 2008; Delzeit et al. 2010). As little space use as possible

should therefore be assigned to bioenergy to reduce these land use conflicts.

(4.4) Water consumption

As a resource, water should be conserved – not only its quality, but also the quantity

used for energy crop cultivation should be taken into consideration. The less water

needed throughout a life-cycle, the more sustainable the bioenergy concept.

(5) Protecting biodiversity

Biodiversity is an important factor for a stable ecosystem (Millennium Ecosystem

Assessment 2005); consequently, conserving the variety of life forms should be a

relevant aspect in environmental assessments. During the project discussions,

nature conservationists identified three parameters regarding a bioenergy path’s

contribution to biodiversity protection. All the parameters focus on agricultural

production of bioenergy crops.

(a) Number of different cultivated crops

The first parameter is the number of different cultivated crops needed as a substrate

input for a biogas plant. The larger the number of energy crops cultivated on arable

land, the more positive their impact on biodiversity.
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(b) Mass of applied pesticides

The mass of applied pesticides reduces the variety of living organisms in an

agricultural area. Since a high amount of pesticides represses biodiversity, this

parameter should be minimised with a view to sustainable development.

(c) Nitrogen fertiliser type

The nitrogen fertiliser type also has an effect on biodiversity. Providing the soil

with nitrogen through cultivated legumes is considered better for biodiversity than

digestive manure. On the other hand, digestive manure leads to a more active soil

life than mineral fertiliser. This consideration leads to the following assessment

points: cultivating legumes ¼ one point; digestive manure ¼ two points; mineral

fertiliser: three points. The fewer points allocated, the better the evaluation.

The ecological criteria are presented in Table 12.1 below.

12.4.2 Economic Criteria

The broadest differentiation of economic criteria is into investments and operating

costs: Investments are defined as the sum of all incurred expenses until plant

operation readiness, while operating costs occur during operation and depend on

the capacity utilisation (Geldermann and Rentz 2004). In our case, the following

cost components need to be considered: investments (one-time), biomass (annual),

wages (annual), transport (annual), interest on borrowed capital (annual), dividends

for capital contributions (annual), repairs (annual) and miscellaneous (e.g.,

accounting, trade tax or bookkeeping; annual). Incoming payments result from

electricity and heat sales (annual), sponsor funding (annual), residual value (one-

time after 20 years, or after the expected plant lifetime).

To develop meaningful economic criteria for the bioenergy concept assessment,

the following stakeholder group perspectives have to be considered:

• operating company

• employees

• heat clients

• farmers

• region.

The regional perspective reveals further aspects. Although there are many

definitions of a region, and the region around a possible bioenergy village cannot

be clearly defined (see Box 12.2), it affects all these stakeholder groups’ interests

plus those of their neighbours. It can also be referred to as the administrative

department’s perspective.
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(1) Operating company’s perspective

The operating company’s corporate boundaries begin with biomass supply and end

with electricity and thermal energy sales. The bioenergy plant owner can be a single

investor, an investor group, or a village cooperative.

(a) Net present value

Net present value (NPV) is a key financial management indicator. An investment’s

NPV is the difference between the sum of the discounted cash flows expected from

an investment and the initial amount invested. An interest rate is chosen to adjust

for time and risk (see Chap. 10). The project with the highest NPV should be

selected if the NPV is the only criterion.

(b) Supply contract duration

The longer the running time of the contracts between the operating company and the

agriculture and forestry suppliers, the higher the operating company’s planning secu-

rity. The operationalisation was undertaken bymeans of points: running time 0–3 years

¼ 0 points; 4–10 years ¼ 1 point; 11–15 years ¼ 2 points;>15 years ¼ 3 points.

(2) Employee’s perspective

The operating company employees are the plant manager, the operator, account

staff and the unskilled workers. Their wage level is not part of this list, because it

would not distinguish between the different technical and organizational plant

forms in Germany.

(a) Profit sharing

If the employees participate in profit realisation, or if there are other incentive

systems, this criterion is assessed positively (one point). If there is no possibility of

profit realisation participation, it is assessed negatively (0 points).

(b) Possibility of additional fee

If there is the possibility for more people besides full-time employees to work at the

plants on a fee basis, this criterion is assessed positively (yes ¼ 1 point, no ¼ 0 points).

(3) Heat clients’ perspective

Heat clients are people whose homes are connected to the public hot water grid and

who are associated with the operating company. In many considered bioenergy

concept cases, this is a cooperative. The heat clients are interested in paying

moderate prices for their heat.
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(a) Annual heat supply costs

Different biomass energy paths have different price tags for their clients. In a

bioenergy village (for the definition see Box 12.1 above), for example, people in

connected households pay less for their energy than people using fossil fuel energy

(the base is the mean of the basic charge and the heat price per kWh) (Ruppert et al.

2008). The lower the annual heat prices, the better for the clients.

(b) Minimum deposit

If people have the opportunity to participate in an operating company, for instance a

cooperative, they have to pay a deposit. The lower the minimum deposit, the better

for the clients, because the threshold for people to take this step is then lower.

(c) Connection and conversion fee (one-time pay-offs)

The lower the fee for connection, to the operating company, the conversion costs

and deposit, the better this is for heat clients.

(4) Farmers’ perspective

Farmers can have different roles in bioenergy projects: They can simultaneously be

raw material suppliers who earn money with this and heat clients with an interest in

getting heat at a low price. These are opposing targets.

(a) Influencing the price of biomass

If farmers involved in bioenergy plants can influence the price of biomass during

the running contract, this criterion is assessed positively with 3 points on a 3-point

scale. By having input in the pricing, these farmers can incorporate the agricultural

market trend and avoid suffering financial setbacks that no other farmers encounter.

(b) Operational flexibility

The shorter a contract is, the greater the flexibility for farmers. The contract length

is assessed by means of points: duration > 15 years ¼ 0 points; 11–15 years ¼ 1

point; 4–10 years ¼ 2 points; < 4 years ¼ 3 points.

(5) Regional perspective: Regional net product

The regional value added is the value at which the regional output is bigger than the

input. In this case, it refers to the region within a radius of approximately 50 km

around the bioenergy plant’s location. Behind this is the assumption that, within this

radius, all important technical crews and service contractors can be obtained.
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(a) Regional value added (investment, one-time)

Examples of regional value added relate to the investment in engineers, in crafts-

manship, or in the construction industry (civil engineering). The higher the sum of

the regional value added for investment, the better for the region (see for a

definition of a region Box 12.3).

(b) Regional value added (current)

Examples of regional value added concerning the scope of current issues are:

maintenance and repair work, notary fees, insurance companies, raw materials

from farmers, etc. The higher the regional value added for current issues, the better

for the region.

(c) Tax revenue

The council and the administrative district obtain trade tax and income tax from the

operating company. The higher these earnings are, the better for the region. The

assessment takes place by means of points: 1 point if the council has such income;

no point if there is none.

The economic criteria can be viewed in Table 12.2 below.

Box 12.3 What Is a Region?

“Region” is a very broad concept. Different authors and scientists use a range

of definitions. Among others, the definition depends on the discipline: Natural

scientists often rely on other definitions than social scientists do. For example,

a classification can be divided into two aspects:

(a) functional assignments that are grown historically. Examples include:

– job market regions (connected by commuter streams)

– business market regions (the catchment area of single contractors).

– regions for nature protection (spatial links between single ecosystems)

Such classifications, which are dependent on functional coherences, are

too imprecise to encompass a region’s administration. Therefore, there is

a group of:

(b) administrative regions:

NUTS (Nomenclature des Unites Territoriales Statistiques) makes provi-

sion for the following regions: states (0), federal states (I), districts (II)

and communal districts (III). Regional aggregations (such as the

Metropolregion Hannover) are not accounted for (NUTS 2007).

There is also the concept of a “region’s identity”, which comprehends

a subjective “identity for the region”, which can differ per individual in

the same region (Ipsen 1993).
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12.4.3 Social Criteria

Social criteria for assessing different bioenergy paths’ sustainability can be divided

into four sub-categories: acceptance, participation, psychological consequences

and employment. Table 12.3 below contains the list of criteria.

(1) Acceptance

Chapter 28 of Agenda 21 (BMU 1992) addresses the participation of the council

and people in order to solve environmental problems. Furthermore, to promote

sustainable bioenergy use, the population’s acceptance of the technical systems and

the context of the production and logistics are extremely important. Bioenergy use

acceptance refers to the following four aspects:

(a) Scenery of cultivation concepts (aesthetics)

Different cultivation concepts have different impacts on the landscape aesthetics:

The landscape can be very colourful and heterogeneous if farmers practice crop

rotation (such as triticale, rapeseed, rye and sugar beet, which are perhaps mixed

with poppies and other weeds), whereas the scenery can, for example, be boring in

the case of maize monoculture. The more positive people’s response to a

landscape’s aesthetics, the better it is. The criterion is operationalised via a five-

point scale. The higher the assessment, the better.

(b) Scenery of the technical plants (aesthetics)

Production plants (biogas plant, wood-fuelled heating plant) can also be assessed as

either more or less aesthetically pleasing. The more positive this assessment, the

better. The criterion is also operationalised via a five-point scale.

(c) Smell

When comparing biomass alternatives, we start with compliance with odour nui-

sance limit values. Nevertheless, there is a subjective smell regarding biomass use

for energy supply (e.g., the storage of silage next to biogas plants, and the transport

of liquid manure) and this can impact acceptance. It is important to note that this

does not have to be an objective criterion, it can be the perceived or suspected smell

related to biomass use in someone’s imagination (it can also be a prejudice). The

less the perceived stench, the better.

(d) Noise (factory and transport)

The block heat and power plant in the factory and transport (via truck or tractor)

produce some noise. The larger the technical plant and the more biomass it requires,

the greater the possibility that people will perceive the noise as annoying.

Noise depends on perception: If the purpose of the noise is considered meaningful,

it is assessed as positive and vice versa; consequently, this criterion is also
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subjective (Guski 2000). The less annoying the noise is perceived, the better. The

noise is further categorised into perceived factory noise and perceived transport

noise.

(2) Participation

Participation refers to different mechanisms through which people can express their

opinions and, ideally, can exert influence on political, economic, management,

cultural, family or other social decisions, to which the Agenda 21 action plan refers

(BMU 1992, Chapter 28). From an administrative perspective, participation can build

public support for activities. It can educate people about an agency’s activities.

Participation can also facilitate useful information exchange regarding local

conditions. Furthermore, participation is often legally mandated. From citizens’

perspective, participation enables individuals and groups to influence agency

decisions in a representational manner (Girschner and Girschner-Woldt 2007).

In terms of diversity management, the following groups should be considered in

the planning of biomass use and in the decision process:

• farmers

• heat clients

• men and women equally

• the communal and regional administration

• villagers and the general public

• nature conservationists

• scientists.

The more opportunities for stakeholders to participate, the better. Such partici-

pation can comprise different content aspects associated with different participation

intensities. These aspects are described below.

(a) Participation in the planning process

People from the seven stakeholder groups can be involved in the planning and

decision process for the use of a biomass concept. However, in different biomass

concepts regard people’s needs and wishes to a differing degree: The more people

are involved, the more their wishes and anxieties can be considered and conflicts

avoided. This can impact the local residents’ satisfaction, self-efficacy, etc. (Eigner-

Thiel 2005). The different biomass alternatives differ in the extent to which people

are involved in their planning process. For example, as many stakeholder groups as

possible should be involved in the planning process of a bioenergy village, while a

large-scale plant offers less possibility for extensive involvement. The more groups

involved, the better.

Since seven stakeholder groups were identified, participation in the planning

process is assessed according to eight points. One point is allotted for each

participating group and zero if nobody is allowed to participate. The more groups

involved, the better.
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(b) Participation via information

The lowest form of obtaining participation is simply by providing information. This

can be done by means informational events or meetings, information brochures and

flyers or stalls at festivities. It is important to inform people not only once about the

status of a planning process, but regularly. The communication interval can differ

between the biomass options (e.g., it is dependent on the operator type). The more

stakeholder groups are informed, the better. Again, there are eight points according

to which participation in the form of providing information is assessed. One point is

assigned for each participating group and zero if nobody is allowed to participate.

(c) Participation in finance decisions

Biomass paths can be financed by a single investor, communal institutions or

administrations, or groups of individuals (e.g., a cooperative). If individuals have

the opportunity to contribute to the finances, this can have various positive

consequences: First, this is an additional investment from the population. Individuals

can also influence the usage of their investment (e.g., determining the price of heat

and raw materials; this could include price corridors and upper and lower

boundaries). In addition, being consulted can increase an individual’s sense of self-

efficacy. Finally, people who participate in the finances will receive (at least a small)

financial gain, for example, in the form of lower heat costs, or participation in the

profits. This means that biomass paths offering more stakeholder group participation

in the finances can be considered more sustainable than those without this possibility.

The higher the number of participating groups, the better. Again, there are eight

points according to which the participation in finances is assessed. One point is

allocated for each participating group, and zero if nobody is allowed to participate.

(3) Psychological effects

Different biomass options can have different consequences for people’s self-

perceptions through the different degrees that people are allowed to participate in

the planning and decision processes. This means different degrees of sustainable

development. For the study of these factors (data), see also Eigner-Thiel (2005) and

Chap. 12 in this book.

(a) Feeling of independence from large electricity suppliers

If a bioenergy plant operator is a local – perhaps collectively organised – institution,

the feeling of independence from large energy suppliers can be especially high.

This is the result of many discussions in village meetings and interviews with

people engaged in a bioenergy village (Eigner-Thiel 2005). The feeling of indepen-

dence is assessed as more sustainable, because there is more self-reliance and less

heteronomy concerning price determination, supply security and other important

aspects of their lives, but also concerning accident risks. The feeling of indepen-

dence is operationalised on a scale of 0–4. The higher the value, the better.
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(b) Feeling of independence from fossil resources

If local residents know that their biomass-based heat source is renewable, the

feeling of independence from non-renewable resources (such as fossil fuels, oil,

natural gas, etc.) can grow. The assumption is that the higher the participation rate,

the higher the awareness of this autonomy. The feeling of independence is

operationalised on a scale of 0–4. The higher the value, the better it is.

(c) Sense of solidarity

This criterion is associated with the extent of the possible participation. Interviews

indicated that active engagement in a collective climate protection project enhances

solidarity in a group. This has positive effects on people’s well-being and health

(Eigner-Thiel and Schmuck 2010). The sense of solidarity is operationalised on a

scale of 0–4. The higher the value, the better.

(d) Self-efficacy

Self-efficacy is the measure of one’s competence to complete tasks and reach

specific expected goals. This expectation influences one’s thoughts, emotions,

behaviour, ambition, effort and persistence (Bandura 1992, 1997). This criterion

is also dependent on the extent of the participation, as indicated in interviews

(Eigner-Thiel and Schmuck 2010). The feeling of self-efficacy is assessed on a

scale of 0–4. The higher the value, the better.

(e) Feelings of pride, fun and meaning

There are also coherences between the degree of participation and the pride and joy

at planning and implementation, learning success, satisfaction and a positive feeling

of meaning. This relationship is described in interviews (Eigner-Thiel and Schmuck

2010; Wüste and Schmuck 2012). The feeling of pride, fun and meaning is

operationalised on a scale of 0–4. The higher the value, the better.

(f) Image of the village or town

The existence of bioenergy technologies in a village or a town can affect its image

positively (if it is associated with progress or eco-friendliness) or negatively (if it is

associated with smell, noise, or low plant aesthetics). This can positively or

negatively influence a whole region. The higher the image of a village or a town

with regard to bioenergy plants, the better, because people enjoy living in a well-

known locality.

(g) Subjective assessment of accident risk

People often associate accident risks or disaster risks with technical plants. This can

differ, depending on the technology type, plant type, plant size, etc. The less the

assessed risks on a scale of 0 (no risk at all) to 4 (very high risk), the better.
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(4) Employment

(a) Additional workplaces

With the usage of local bioenergy for electricity and heat supply, jobs such as a

biogas plant manager and also administrative jobs, may be generated. On the other

hand, jobs like that of a bioenergy village’s chimney sweep are also replaced,

because the number of individual heating systems will decrease. The difference

between the number of jobs in a village or a region before and after an energy

conversion process is another social criterion. The higher the number of addition-

ally created jobs, the better.

(b) Possibility to work part-time

The provision of part-time jobs can contribute to the family life and professional

life of men and women being more compatible (OECD 2002, 2005; SEK 2006;

Caspar et al. 2005; BMFSJ 2008). Therefore, if a specific biomass concept can

provide more part-time jobs than others, it is allocated more points. The crucial

value is the number of potential part-time jobs per 1,000 inhabitants.

The social criteria can be viewed in Table 12.3 below.

12.4.4 Technical Criteria

Technical criteria do not follow directly from the three-pillar model of sustainable

development as with the other three groups of criteria. However, the authors found

it important for the biomass conversion process to report technical criteria sepa-

rately. In principle, one could also assign the technical criteria to the other three

pillars, but this might result in a loss of information. It is important that, within the

technical criteria, the ratio of the criteria for the three different pillars – ecology,

economy and social aspects – is balanced, or, if not, the weightings of the criteria

originating from these three pillars are balanced.

(1) Plant efficiency

Efficiency is generally defined as the ratio between the yielded output and the

yielded effort (input). Furthermore, efficiency is an objective of sustainable devel-

opment in order to minimise the usage of energy and raw materials.

(a) Thermal efficiency factor

The thermal efficiency factor is the ratio of the delivered thermal output to the input

energy. The larger this efficiency factor, the better.
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(b) Electrical efficiency factor

This is the ratio of the delivered electrical output to the input energy. The larger this

efficiency factor, the better.

(c) Heat use in summer

If the heat from the bioenergy plant is used, for example, to warm water (e.g.. for an

existing swimming pool), or to dry i.e. wood, corn, clinkers instead of being

released into the air, the concept is considered more sustainable. Points are allotted

according to a postive answer (one point) and a negative answer (no point).

(d) Modularity

Multiple kettles or biogas plant parts have advantages, because partial workload

operation can take place during maintenance, which is positive with regard to

emissions and efficiency. The criterion is assigned via points for classes: The higher

the number of points, the better.

(2) Biomass transport

Biomass is transported from the fields to the plant and the digested residue is

deployed in the fields. Consequently, one needs tractor-drawn trailers or trucks;

these lead to noise, energy consumption, emissions and accident risks. The following

criteria are relevant here:

(a) Frequency

The less transportation (number of vehicles) needed, the better, as less noise and

emissions are produced, fewer accidents occur and the less energy is needed.

(b) Point in time

The more transportation is done during the day (1 point) instead of at night (2

points), the better, due to less noise at bedtime.

(3) Administrative effort (licence duration)

Different approvals are necessary for different kinds and sizes of bioenergy plants;

these have associated costs. For example, in Germany, a biogas plant – depending

on its size – must comply with a building law and an emissions law (BImSchG).

Different approvals have different time-frames. The more complex an energy

system, the longer its approval takes. Therefore, the fewer days required for

approval, the better.

The technical criteria are shown in Table 12.4 below.
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12.5 Bioenergy Alternatives

The research effort’s overall aim is to compare the sustainability of different

bioenergy concepts regarding a specific geographical location. The socio-

geographical framework conditions are defined by the local characteristics of the

plant cultivation site (climate, soil type, elevation and air temperature) and the

village (population, age distribution and community activities). These

characteristics primarily affect energy crop selection, impact the nature and land-

scape, the yields and the social and economic aspects. The characteristics of such a

village influence, inter alia, the demand for energy for electricity and heating. For

example, if there is a public swimming pool, or industrial heat customers, the

village needs more energy than a “normal” village.

Within these preconditions, two spatial dimensions are considered (Fig. 12.3):

(a) alternative regional bioenergy concepts (regional dimension)

(b) different bioenergy village types as local bioenergy concepts (local dimension).

All the technical bioenergy concepts described are well established and have

been available on the market for a long time. The lack of suitable data on new and

innovative technologies, i.e. biomass gasification systems has led to their omission

from this comparison. We define our base area as farmland; the conversion

technologies therefore mostly utilise agricultural products. The woodchip heating

plant is only fuelled by local forest products.

For the realisation of bioenergy concepts in a village, the following alternatives

are possible:

• the agricultural energy crop cultivation system: conventional farming vs.

organic farming vs. crops from contaminated soils1

Fig. 12.3 Different spatial dimensions for the comparison of different bioenergy concepts

1 Cultivation of energy crops on contaminated sites might reduce the competition for agricultural

land with food crops (see also Chap. 14).
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• biomass fuel for the woodchip heating plant: wood, straw or wood from

contaminated soils

• the operating company: one outside investor, or a corporation with collective

investors of whom the majority come from the village, or an investor group

comprised of farmers

• the possibility for people to participate in the planning process: yes or no.

The combination of these four aspects (with their particular specifications:

3x3x3x2) leads to 54 theoretically possible alternatives. In an actual bioenergy

project, the combinations that are feasible under actual circumstances need to be

determined. See Table 12.5 for the various combinations.

For the local dimension, the following presumptions must be met for a compari-

son of the different approaches to bioenergy villages: The approaches are based on

the bioenergy village Jühnde concept. Therefore, the energy conversion techniques

will be a biogas plant, a combined heat and power station, a heating plant fuelled by

woodchips, a hot water grid, and a boiler fuelled by oil or biodegradable diesel (as a

contingency reserve). Furthermore, it is assumed that 70 % of households have a

pipe connection to the local hot water grid (see Box 12.1; Ruppert et al. 2008).

On a regional scale, the bioenergy concepts are oriented towards a general

bioenergy supply. As a shared reference value for the comparison, the required

land area is chosen for a bioenergy village’s energy crop cultivation. For example, a

bioenergy village needs 300 ha of agricultural land to supply its inhabitants with

electricity and heating. These 300 ha will be the land area to be used when

comparing the regional biomass concepts. For a large-scale plant, these 300 ha

are just a percentage of the whole area that is needed. For a small-scale plant, 300 ha

might be more than the plant actually needs. The bioenergy alternatives based on

the biogas techniques vary in scale and the type of biogas used. The defined

alternatives are listed in Table 12.6.

The challenge is to define appropriate and meaningful alternatives. Data collec-

tion and compilation are laborious tasks.

The data relating to the criteria need to be collected and documented with regard

to the different alternatives. In the current project, the data will be obtained from the

other sub-projects, from databases such as GEMIS and from a literature review.

Table 12.5 Possible combinations for bioenergy villages (local scale)
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Since the focus is on bioenergy villages and their sustainability implications, the

investigated bioenergy concepts are deliberately not compared with other renewable

energy forms (e.g., wind energy or photovoltaic energy), because the scope would

then be too broad and it would be impossible to provide the users with an in-depth

differentiated comparison. Nonetheless, Oberschmidt et al. (2010) offer an exem-

plary comparison of different forms of renewable energy.

12.6 Weighting Process

Once the criteria hierarchy has been established and data on the alternatives have

been compiled in the decision table, the weighting process can take place.

Weighting factors express the relevance or importance of each attribute. The

weighting or valuation of different criteria is a subjective element in the assessment

of techniques. It addresses the relative importance of the different criteria of a given

decision problem for the decision-maker, or the stakeholder group. The weighting

factors thus constitute the preferential information between the criteria (Belton and

Stewart 2002). There are several weighting techniques (e.g., direct ratio, SWING

(v. Winterfeldt and Edwards 1986), SMART (Edwards 1977; Winterfeldt and

Edwards 1986), SMARTER (Barron and Barret 1996; Edwards and Barron

1994), eigen vector method (Saaty 1980), etc.). The discussion of weighting issues

leads to the following fundamental questions, especially regarding the valuation of

the different criteria of sustainable development:

• Should there be a weighting at all?

• If so, which weighting method should be used?

• Which weights should the different criteria be given?

Scientific research can support decision-makers’ quest to better understand the

interdependencies in the weighting of environmental criteria. However, this

Table 12.6 Alternative regional bioenergy concepts

Concept

B1: bioenergy

village Large biogas plant

Single biogas

plant

Biomass input Energy

crop + wood

Energy crop Energy crop

Conversion technology Anaerobic

digestion,

combustion

Anaerobic digestion,

feeding into the gas

grid

Anaerobic

digestion

Products Biogas ! power,

heat

Biogas ! power, heat Biogas ! power,

heat

Power 716 kW 2.5 MW 225 kW

Arable land area or land use for

energy crop cultivation (ha)

~300 ~900 ~60

Electricity production per year

(MWh/a)

4,500 50,000 1,900
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discussion is very controversial, and it should be noted that some authors favour a

more technical approach, while others stress the importance of detailed stakeholder

involvement due to context sensitivity and the significant influence this has on the

overall results.

In our case study, the SWING method (see Winterfeldt and Edwards 1986) was

used for the weighting process. The method comprises everybody in a group

awarding a number between 0 and 100 to each criterion. The most important

criterion is weighted with a high number such as 100, and the others with smaller

numbers. The numbers are converted into percentages so that the sum is 100 %, and

the percentages of the (in our case between four and seven) experts are averaged

(the mean value is calculated).

In this study, the weighting process occurred in three experts groups:

• social experts

• economic experts

• ecological experts.

Each of the expert groups first weighted the relative importance of four

sustainability dimensions: the ecology, economy, social aspects and technical

aspects. The weighting process occurred in a moderated group. Firstly, each person

weighted the criteria individually, thereafter the appraisals were presented to the

others and discussed. After this, everyone had an opportunity to change their

judgement. The results of the first preliminary weighting process (the decision

table is not yet complete) are shown in Fig. 12.4 as a box-and-whisker diagram.

The bars show the average of the expressed weighting factors of the four most

important criteria in the criterion hierarchy, while the ends of the whiskers represent

the minimum and maximum weighting factors allocated by a group of experts.

Figure 12.4 shows that the experts agreed that the ecological criteria should have

the highest priority, followed by the social and economic criteria. The technical

Fig. 12.4 Results of the weighting process of the first criteria level to assess the sustainability of

bioenergy paths (n: number of people who weighted the importance)
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criteria were seen as the least important. The primacy of the ecological criteria

confirms the underlying assumption that the described approach is a strong

sustainability concept (see the next section). It should be noted that no engineers

or deciders (farmers or designers) participated in this weighting process, only the

three expert groups.

Experts may want to change their assigned weighting factors when they see the

complete decision table and the applied MCDA algorithm results. Belton and

Stewart (2002) state, for example, that the MCDA is an iterative process, and

sensitivity analyses will provide further insights into the decision problem, possibly

leading to an adjustment of the stated preferences.

12.7 Data Sets for Criteria Specification

12.7.1 Types of Data to Compare Bioenergy Concepts

Complex decision problems call for the involvement of various groups of experts

with different scientific or professional backgrounds. Table 12.7 shows the scien-

tific disciplines that contribute to the research project (as described above in the

different criteria’s sections) and the data type they usually deliver: Natural

scientists and engineers mostly produce quantitative or quantifiable data, while

social scientists also deliver qualitative results.

Table 12.7 Overview of the participating disciplines in this bioenergy project and the quality of

the data used in the MCDA

Disciplines Data quality

Quantitative or

quantifiable data

Qualitative

results

Geography Spatial data (GIS), temporal data

(climate data)

X

Chemistry Numerical chemical analysis

(concentration)

X

Soil sciences Numerical chemical analysis

(concentration)

X

Environmental sciences Spatial data (habitat, biodiversity) X X

Psychology Interviews, questionnaires (motivation,

acceptance)

X X

Economy Numerical analysis (cash value) X

Crop cultivation Numerical analysis (crop yield, amount

of fertiliser)

X

Agricultural economics Numerical analysis (contract design),

questionnaires (acceptance)

X X
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12.7.2 Data Format

The format of the ecological data is mostly quantitative. Quantitative data are

derived from empirical studies as well as from databases, as described in the

following sections:

Knowledge about the local availability of biomass for energy is an important

aspect in the context of local and regional bioenergy concepts. Therefore, geo-

referenced input data on radiation, precipitation, evapotranspiration, temperature

and soil properties have to be compared with the cultivation-specific requirements

of the different crops on the site to allow the biomass production yield to be

modelled (Bauböck 2009; see also Chap. 7 in this book).

The evaluation criteria also consider agricultural activities’ impact on the protec-

tion of species and biotopes, the landscape, erosion prevention, and other environ-

mental impacts (van Haaren and Bathke 2007; Wiehe et al. 2009). We will also

obtain data from other research studies of this type (see Chap. 8 in this book).

An example of a specific bioenergy concept is the use of biomass from

contaminated sites for energy. Contaminated sites that may be polluted with

hazardous substances (e.g., heavy metals) due to mining activities or flooding by

contaminated water offer an interesting option for energy conversion (Deicke et al.

2006; see also Chap. 14 of this book).

The format of the economic and social data is quantitative as well as qualitative.

The data are mostly derived from empirical studies, as described in the following

section:

Besides economic reasons, farmers’ willingness to cultivate energy crops

depends on many social or psychological factors such as environmental awareness,

risk attitudes, knowledge and involvement (Ruppert et al. 2008; Granoszewski et al.

2009; see also Chap. 9 in this book). Thus, the decision support tool should consider

the drivers and barriers revealed through interviews, questionnaires and the

subsequent statistical analyses of, for example, the social criteria.

The format of the technical data is mostly quantitative and the data are derived

from databases and literature reviews.

12.7.3 Data Consolidation

The consolidation of data from the diverse scientific fields should consider several

aspects: The data have different reference values (site-related yields, plant-specific

operating costs per year, the share of the population, etc.) and are stored in different

formats (shapefile, spreadsheets, text file, etc.). Furthermore, the data quality can

vary, as the data from a chemical analysis may have small ranges, while data on the

operating level may have a much higher deviation margin. As mentioned above, the

comparability of the data should be guaranteed, therefore the units and the reference
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systems should be comparable; this is the greatest challenge. Furthermore, certain

data to be gathered within the collective research project refer to special local

conditions (soil, climate, etc.), while data on other criteria have be taken from general

databases (e.g., GEMIS). Here, comparability must be proved very thoroughly (see

Schmehl et al. 2010).

The development of a consistent life-cycle inventory database faces similar

challenges. Hischier and Gilgen (2005) emphasise the relevance of standardised,

comprehensive and actual life-cycle inventory databases. In the ECOINVENT

project, a clearly defined and comprehensive data exchange format is used, which

includes meta-information, modelling, validation and administrative information.

Furthermore, there are already approaches to implement geographic information in

life-cycle databases, and vice versa. On the one hand, the inventory data can be site-

specifically assigned in the geographic information system. On the other hand, the

geographic data can be used to identify the correct characterisation and weighting

factors for the life-cycle assessment (Wei and Carlson 2002).

12.8 Visualisation

Modern information systems and decision support systems not only store and

process data and information, but also display them in a user-friendly manner

(Geldermann 2010). Currently, the visual representation of data tables, for example,

with bar charts, pie charts, or trend lines, is widely used. In interdisciplinary

research topics, the derived research results need to be presented to many lay

persons in the various scientific disciplines. For instance, social scientists and

natural scientists have to communicate their results to each other. Interested public,

such as the village community, or the local administration, also seek advice on

building a bioenergy village. Thus, it is essential to present the analysed bioenergy

concept’s expected advantages and disadvantages for a specific village or region in

an easily understandable way.

An open scientific question is the visualisation of specific aspects of the problem

to show that some aspects are characterised by far more assessment criteria than

others. In decision theory, this is called bias, which is generated by highly asym-

metrical criteria hierarchies (Hämäläinen and Alaja 2008).

Profiles will be generated to assess the different bioenergy concepts in order to

depict the impacts that sustainable development’s three pillars have on direct

comparison. Methods from operations research and main component analysis,

allow the graphical illustration of a high dimensional solution space (Bertsch

et al. 2007; Bertsch et al. 2006; Treitz et al. 2008; Geldermann et al. 2009).

Figure 12.5 displays four ways to visualise the results of an MCDA algorithm

with regard to the same decision problem (with illustrative data). It should be noted

that similar graphical representations are being developed for various MCDA

algorithm types, such as multi-attribute utility theory (MAUT), or outranking.
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Geldermann and Schöbel (2011) show that different approaches often have the

same mathematical foundation.

Further research is necessary to answer the question on which presentations

types most people understand best: Cognitive aspects lead to people perceiving

graphically visualised evaluation results in different ways. Exposure to graphical

representations is not self-evident or elemental; therefore, their comprehension has

to be learned (Cox and Brna 1995; Petre and Green 1993; Weidenmann 1994;

Ainsworth 1999). The use of graphics for the visualisation of non-spatial, abstract

information – for example, economic data – has only been in common practice in

the West since the eighteenth century (Tversky 2000; Roth and Bowen 1999).

Consequently, graphical representations can easily be misunderstood, especially

by inexperienced or lay persons, and are therefore likely to be interpreted superfi-

cially (Weidenmann 1994; Cheng et al. 2001). It is therefore important to edit

multi-criteria decision support results graphically, thus allowing perception-

psychological knowledge to be considered. This is open to further research by

specific psychological studies.
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Fig. 12.5 Example of a possible graphical presentation of a PROMETHEE analysis of six

biomass concepts (A to F) with regard to five criteria: (a) principal components analysis under

consideration of uncertainties by means of a Monte Carlo simulation; (b) a histogram of the

outranking flows; (c) a spider diagram; (d) a partial pre-order
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Box 12.4 Representation of Information in the Human Memory

Representation is the illustration of an issue in the mind (Palmer 1978).

According to Larkin and Simon (1987), a concept can be differentiated into

propositional representations (like language, logical statements, and linearly

arranged information) and graphical representations (the use of spatial

relations and the availability of information at a glance). On the other hand,

individuals’ different cognitive styles are also relevant. There are verbalisers

and visualisers, i.e. people with different preferences for different types of

illustration and, therefore, with a different understanding of them (Cox et al.

1994). Schmuck et al. (1998) examined the intelligibility of various symbols

for specific product groups and company groups’ assessment according to

sustainable development aspects. They showed that various symbols can have

very different effects on perception speed and clarity.

12.9 Conclusions

In this chapter, we described the progress of a possible process to choose a special

biomass option that is as sustainable as possible. We used an interdisciplinary

approach to illustrate the process. The aim of the developed approach is to aggre-

gate different bioenergy concepts’ sustainability strengths and weaknesses within a

ranking order.

The Multi-Criteria decision analysis (MCDA) helps to structure a decision

problem (Department for Communities and Local Government 2009; Geldermann

and Rentz 2001; Wilkens and Schmuck 2012). This method seeks to gain insight

into the decision problem and to learn more about the investigated alternatives. It

increases the transparency of the assessment of the various criteria and alternatives;

and therefore reduces the complexity of the decision process. Further, the goal is to

distinguish between the subjective and objective preferences specified during the

decision process. The alternatives have to be comparable. The itemisation of the

indicators (especially the sustainability indicators; see Sect. 12.3) is crucial. In this

regard, the development of social criteria within the regional biomass paths is

specifically a new research aspect.

We showed that decision support system development is always site-specific for

villages and regions. The requirements of local and regional deciders should therefore

be considered to support the best choice of a suitable and sustainable concept.

As described, an information system for the assessment of different bioenergy

concepts with regard to sustainable development has to manage data on ecological,

economic, social and technical aspects. On the synthesis side, there are data on geo-

referenced environmental information, acceptance surveys, bioenergy plants’ tech-

nical characteristics, the documentation of interviews and questionnaires, chemical

analysis results, etc. The weighting process is also a differentiated step that should

be undertaken by experts who are deeply involved in sustainable development. The

376 S. Eigner-Thiel et al.



challenge is therefore not only the vast amount of data in very non-homogeneous

formats, but especially the mastering of the logical coherence of the data from

different sources and scenarios. In addition, a vast base of experience with and

knowledge of sustainable development is essential, which will inevitably lead to an

interdisciplinary discussion.

After the interdisciplinary effort to establish a criteria system and to calculate the

criteria values, or the relative strengths and weaknesses of individual biomass

alternatives, it is crucial that the results should be understood by as many people as

possible, because people need to accept one of the alternatives. Again, this participa-

tory aspect is part of a sustainable biomass concept. Wilkens and Schmuck (2012)

describe this process as follows: TheMCDAprocess offers a platform for the exchange

of arguments and different perspectives, provides data that can answer residents’

questions, and combines scientific data with the actors’ perspectives, thus making

well-balanced decision-making possible. This requires the professional preparation of

theMCDAprocess in the form of well-understood visual presentations. Only then will

the theoretic scientific effort lead to the successful application – also by lay people –

and support of a more sustainable life on earth.

To date, the spatial and temporal scaling problematic is unsolved. Specifically,

in the field of interdisciplinary research, in which economists, natural scientists and

social scientists work and collect data on different scales, further research is needed

to extrapolate and model the data from one scale to another in the different research

fields and to combine them properly. Ensuring the comparability of different data

sources is another great challenge.

The results of the process depicted here can contribute to sustainable development.

The scientific findings we describe can help preserve biodiversity, reduce global

warming, rekindle village life, strengthen the democratic will, consolidate regions’

economic potential and strengthen rural development.
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Entscheidungsunterstützung. Aachen: Shaker.

Eigner-Thiel, S., & Schmuck, P. (2010). Gemeinschaftliches Engagement für das Bioenergiedorf
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eigenständigen Wärme- und Stromversorgung durch Biomasse für Landwirtschaft, Ökologie
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Rösch, C., Skarka, J., Raab, K., & Stelzer, V. (2009). Energy production from grassland –

Assessing the sustainability of different process chains under German conditions. Biomass
and Bioenergy, 33(4), 689–700.

Roth, W.-M., & Bowen, G. M. (1999). Of cannibals, missionaries, and converts: Graphing

competencies from grade 8 to professional science inside (classrooms) and outside (field/

laboratory). Science, Technology, and Human Values, 24(2), 179–212.
Ruppert, H., Eigner-Thiel, S., Girschner, W., Karpenstein-Machan, M., Roland, F., Ruwisch,

V., Sauer, B., & Schmuck, P. (2008). “Wege zum Bioenergiedorf” – Leitfaden für eine
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Part VI

Combustion of Biomass for Heat and Power



Chapter 13

Emissions of Organic and Inorganic

Pollutants During the Combustion

of Wood, Straw and Biogas

Torben Seidel, Jürgen Orasche, Hans Ruppert, Jürgen Schnelle-Kreis,

and Hans Hartmann

Abstract In Europe, wood combustion in stoves and boilers is widely applied for

residential heating. In Germany, approximately 15 million of 40 million households

own small-scale furnaces, which deliver 7 % of Germany’s heat consumption. Using

state-of-the-art small-scale combustion systems, we investigated how the air quality

changes due to the emissions of harmful elements and organic pollutants during the

combustion of wood and straw.

Heavy metals: Beside the fuel, we analysed all the originating ashes – grate ash,

heat exchanger ash, and fly ash – to reconstruct element fluxes. As the input/output

balance calculations show, some elements – such as cadmium, zinc, tin, thallium,

lead, bismuth and antimony – may also be retained within the cooler zones of the

furnace, in the chimney, or in the refractory lining material where samples could not
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be taken. Only the elements contained in the filter ash are emitted; at most, these

element portions represent 30 % of the amount contained in the fuel.

Organic pollutants: The concentration of organic compounds strongly depends

on the fuel type, the furnace and the combustion conditions. The emission of, for

instance, polycyclic aromatic hydrocarbons (PAHs; especially Benzo(a)pyrene)

can only barely be detected in wood pellet boilers, is more in wood chip furnaces

and is more than a factor 100 higher in wood-log-fuelled fireplaces, indicating

inappropriate conditions for complete oxidation. This situation is critical, consider-

ing that there are now six million wood log fireplaces in Germany.

The pollutants are bound in fine (<1 μm) particles or gaseous compounds and

may enter the lungs’ alveoli and contaminate the body. Clearly, effective emission

reduction measures are necessary.

Keywords Combustion • Wood • Straw burning • Ash composition

• Concentrations and balances of inorganic and organic pollutants • Heavy metals

• PAH • Emission • Air pollution • Health

Abbreviations

CHE condensing heat exchanger

CHP plant combined heat and power plant

EC elemental carbon

ESP electrostatic precipitator

ICP-OES inductively coupled plasma optical emission spectrometer

ICP-MS inductively coupled plasma mass spectrometer

MJ Megajoule ¼ 106 Joule

OC organic carbon

PAH polycyclic aromatic hydrocarbon

PJ Petajoule ¼ 1015 Joule

PM particulate matter

PM2.5 particulate matter with a diameter of smaller than 2.5 μm
SOA secondary organic aerosol

TEQ toxic equivalent

TSP total suspended particulate matter (the total of all particles in the air)

TTC threshold of toxicological concern

WSOC water-soluble organic compounds

13.1 Introduction

Socially accepted as well as ecologically and economically feasible concepts for our

energy supply should be sought to counteract the greenhouse gas effect, the shortage

of non-renewable fossil energy sources and dependence on energy suppliers. Wood
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residues from forests, wood from short rotation tree plantations and straw are

interesting alternative sources to replace fossil fuels. In Germany, of which approx-

imately 30 % is covered in forests, 54.7 million solid cubic meters of wood,

corresponding to 43 % of the wood production, were used for energy purposes in

2008 (FNR 2012), mostly for heat production. The energy potential of wood from

forestry is estimated to be 360 PJ in 2050 (FNR 2012). The use of wood fuel offers

many advantages if forests are not cut down or overexploited:

• Wood from sustainable forestry provides a well-balanced CO2 cycle (CO2

neutrality). Energy wood use can promote forest care and allows for an optimum

use of wood that is fairly low in quality and value.

• In contrast to other renewable energy sources, such as wind and solar power,

these natural fuels are available when needed.

• The “grey energy” – i.e. the energy necessary to utilise the raw material – is low.

In relation to its energy value, the energy consumed in wood pellet production is

below 6 %, while the energy consumption required to produce natural gas, liquid

petroleum gas and heating oil is between 10 % and 14.5 % (FNR 2012).

• Wood processing, transportation, storage and combustion are low risk activities.

Accidents and environmental damage (e.g., leakage of tank trucks) have been

reduced to a minimum.

• Applying renewable energy sources saves fossil resources for future use.

• Because wood is available locally and regionally, the added value remains in the

region, which helps stabilise the local economy and jobs.

The disadvantages of wood combustion are the emission of gaseous, liquid and

solid substances that may impact our health negatively. Given the increasing use of

wood for heating, this aspect should not be neglected, since it may lead to some parts

of the population having problems accepting it. Fortunately, due to technical

advancement – partly mandated by the amendment of the Ordinance on Small and

Medium Firing Installations (Deutscher Bundestag 2009) –, modern firing facilities’

emission of harmful gases and particulate matter has decreased considerably.

In this chapter, we focus on organic and inorganic pollutants’ concentration in

the dust and their fluxes from the chimney into the environment. Ideally, complete

combustion should be achieved; the emitted particulate matter should then mainly

consist of soluble salts – such as chlorides, sulphates and nitrates but also of

carbonates and oxides – of the elements potassium, calcium and sodium – as well

as low concentrations of harmful elements, which will depend on the fuel compo-

sition. If the combustion is not perfect, the flue gas also consists of organic matter

that may contain a wide range of harmful organic compounds.

In this chapter, we specifically concentrate on heat production through biomass

(wood and straw) and show how the quality of different fuels and heating systems’

burning conditions affect the composition of emitted exhaust gases and ashes.

All the burning experiments were performed under typical conditions to ensure

results that mirror reality. By combining the concentrations of elements in the fuel,

the formed ashes and the emitted aerosols (fly ash) with the amount of burnt fuel,

the amount of the various ash fractions and the amount of emitted aerosols, we were
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able to calculate the energy-normalised mass fluxes of every element in different

combustion facilities (large-scale and small-scale furnaces). In addition to the

elements, we analysed many organic compounds in the fly ashes resulting from

incomplete combustion and calculated the emission factors for all the compounds.

This allows an evaluation of the emissions of both the inorganic and organic

compounds released from different sources.

We additionally analysed the exhaust air produced by a combined heat and

power (CHP) plant relying on biogas as a low-emission reference.

13.2 Particulate Matter Emission

The amount of emitted particulate matter, its grain size distribution and its composi-

tion determine how health is affected by harmful substances released into the air

during the combustion. Respirable particulate matter smaller than a few micrometers

is considered a strong potential hazard for health. It can therefore be assumed that the

acceptance of biomass fuels depends on the amount of particulate matter released into

the air. The combustion of straw or wood fuels with a high bark content specifically

leads to high amounts of ash residues. Wood pellets are mostly produced from by-

product of wood processing which usually do not contain any bark, what leads to low

ash residues and low ash emissions.

Particulate matter (PM) comprises particles that do not sediment immediately

and remain in the atmosphere for longer. According to Brunner et al. (2006), a

distinction is made between coarse-mode particles (from approximately 40 to 1 μm)

and fine-mode particles (<1 μm).

Since airborne particles do not have a uniform shape and density, a dust

particle’s size is characterised by its aerodynamic diameter. This diameter describes

a spherical particle with a diameter of 1 g/cm3 that drops in air at the same velocity

as the monitored particle. Definitions:

TSP: Total suspended particulate matter (the total of all particles in the air)

PM10: Particles with an aerodynamic diameter < 10 μm
PM2.5: Particles with an aerodynamic diameter < 2.5 μm
PM1.0: Particles with an aerodynamic diameter < 1 μm
Ultrafine particle: Particles with an aerodynamic diameter < 0.1 μm.

According to Klippel and Nussbaumer (2007), aerosols formed during combus-

tion and identified in flue gas can be classified as follows:

• Soot, which is generated as a synthesis product during the incomplete combus-

tion of organic matter under oxygen depletion

• Inorganic, salt-like particulate matter, which is easily visible during complete

combustion
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• Particulate and condensable organic compounds from incomplete combustion.

They are formed, for instance, in poorly operating wood stoves as decomposition

or synthesis products and may contain strong enrichments of polycyclic aro-

matic hydrocarbons (PAH).

Depending on their size, aerosols have different deposition maxima on the way to

or in lungs. The group PM10 is called the respirable group. Particles larger than 10 μm
deposit in the extrathoracic respiratory tract (mouth, nose, throat), conversely,

particles between 2.5 and 10 μm usually deposit in the respiratory tract (mouth,

nose, throat, bronchia). Particles smaller than 2.5 μm deposit in the respiratory tract

and the alveoli. A particle’s penetration depth depends on different factors, such as

the particle size, form and hygroscopy. Physiological and anatomical factors, such

as the anatomy of the respiratory tract, pathological changes, mouth/nasal respiration,

inhalation volume and the breathing space, also play a central role (US-EPA 2004).

To date, the limiting values for particle emissions from wood combustion are

provided as mass concentrations, but do not consider any concentrations of their

toxic and nontoxic substances.

One of the best-known studies on the health relevance of fine dust is the Harvard

Six Cities Study (Dockery et al. 1993). More than 8,000 people were surveyed for

15 years and their illnesses, discomforts and symptoms recorded. The influence that

TSP, ozone, SO2, SO4 and PM2.5 had on their health was examined. Although the

smoking, overweight and school education were included as factors, the town with

the highest particulate matter load associated with sulphate still had a significant

26 % extra deaths. Based on this study, Laden et al. (2006) investigated six towns

for more than 8 years; here, the air’s particulate matter load was lower. While this

study verified the results of the previous study, it also showed a decrease in

mortality with a decreasing aerial load. An additional load of 10 μg/m3 of PM2.5

increases the mortality rate by a factor of 1.16, the lung cancer death risk by a factor

of 1.27, and the heart circulatory disease death risk by a factor of 1.28. Mortality

was also associated with sulphate. No association was verified between mortality

and TSP, CO and NO2.

A study by Pope and Dockery (2006) shows the influence of a short-term

exposure to PM2.5. Such exposure leads to the blockage of the coronary arteries

and causes heart circulatory illnesses. In this study, 12,865 patients were examined

for circulation problems in the heart arteries. The risk of such an illness increases by

4.5 % if the concentration of PM2.5 rises by 10 μg/m3.

A study on children in Switzerland links TSP to upper airway symptoms and

coughing (Braun-Fahrländer et al. 1992; Braun-Fahrländer 2001). Dockery et al.

(1996) ascertained an increase in the prevalence of bronchitis and a significant

association between particulate matter and lung function parameters. Ackermann-

Liebrich et al. (1997) as well as Zemp et al. (1999) associate TSP, PM10 and NO2

with chronic cough, chronic sputum, breathlessness and reduced lung function. There

is a higher risk of diabetics and cardiovascular complications (Zanobetti et al. 2000).

The health risks of chronic exposure to particulate matter are manifold and seem

to be associated with shorter life expectancy. That is why the EU guideline 1999/30/

EG aimed at a daily mean PM10 concentration of 50 μg/m3 and an annual mean of
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40 μg/m3 in the first stage (Council of the European Union 1999). The second stage

(from 2010) retains the daily mean, but reduces the annual mean to 20 μg/m3. The

daily mean of 50 μg/m3 may not be exceeded on more than 35 days per year. This

guideline was converted to a national right in the Ordinance for the Implementation

of the Federal Immission Control Act (Deutscher Bundestag 2010). The Federal

Environment Agency documents address the exceeding of particulate matter limits

in the Germany (UBA 2009).

13.3 Pollutant Formation Mechanisms in Biomass Combustion

Combustion products are formed during combustion of woody and non-woody

biomass. These can be categorised as follows:

• Products from the complete combustion of organic compounds, such as carbon

dioxide (CO2) and water (H2O)

• Products from the incomplete combustion of organic compounds, such as carbon

monoxide (CO), hydrocarbons (CnHm, tar), polycyclic aromatic hydrocarbons

(PAK), soot (C contaminated by organic groups), etc.

• Non-ignitable emissions of dust and ash containing inorganic heavy metals such

as Cu, Pb, Zn, Cd as well as nitrogen, sulphur, chlorine, potassium and calcium

compounds (NO, NO2, HCN, NH3, N2O, SO2, HCl, KCl, CaSO4, etc.).

The only residues after complete combustion are CO2, water and ash. Nussbaumer

(1989) presents a scheme with important products emitted during the combustion of

wood (see Fig. 13.1).

The CO2 released during biomass combustion is considered climate-neutral,

because only the amount of CO2 taken up by photosynthesis from the atmosphere

during the growth of the plant is released. The water originates from fuel moisture

content and from the oxidation of the hydrogen contained in biomass.

The picture changes, however, during incomplete combustion. Unburnt or par-

tially burnt components are then delivered into the air; but owing to their toxicity,

these should be minimised. Optimal combustion conditions are therefore a priority.

However, this optimum can be reached in different ways, depending on the fuels

and the fireplaces’ characteristics. According to Kaltschmitt et al. (2009), the

properties of the combustion chamber and furnace operation should be optimally

harmonised with the burning conditions of the biogenic fuels and should fulfil the

following requirements:

• The division of the added combustion air into primary air and secondary air.
Primary air is required for fuel and carbon gasification, while secondary air

supports the burning of gases. Primary air influences the heat input, while

secondary air influences the burnout of the combustion gases.

• An excess of oxidising agents. If the excess air supply (lambda value) is lower

than the optimum value, this results in oxygen depleted zones; if the excess air
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supply is too high, this results in an undercooling of the flame, accompanied by

incomplete combustion.

• A homogeneous mixture of secondary air and ignitable gases.
• A high temperature and the ignitable gases should remain in the hot zone for a

sufficient time (at least 850 �C for 0.5 s). In short, a combustion plant must be

optimised according to the 3T criteria (time, temperature, and turbulence) as

well as the available oxygen. The constructional conditions can have an adverse

influence on these factors and can thus result in elevated C contents in the ash as

well as in the enhanced emissions.

The nitrogen oxide NO and NO2 – which are summarised as NOx – originate

during the biomass combustion. The source of the nitrogen is the nitrogen in the

combustion air (79 Vol.-%) and the nitrogen contained in the biomass. NOx can

Fig. 13.1 Process chart of products formed during wood combustion (following Nussbaumer

1989)
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develop in different ways. The most significant formation occurs at a high temperature

(1,300–1,400 �C) and a high oxygen content by means of the oxidation of the nitrogen

(Zeldovich 1946).

In addition to NOx gases, emissions of sulphur, chlorine and potassium

compounds occur. These emissions are also low due to the relatively low content

of these components in biomass. Sulphur contained in the fuel can be released from

the ash as CaSO4 or K2SO4, or can be released into the air with the exhaust gases as

SO2 and SO3, or as H2S in special cases.

After the combustion, chlorine can be found in the ash, predominantly in the

form of salts (KCl, NaCl). Very small amounts of HCl can also be emitted. The

Technical Instructions on Air Quality Control (TA-Luft; BMU 2002) is seeking an

HCl emissions limit of 30 mg/m3 (at 11 % O2 content), which would be exceeded

with grass combustion, which typically has emissions of 20–120 mg/m3; grass

combustion should therefore be omitted. Potassium, which is especially present in

the form of KCl and K2SO4 in exhaust gas, plays an important role by enhancing

slagging and the corrosion of boilers.

The aerosol products originating from combustion are not only solid and

gaseous, but also liquid. These aerosols can be formed during complete and

incomplete combustion. One can distinguish between primary and secondary

particles. Primary particles are released directly from processes, while secondary

particles originate from nucleation, condensation, etc. Unburned particles can

specifically be released in large amounts if combustion does not follow the 3T

rule and produces particles larger than 1 μm with a high carbon content. These

organic particles are formed during pyrolysis and may still contain oxidisable

carbon compounds. One can distinguish between C-containing solid or liquid

decomposition products and C-containing condensed synthesis products. The

organic compounds originating from decomposition during the pyrolysis of fuel

are considered C-containing decomposition products.

Owing to the increasing supply of energy from biomass, especially wood, the

importance of the emission of particles and nitrous gases has increased steadily (van

Loo and Koppejan 2002). Studies by Hinds (1998) and Friedlander (2000) provide a

detailed summary of aerosol formation. In comparison to other heating systems,

wood also emits high amounts of particles at almost complete combustion

(Nussbaumer and Hasler 1999; Kessler et al. 2000). Particle-shaped salts are

emitted from the fuel. The following particle-forming path is suggested as the

origin of these salts: The vaporisation of the salts in the glow bed, carried away

in the flue gas stream and then recondensation (Livbjerg 2001). The chemical

compounds formed did not originally exist in the wood. The originating particles’

diameters are around 0.1 μm (Hasler and Nussbaumer 1998; Oser et al. 2003).

Volatile salts can also be carried along with the flue gas (Livbjerg 2001). These salts

consist predominantly of potassium and calcium as sulphate, chloride, carbonate,

oxide and hydroxide compounds (Oser et al. 2003).

The principle of particles forming during combustion is shown in Fig. 13.2. Five

particle-forming paths can be distinguished. The most important path during appro-

priate combustion is the solid-gaseous-particle path, in which the vaporisation of
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the inorganic wood components plays a central role. If complete combustion is

achieved, aerosols are formed by the gas-to-particle conversion of ash-forming

vapours. The vaporisation of these components depends on the added air and is

determined by the following effects (Oser et al. 2004):

Fig. 13.2 Formation of particles and the typical particle size range (following Oser et al. 2003)
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• The oxidation of some chemical elements and organic compounds into more

volatile types.

• Locally higher temperatures which promote the vaporisation process, especially

at a high oxygen concentration.

• The amount of primary air, e.g. a low primary air supply leads to a low air flow

speed in the glow bed and a reduction of the ash particles being carried away.

Oxygen depletion in the glow bed can cause a lower particle concentration in the

exhaust fumes (Oser et al. 2004). However, the achieved minimum temperature

should be high enough to convert the organic components.

13.4 Emission of Particulate Matter Through Biomass Burning

Over the past decade, particulate matter emissions – especially owing to wood

combustion – have increased steadily. In 2003, 24,000 tonnes of dust from wood

combustion were released into the atmosphere in Germany alone (Struschka et al.

2003). Although wood is a renewable energy source, these emissions were much

higher than emissions from heating oil or gas, which caused approximately 2,000

tonnes of PM in Germany in 2003. The main contributors were usually single-room

residential heaters, often used as an additional heating source. Beside their lower

efficiency and poorer heat utilisation (e.g. bad combustion chamber design, single-

room installation, heat loss due to hot exhaust release without heat exchange), wood

stoves are responsible for the major PM mass due to residential heating. Compared

to 2003, the German Federal Environmental Agency (UBA 2007) noticed a trend

towards reduced mean emission values (Table 13.1; Struschka et al. 2003, 2008).

The related dust emissions are an average at 120 mg/MJ for small-scale furnaces

and at 1.7 mg/MJ for heating oil boilers (UBA 2007).

The Bioenergy Combustion Task of the International Energy Agency (IEA)

calculated the characteristic emission values of different countries (Nussbaumer

2008). In Germany, the specified values of the overall PM emissions of open

fireplaces were on average 160 mg/MJ. PM emissions of wood stoves were on

average 94 mg/MJ. The averages of the inspected European countries were 250 mg/

MJ for fireplaces and 47–83 mg/MJ for closed inset appliances. Norwegian and

Finnish studies found 910 and 860 mg/MJ as partial load operation after dilution

and cooling of the exhaust stream in a dilution tunnel (Nussbaumer et al. 2008).

In the dilution tunnel approach, particle sampling can be carried out more realisti-

cally. The dilution of exhaust gases with cool and particle-free air decelerates particle

interactions, while cooling to a temperature below 51 �C leads to gas-phase conden-

sation, mainly of organic compounds. Condensation results in particle formation or

occurs on existing particles (condensation nuclei). Finnish studies have shown that

condensable organic matter may increase the mass of the primary particulate matter

up to fivefold. Especially log furnaces are responsible for particle growth due to the

release of much organic vapour during combustion (Nussbaumer 2008).
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13.5 Chemical Composition of Emissions During

Biomass Burning

The chemical composition of flue gas during biogas burning can be categorised into

three groups: inorganic content, elemental carbon (EC) and particulate organic

matter (organic carbon OC). Organic matter contains mainly soot and organic

residues from incomplete combustion. The organic carbon content depends on the

formation of pyrolysis breakdown products, including condensable ones. Combus-

tion in simple log stoves is particularly affected by areas with low temperatures or/

and a lack of oxygen, while optimised combustion chambers (e.g. pellet boilers)

favour complete combustion. Pyrolysis breakdown products are indicators of

incomplete oxidation. In the following the main wood combustion products are

described.

The organic matter of wood combustion consists of unspecific and source-

specific compounds. Source-specific emissions are related to wood constituents.

Cellulose, hemicellulose and lignin are the wood’s main components and are

responsible for its mechanical properties. Additional wood constituents can also

contribute to a fingerprint of biomass combustion products. Constituents are

released through evaporation and distillation during the flaming phase. The

molecules become chemically degraded or transformed by oxidation, hydrolyses

and dehydration. Volatile products are evaporated. Highly flammable gaseous

matter, such as methanol, ignites completely; in the inflaming phase breakdown

products from cellulose, hemicellulose, lignin, or resin will be released with partial

conversion or without any further decomposition. The water content of the fuel

especially affects the flaming phase’s combustion conditions: The higher the water

content, the more energy is needed in the flaming phase to dry the wood, which

usually results in lower temperatures and incomplete combustion. In contrast, water

contents less than about 10 % could lead to a formation of pyrolysis products caused

by oxygen deficiency during spontaneous ignition.

The anhydrous sugars levoglucosan, galactosan and mannosan are omnipresent

constituents of ambient aerosols. They are relatively stable in the atmosphere and

directly affect particles’ hydrophilic properties. Levoglucosan is a breakdown

product of cellulose, while mannosan and galactosan are breakdown products of

Table 13.1 Emission factors of particles and PAHs for different furnace types and a comparison

of their 2000 and 2005 stock in Germany (Struschka et al. 2003, 2008)

Furnace type Stock in 2000 Stock in 2005

Mean particle emission Mean PAHs emission

(kg TJ�1) (kg TJ�1)

Tiled stoves 4,300,000 3,890,000 125 0.99

Fireplaces 2,870,000 3,140,000 146 0.55

Log stoves 4,830,000 5,240,000 74–106 0.55–0.99

Cooking stoves 1,750,000 1,350,000 75 0.16

Others 889,000 757,000

Total 14,639,000 14,377,000
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hemicellulose (Simoneit 2002) (Fig. 13.3). Levoglucosan is the main constituent of

organic carbon. As shown in Table 13.2, depending on combustion conditions,

concentration values of more than 20 % of levoglucosan are observed.

Besides cellulose, lignin is the main constituent of wood. The construction of

lignin monomers is very specific in different wood types; lignin breakdown products

are also very specific depending on the type of wood. Lignin composition depends on

the different structures of hardwood from broad leaves (angiosperms), softwood from

conifers (gymnosperms) and grass/straw (gramineae). The three originating

monomers are p-coumaryl alcohol (grass/straw), coniferyl alcohol (conifers) and

sinapyl alcohol (hardwood). A variety of breakdown products is released owing to

lignin’s unstable composition and depending on the burning conditions. The emitted

phenols are coumaryl derivatives (gramineae), guaiacyl derivatives (gymnosperms)

Table 13.2 Concentrations of potassium and levoglucosan originating during wood combustion

(units are given in the last column)

Reference Wood type Potassium Levoglucosan Unit

Schauer et al. (2001) Pine 0.28 14 % of PM

Oak 0.65 14 % of PM

Fine et al. (2004a) Hardwood 0.4–1.9*1 8–18*2 *1 % of PM

Softwood 0.2 – 0.4*1 1–27*2 *2 % of OC

Fine et al. (2004b) Hardwood 1–2.7*1 11–22*2 *1 % of PM

Softwood 0.5–1.1*1 25–41*2 *2 % of OC

Iinuma et al. (2007) Pine 0.1 22 % of PM

Schmidl et al. (2008a) Hardwood 0.21–0.41 4.1–13.3 % of PM10

Softwood 0.07–0.19 10.7–15.1*1 *1 % of PM

Schmidl et al. (2008b),

Jankowski et al. (2009)

70 % spruce 0.174 9.3 % of PM

20 % beech

10 % briquettes

Fig. 13.3 Pyrolytic formation of anhydrous sugars
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and syringyl derivatives (angiosperms). All can contain a multitude of functional

groups preferred in para-orientation. These methoxyphenols are also responsible for

wood smoke’s characteristic smell; the best-known methoxyphenol is the guaiacyl

derivative vanillin. Lignin breakdown can also result in the formation of dimers from

p-coumaryl, coniferyl and sinapyl derivatives – the lignans (Fig. 13.4).

The resin acids provided by colophony from conifers are even more source-

specific. These diterpenoids can be released unaltered or in dehydrated, oxidised

alteration products, including retene (Fig. 13.5). Retene itself is often classified in

the literature as a polycyclic aromatic hydrocarbon (PAH).

In contrast to retene, other PAHs are not specific to biomass combustion. The

PAH compound group is generally related to the incomplete combustion of organic

matter. Owing to their high toxicological potential, PAHs are described in Sect.

13.6. Besides the PAHs, there are also PAH derivatives such as alkylated PAHs,

oxygenated (o-PAHs) and – as a minority – nitrated PAHs. All the described PAHs

and PAH derivatives are direct decomposition products from lignin or reaction

products of parent PAHs (Fig. 13.6).

Fig. 13.4 Lignin monomers and their related pyrolysis breakdown products with R ¼ alcohols,

aldehydes and carboxylic acids with saturated or unsaturated aliphatic chains
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Both the PM load and its organic portion vary strongly during combustion. High

concentrations of organic compounds can be especially found during and shortly after

ignition. The same effect can be observed immediately after the reloading of logs on

an existing blaze (Gaegauf et al. 2008). Furthermore, the amount and composition

of the emitted particles depend on specific fuel parameters, such as the appearance

and size (logs, wood chips, briquettes and pellets), the type of wood (softwood

or hardwood) and the water and bark content, in addition to the furnaces’ construction

parameters such as their air stream navigation (primary and secondary air) and the

temperature (Hartmann et al. 2008). Consequently, it is hardly surprising that the

particle compositions analysed in different studies show highly varying concen-

trations of the components potassium and levoglucosan. Potassium concentrations

was found from <0.1 to 2.7 %, while up to 22 % of the levoglucosan content was

related to the emitted particle mass (Table 13.2). To date, there has been no interna-

tional standard sampling procedure for collecting particles for subsequent inorganic

or organic analysis. In this study, we applied a simultaneous sampling on large filter

areas (a filter with 150 mm diameter) with suitable filter material for both the organic

and inorganic analysis (quartz fibre or PTFE membrane; PTFE ¼ polytetrafluor-

oethylene) under ambient air conditions (cooling and dilution in a dilution tunnel to

ensure sampling temperatures below 50 � C).

13.6 Organic Pollutants’ Toxicity

The toxicity of PM-bounded organic pollutants is mainly related to one chemical

compound class: the polycyclic hydrocarbons (PAHs) and their modified, analogue-

like alkylated, oxidised, or nitrogenised forms of parent PAHs, are responsible for

most health effects associated with PM. The PAHs are the result of the incomplete

combustion of organic materials. The reaction mechanisms can therefore be the

direct formation of PAHs through the breakdown of wood compounds, or the

indirect formation of PAHs through the rebuilding of molecules from small primary

radicals (e.g., acetylene fragments). In addition to the described biomass emissions,

PAHs are the products of the incomplete combustion of nearly all anthropogenic

Fig. 13.5 A small selection of diterpenoids
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Fig. 13.6 Lists of PAHs with potential health risks



combustion sources. Traffic, the metal industry, the petrochemical industry and

energy plants are – besides residential heating – the main sources of particle-

bounded PAHs in our atmosphere.

PAHs are human carcinogens without a set impact threshold due to their

genotoxic properties. Nevertheless, environmental and health protection agencies

utilise the Threshold of Toxicological Concern (TTC) to impose legislative and

statutory limits. The TTC is based on the socially accepted lifetime tumour risk of

one case per million. Some PAHs are mutagenic and carcinogenic, while some are

even believed to be teratogenic. Benz[a]pyrene (BaP) serves as a PAH toxicity

marker. BaP is a strong carcinogenic and mutagenic compound and is also consid-

ered teratogenic (Straif et al. 2005). The tumour risk potential is based on the DNA

adduct formation of PAH metabolites, which are caused by the binding of PAHs

with the aromatic hydrocarbon (AH) receptors. The formation of PAH-rebuilding

enzymes is thereby enforced and the human body can excrete the resulting phenols

and epoxies. In contrast to persistent polychlorinated biphenyls and dioxins, PAHs

are not enriched in body fat and breast milk. Nevertheless, reactive PAHs induce

epoxy metabolites, which are partially transferred to dihydrodiol epoxides before

excretion. These epoxy derivatives can be bounded on DNA bases by ring-opening

reactions, which may lead to cancer formation. The strength of the health effects

caused by the diols from epoxides is influenced by the PAH molecule’s bay region

(Jerina et al. 1976; Yagi and Jerina 1982; Weis et al. 1998). The bay region is

indicated by three aromatic carbon bonds that enclose a “bay”.

Table 13.3 lists potential health risks of PAHs sorted into three lists with different

approaches. The first column shows the 16 PAHs indicated as potential environmen-

tal toxics by the US Environmental Protection Agency (US EPA 1984). Discussions

were held on new PAH lists containing critical PAHs in food from the 1990s onward.

The result was the European Food Safety Authority’s list, which involves some non-

volatile aromatic six-rings PAHs (EFSA 2008). These PAHs contain two of the

characteristic bay regions and their impact on health is considered ten times higher

than BaPs with a one bay region (DFG 2008). Additionally, the list of Germany’s

largest research funding organisation – Deutsche Forschungsgemeinschaft (DFG) –

contains volatile PAHs that are also relevant in workplace situations (DFG 2008).

Furthermore, the DFG supported the development of a tool with which to assess

health risks resulting from PAHs. This tool is based on the proposal that PAHs’

health risks can be estimated by summarising the concentrations of every single

PAH compound after multiplying it with a factor corresponding to its health risk

potential – the toxic equivalence factors (TEF). The sum corresponds to the toxic

equivalent (TEQ). It has been established that this type of approach also applies to

dioxins as a pollutant group. In the case of a PAH, BaP’s TEF is set to 1. Relative to

BaP, the other PAHs have a higher or lower health risk potential. This approach

allows for a detailed description of a mixture of PAHs on health. Although this

approach is a good approximation, an underestimation of their impact on health is

possible. Therefore, from a present-day perspective, a chemical and physical

characterisation is not sufficient to evaluate wood combustion emissions’ possible

health effects.
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Some methylated PAHs or Nitro-PAHs are more carcinogenic and bioavailable

than the related PAHs that often serve as precursors. Their carcinogenic and

mutagenic activity varies with the methyl position in the aromatic system.

Methylated PAHs or Nitro-PAHs play a minor role in direct emissions from

wood combustion (e.g., diesel engines are a significant source of Nitro-PAH),

whereas oxidised PAHs (o-PAHs) generally occur in direct emissions from wood

burning sources. Our study shows o-PAHs have concentration ranges similar to that

of a PAH. Especially log stoves produce PAHs and o-PAHs in high concentration

levels. Redox-active PAH quinones are believed to be responsible for oxidative

stress (Squadrito et al. 2001; Xia et al. 2004), which is commonly due to ambient

aerosols’ potential to lead to inflammation in lungs after inhalation exposure.

Table 13.3 PAH lists indicated by their application area; occupational health toxicity equivalence

factors (TEF) arranged by the DFG (2008)

Compound CAS. No. US-EPA EFSA DFG DFG-TEF

Year announced 1984 2008 2008

Application area Environment Food exposure Workplace exposure

Acenaphthene 83-32-9 ✓
Acenaphthylene 208-96-8 ✓
Anthanthrene 191-26-4 ✓ 0.1

Anthracene 120-12-7 ✓
Benzo[a]anthracene 56-55-3 ✓ ✓ ✓ 0.1

Benzo[b]fluoranthene 205-99-2 ✓ ✓ ✓ 0.1

Benzo[j]fluoranthene 205-82-3 ✓ ✓ 0.1

Benzo[k]fluoranthene 207-08-9 ✓ ✓ ✓ 0.1

Benzo[c]fluorene 205-12-9 ✓
Benzo[b]naphtho[2,1-d]

thiophene

239-35-0 ✓ 0.01

Benzo[ghi]perylene 191-24-2 ✓ ✓
Benzo[a]pyrene 50-32-8 ✓ ✓ ✓ 1

Chrysene 218-01-9 ✓ ✓ ✓ 0.01

Cyclopenta[cd]pyrene 27208-37-3 ✓ ✓ 0.1

Dibenzo[a,h]anthracene 53-70-3 ✓ ✓ ✓ 1

Dibenzo[a,l]pyrene 191-30-0 ✓ ✓ 10

Dibenzo[a,e]pyrene 192-65-4 ✓ ✓ 1

Dibenzo[a,h]pyrene 189-64-0 ✓ ✓ 10

Dibenzo[a,i]pyrene 189-55-9 ✓ ✓ 10

Fluoranthene 206-44-0 ✓
Fluorene 86-73-7 ✓
Indeno[1,2,3-cd]pyrene 193-39-5 ✓ ✓ ✓ 0.1

Naphthalin 91-20-3 ✓ ✓ 0.001

Phenanthrene 85-01-8 ✓ ✓ 0.001

Pyrene 129-00-0 ✓ ✓ 0.001

1-Methylpyrene 2381-21-7 ✓ 0.1

5-Methylchrysene 3697-24-3 ✓
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13.7 Biogas

Emissions from biogas plants vary strongly for different technical reasons. The

major constituents of exhaust gases are methane, sulphur dioxide (SO2), nitrogen

oxides (NOx) and formaldehyde (HCHO). The release of the pollutants SO2, NOx,

CO and HCHO is related to the type of engine employed and the fermentation gas

preparation. Emissions of methane are also possible through leaks in the digester

and storage facility, which depend on the sealing measures. The emitted PM is

lower than 1 mg/MJ, which is comparable to the values of residential heating

boilers using domestic gas. The emissions of 30 biogas-driven engines were

measured on behalf of the German Federal Environmental Agency (Degel and

Jörß 2009). The averaged values were as follows: 89 mg/MJ NO2, 58 mg/MJ SO2,

133 mg/MJ CO and 10 mg/MJ HCHO. Since these results are related to the

fermentation gas’s heating value, real emissions related to the utilised energy are

higher. The utilised energy depends on engine efficiency, but mostly on the full

utilisation of the combination of heat and power. In plants producing only electricity

and not using the heat, the emission values per MJ are much higher. Common

electrical efficiency values are approximately 35 %, whereas the efficiencies of

combined heat and power plants can be as high as 80 %.

13.8 Particulate Matter in the Atmosphere

and Its Climatic Effects

The exhaust air from wood combustion contains gaseous components when leaving

the chimneys. Physical processes, such as condensation and adsorption during

existing particles’ liquid or solid phases, can contribute to the PM mass. Atmo-

spheric reactions lead to less volatile organic compounds, both from gaseous and

particle-bound precursors (aerosol ageing). Less volatile compounds condense on

existing particles, resulting in a secondary organic aerosol (SOA) (Kanakidou et al.

2005; Hallquist et al. 2009). Atmospheric processes triggered by OH radicals, NO2

and O3 are responsible for the formation of water-soluble organic compounds

(WSOC). An increase in particles’ hydrophilic properties is responsible for increas-

ing their water contents. These hydrophilic particles are the cloud condensation

nuclei (CCN), which have a direct climatic effect.

Other climatic effects caused by the PM in the atmosphere are physical effects

influenced by the general particle composition. Particles rich in inorganic matter

have pronounced light-scattering effects, thus reflecting a part of infrared light and

reducing global warming. On the other hand, particles rich in carbonaceous matter

can adsorb infrared light and contribute to global warming.
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13.9 Determining Organic and Inorganic Constituents of PM

Systematic combustion experiments were carried out by burning different fuels in

various state-of-the-art furnaces. Some furnaceswere runwith secondary arrangements,

such as an electrostatic precipitator (ESP) or a condensing heat exchanger (CHE).

Experiments with the following equipment were performed in this project:

• A pellet boiler. Nominal load: 25 kW. Fuel: pellets from spruce wood. Variation:

with or without a condensing heat exchanger.

• A pellet stove: Nominal load: 13 kW. Fuel: pellets from spruce wood.

• A wood log stove. Nominal load: 8 kW. Fuel: spruce wood logs, beech wood

logs. Variation: with or without an electrostatic precipitator.

• A wood chip boiler. Nominal load: 30 kW. Fuel: wood chip from spruce.

Variation: with or without an electrostatic precipitator.

• A wood chip boiler. Nominal load: 30 kW. Fuel: pellets from chaffed straw.

Variation: without/with a condensing heat exchanger.

• A wood chip boiler. Nominal load: 30 kW. Fuel: pellets from Miscanthus.

• A wood log boiler. Nominal load: 30 kW. Fuel: spruce wood logs, beech wood

logs.

The combustion experiments were carried out in Straubing, Bavaria at the TFZ

combustion test stand using a flue gas tract with a dilution tunnel (Fig. 13.7). The

emitted fly ashes were collected using an innovative plane filter device with a

diameter of 150 mm (Fig. 13.8). Subsequently, 1/12 of the filter was punched out

using a titanium tool especially constructed to cut the filter. The large portion was

used for the element analysis and the small portion to determine organic compounds

(Fig. 13.9). Usually, a heated sampling tract and filter casing with a 45 mm diameter

filter is applied for out-stack measurements (Fig. 13.10). We conversely used the

unheated plain filter casing of a 150 mm filter and the clean material of a new filter

holder (PTFE) and of the filter itself (quartz fibre) to ensure enough sample material

for the inorganic and organic analyses. This kind of sampling guarantees good

detection limits with low background concentrations of the elements. It further

enables longer sampling times, e.g. over the full batch charging of a log wood

stove. Compared to a conventional 45 mm filter, the 150 mm filter’s area is 11

times larger.

For the inorganic analysis, all the collected ashes, such as the grate ash, the

electrostatic precipitator (ESP) ash and the internal heat exchanger ash, were

digested in ultraclean closed PTFE vessels (Picotrace, Göttingen, Germany) with a

mixture of ultrapure concentrated HF-HClO4-HNO3. The fly ashes were only

digested with HClO4 and HNO3 to prevent the quartz filters from dissolving. All

the main and trace elements were quantified at the Geosciences Centre at the

University of Göttingen, using an ICP-OES (inductively coupled plasma optical

emission spectrometer; Optima 3300 DC Perkin Elmer) and an ICP-MS (inductively

coupled plasma mass spectrometer; Perkin Elmer DRC-II). Blind samples assured

that handling during digestion and measurement was clean and that no notable

contamination occurred. The excellent agreement between our reference samples’
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values and the internationally published data ensures the reliability and comparability

of the obtained data. Based on input and output data, it was thus possible to calculate

the element fluxes normalised to the energy units and to compute the recovery rates.

In the first phase of our study, only the directly emitted PM was determined

(primary particles). Even below 50 �C, semi-volatile compounds show lower findings

when the PM collection is only undertaken from the filters. In the second phase,

applicable methods were developed to ascertain the volatile and semi-volatile organic

compounds considered as possible precursors of SOA formation. As described above,

SOA can be a considerable fraction of the total PM originating from wood combus-

tion. While exact determinations of the total PM mass are not yet possible,

approximations were done by means of modelling (Nopmongcol et al. 2007).

Fig. 13.7 Dilution tunnel at TFZ in Straubing (Bavaria, Germany)
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Fig. 13.8 Innovative 150 mm plane filter holder consisting of PTFE (Developed by TFZ)

Fig. 13.9 Pathway from the loaded filter (left) to the punched out segment (30� angle; right) for
organic analysis by means of a punch basis made of PTFE and a punch tool made of titanium

(centre)

Fig. 13.10 Heated sampling tract and filter casing for outstack measurements
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13.9.1 Inorganic Element Concentrations

Biomass consists of carbon (C), oxygen (O) and hydrogen (H), which represent

approximately 95–97 % of a plant’s dry matter. The macro-elements sulphur (S),

phosphorous (P), magnesium (Mg), nitrogen (N), potassium (K) and calcium (Ca)

comprise 5 % or less of a plant’s dry matter. The elements boron (B), chlorine

(Cl), copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), nickel (Ni),

zinc (Zn), silicon (Si) and sodium (Na) are micronutrients.

The element concentrations in the fuels used are presented in Table 13.4.

The elements are arranged according to their properties: elements with high plant

availability, elements mainly bound on adhering dust or soil material (pedogenic) and

critical heavy metals. There are transitions between the groups: Mo and Cu are heavy

metals, have a certain plant availability and some parts of them are integrated into

minerals. The macro-elements like K, Ca, Mg, Cl, P and S in the fuel determine the

inorganic ash amount formed during the combustion. The composition of the ash

residues differs strongly at different locations within a furnace. It can also be assumed

that every fuel type shows unique element fluxes and deposition behaviours, which

can be identified by analysing the different ash fractions. Non-wood-like biomass

fuels such as straw and Micanthus have higher concentrations of Cu, Pb, and Sb than

wood has. The individual associations with the different ash fractions depend on each

element’s particle formation or sorption behaviour, on the element tendency to

vaporise and on combustion conditions such as turbulences in the combustion

chamber and the disturbance of the fire bed by adding new fuel.

Table 13.4 Element concentrations (mg/kg dry matter) of the utilized fuels

Element

Fuel

Beech logs Spruce logs Spruce pellets Spruce chips Straw pellets

Miscanthus

pellets

Plant available elements

P 90 75 57 65 264 428

S 114 65 56 81 731 491

K 1,057 558 382 902 4,924 6,139

Ca 1,393 1,388 780 1,359 2,942 910

Mg 191 137 132 204 888 729

Mn 141 263 120 116 18 9

Li 0.08 0.02 0.059 0.06 2.61 0.08

Na 3 14 10 12 185 34

Rb 4.98 1.37 1.85 3.46 1.95 1.32

Cs 0.001 0.006 0.023 0.021 0.031 0.004

Sr 11.1 3.93 3.53 8.65 15.4 10.3

Ba 29.7 18.0 9.25 20.4 21.6 9.91

(continued)
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Unfortunately, elements that are harmful to our health and the environment

are strongly enriched in fly ashes. An ESP’s influence on the element concentration

in filter fly ash is insignificant. The concentrations in a variety of ashes are shown in

Table 13.5.

Table 13.4 (continued)

Element

Fuel

Beech logs Spruce logs Spruce pellets Spruce chips Straw pellets

Miscanthus

pellets

Pedogenic elements

Fe 14 6 68 25 287 77

Al 12.9 11.1 46.5 44.8 297 41.8

Be 0.006 0.0024 0.0026 0.0038 0.013 0.0015

Sc <0.01 <0.01 <0.004 0.005 0.045 <0.003

Ti 1.1 0.9 3.5 3.1 24.7 6.3

V 0.80 0.86 0.08 <0.1 0.22 <0.08

Y 0.007 0.006 0.022 0.017 0.117 0.014

Zr 0.05 1.81 0.14 0.1 1.06 0.13

La 0.012 0.025 0.042 0.033 0.201 0.028

Ce 0.0238 0.0224 0.0758 0.0495 0.3461 0.0509

Pr 0.0025 0.0023 0.0084 0.0056 0.0386 0.005

Nd 0.0094 0.0082 0.032 0.0218 0.149 0.0194

Sm 0.0018 0.0017 0.0062 0.0043 0.0293 0.0037

Eu 0.0012 0.0008 0.0011 0.0009 <0.00002 0.0006

Gd 0.003 0.0029 0.0062 0.0056 0.0344 0.0043

Tb 0.0002 0.0002 0.0006 0.0005 0.0036 0.0004

Dy 0.0012 0.0011 0.0044 0.0033 0.024 0.0027

Ho 0.0002 0.0001 0.001 0.0007 0.0047 0.0005

Er 0.0007 0.0005 0.0025 0.0018 0.0145 0.0016

Tm 0.0001 0.0001 0.0003 0.0002 0.0019 0.0002

Yb 0.0048 0.0015 0.0029 0.0046 0.0182 0.0034

Lu 0.0003 0.0001 0.0003 0.0003 0.0021 0.0003

Th 0.003 0.001 0.012 0.005 0.055 0.008

Heavy metals

Cr 2.2 2.1 1.4 1.4 12.1 2.7

Co 0.07 0.39 0.16 0.53 0.14 0.06

Ni 1.08 0.7 0.6 0.9 9.3 0.63

Cu 1.23 1.03 1.43 1.49 1.81 5.37

Zn 3.58 10.2 9.06 15.2 6.02 17.4

Mo 0.198 0.05 0.05 0.07 0.366 0.39

Cd 0.05 0.12 0.13 0.24 0.04 0.08

Sn 0.007 0.011 0.014 0.021 0.059 0.244

Sb 0.002 0.004 0.011 0.005 0.033 0.058

Tl 0.001 0.021 0.018 0.025 0.005 0.001

Pb 0.097 0.216 0.251 0.374 0.564 0.512

Bi 0.00046 0.00075 0.00075 0.00070 0.00309 0.0114

U 0.0007 0.0005 0.0033 0.0021 0.0172 0.0023
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Table 13.5 Element concentrations (mg/kg dry matter) in different ash fractions in a 30 kWwood

chip boiler. Fuel: spruce chips

Element Grate ash ESP ash Fly ash without ESP Fly ash with ESP

Plant available elements

P 11,847 6,429 1,125 1,000

S 3,534 68,192 41,770 30,269

K 95,553 395,752 423,453 335,808

Ca 330,400 18,986 3,885 3,336

Mg 38,065 3,761 785 688

Mn 20,012 2,080 927 854

Li 11.1 15.5 12.7 14.3

Na 2,136 3,650 3,494 2,731

Rb 183 935 777 850

Cs 1.25 10.44 10.6 10.3

Sr 1,027 109.4 26.4 35.1

Ba 2,291 315 330 857

Pedogenic elements

Fe 9,713 25,359 929 1,730

Al 12,667 1,891 458 381

Be 0.607 0.119 0.111 0.126

Sc 1.75 0.22 <0.129 <0.229

Ti 832 115 459 3,947

V 6.1 3.5 1.37 2.31

Y 4.59 0.58 0.12 <0.17

Zr 27.3 3.5 2.21 7.08

La 7.86 1.1 0.32 0.5

Ce 12.49 1.61 0.46 0.70

Pr 1.41 0.17 0.05 0.075

Nd 5.48 0.68 0.18 0.29

Sm 1.07 0.13 <0.08 <0.15

Eu 0.123 0.006 <0.005 <0.008

Gd 1.19 0.112 <0.2 <0.4

Tb 0.122 0.016 <2 <4

Dy 0.835 0.102 0.0298 0.0282

Ho 0.149 0.018 <0.1 <0.2

Er 0.486 0.058 0.0160 0.0294

Tm 0.0497 0.0063 <0.002 <0.004

Yb 0.581 0.053 0.0137 0.0262

Lu 0.065 0.007 <0.08 <0.2

Th 2.01 0.23 0.048 0.074

Heavy metals

Cr 47 51 50 288

Co 18.6 4.2 4.6 10.5

Ni 80 30 26.6 135

Cu 132 214 160 244

Zn 145 10,324 8,096 9,568

Mo 0.9 5.9 7.1 14.2

Cd 0.25 49.66 58.6 62.0

(continued)
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Ashes from wood burning can be used as fertilisers, but must comply with the

German Fertiliser Regulations (DüMV 2008) that only categorise ashes into “grate

ash” and “ashes from the final filtering unit in the flue gas path”. Generally, ash

from the final filtering unit and from condensing heat exchangers may not be used

as fertilisers. Ashes used as fertilisers must conform to the limiting values for

critical elements such as As (20 mg/kg), Pb (100 mg/kg), Cd (1 mg/kg), Cr

(300 mg/kg), Ni (40 mg/kg), Hg (0.5 mg/kg) and Tl (0.5 mg/kg). In certain cases,

the limiting values may be exceeded by up to 50 % and the ash still used as fertiliser

(DüMV 2008). The required methods of analysis are found in the Fertiliser Sam-

pling and Analysis Ordinance (DüngMProbV 2006). Our analytical data show that

grate ash exceeds the limiting values for Ni, and the ash from the ESP the limits for

Cd, Pb and Tl (Table 13.5). Accordingly, both types of ash may not be used as

fertiliser. The elements Hg and As are not determined.

13.9.2 Inorganic Elements Recovery Rates

Recovery rates [%] can be calculated according to the output of an element (¼ the

amount in all collected residues, i.e. ashes and flue gas particles) divided by its input

(¼ the amount in the fuel) multiplied by 100. The recovery rates are important for

assessing the reliability of the fluxes of elements through the system. Deviations

from 100 % require an explanation.

Recovery rates greater than 100 % indicate either a contamination of the grate

ash by an exterior source, for instance during fuel preparation, or can be ascribed to

sampling errors due to inhomogeneous fuels. More importantly, recovery rates less

than 100 % indicate losses. Figure 13.11 shows the recovery rates [%] of some

elements from a wood chip boiler with a nominal load of 30 kW. The furnace was

operated without and with an ESP and was fuelled by spruce chips. Unfortunately,

the elements with low recovery rates – such as Cd, Pb, Tl, Sn and Zn – are harmful

to our health and the environment. These elements are presumably lost in unknown

sinks (e.g. deposition in the cold zones of the furnace, reaction with the refractory

lining materials, etc.), which are not accessible due to the furnace’s construction.

Impinger flask experiments behind the filters show that these critical elements are

not released into the atmosphere. Only very small portions of the elements sampled

Table 13.5 (continued)

Element Grate ash ESP ash Fly ash without ESP Fly ash with ESP

Sn 0.88 5.27 6.11 6.25

Sb 0.35 3.38 2.68 3.01

Tl 0.031 19.118 15.6 16.9

Pb 1.59 249 213 232

Bi 0.02 1.25 1.85 1.32

U 0.621 0.096 0.050 0.123
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as filter fly ash leave the chimney (Table 13.6). In relation to the amount of the

elements contained in the fuel, less than 1 % to approximately 30 % of the harmful

elements contained in wood chips are released into the atmospheric environment

during combustion (first number after the element: % without an ESP; second

number: % with an ESP): Cd (11.8; 4.3), Pb (28.9; 10.6), Zn (25.7; 11.4),

Tl (30.6; 13.2), Ni (1.2; 2.9) and Bi (141; 27.1). The values for Bi are not certain

as the measured concentrations are close to the detection limit.

13.9.3 Inorganic Element Fluxes

Flux calculations normalised to the used energy units (e.g. in mg of an element per

MJ; Table 13.6) are very useful to compare the fuel, the furnace properties and the

secondary devices’ influences on the element mobilisation during biomass burning

and the element fixation in different ashes. Fluxes can also be used to calculate the

amount of an element leaving a chimney. Normalised fluxes should also be the

primary basis on which to compare the emissions of different fuels, such as biomass

and conventional fossil fuels. For example, the input fluxes of elements added by

the fuel and the output fluxes with fly ash are presented in Table 13.6.

The fluxes should be related to usable energy output, but not to the primary

energy contained in the fuel, because after applying efficiency measures such as a

CHE, more realistic energy normalised emission can be achieved for single

elements. The application of an ESP can considerably reduce the emissions of

Fig. 13.11 Recovery rates [%] (sum of the amounts of an element in ashes divided by the amount

of the element in the burnt fuel multiplied by 100); 30 kW wood‘ chip boiler with and without an

ESP, fuelled by spruce chips
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Table 13.6 Amount of elements in spruce chips and corresponding fly ash obtained with and

without an ESP normalized to the usable heat output (mg/MJ)

Element Spruce chips Fly ash without ESP Fly ash with ESP

% of an element in the fly ash

relative to its amount in the

fuela

Without ESP With ESP

Plant available elements

P 3.52 0.035 0.0094 1.00 0.27

S 4.41 1.35 0.37 30.84 8.39

K 48.8 12.5 4.045 25.73 8.29

Ca 73.49 0.114 0.0266 0.16 0.04

Mg 11.0 0.0231 0.00559 0.21 0.05

Mn 6.31 0.0270 0.0085 0.43 0.14

Li 0.00342 0.000375 0.000160 10.94 4.68

Na 0.649 0.102 0.0331 15.83 5.11

Rb 0.187 0.0213 0.00909 11.42 4.86

Cs 0.00114 0.000304 0.000118 26.66 10.36

Sr 0.468 0.00070 0.000265 0.15 0.06

Ba 1.10 0.00738 0.00510 0.67 0.46

Pedogenic elements

Fe 1.38 0.0287 0.0164 2.08 1.19

Al 2.42 0.0138 0.00298 0.57 0.12

Be 0.000208 0.0000034 0.0000017 1.63 0.81

Sc 0.000278 a a a a

Ti 0.168 0.0138 0.0377 8.26 22.45

V a 0.0000378 0.0000295 a a

Y 0.000930 0.0000032 a 0.35 0.00

Zr 0.00515 0.0000538 0.0000335 1.04 0.65

La 0.00181 0.0000087 0.0000029 0.48 0.16

Ce 0.00267 0.0000129 0.0000045 0.48 0.17

Pr 0.000306 0.0000014 0.0000005 0.45 0.15

Nd 0.00118 0.0000052 0.0000018 0.44 0.15

Sm 0.000234 a a a a

Eu 0.0000520 a a a a

Gd 0.000303 a a a a

Tb 0.0000286 a a a a

Dy 0.000182 0.0000008 0.0000004 0.46 0.23

Ho 0.0000352 a a a a

Er 0.0001006 0.0000004 0.0000002 0.43 0.17

Tm 0.0000134 a a a a

Yb 0.000251 0.0000004 0.0000001 0.15 0.06

Lu 0.0000215 a a a a

Th 0.000306 0.0000014 0.0000004 0.45 0.15

Heavy metals

Cr 0.0795 0.00181 0.00284 2.28 3.57

Co 0.0288 0.000128 0.000128 0.44 0.45

Ni 0.0491 0.000567 0.00141 1.15 2.88

Cu 0.0809 0.00431 0.00249 5.33 3.08

(continued)
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elements in fly ashes compared to a situation without an ESP (Table 13.6). For

instance, the Cd flux can be reduced significantly from 0.00159 mg/MJ without an

ESP to 0.00058 mg/MJ with an ESP, and the Zn flux in the fly ash can drop from

0.218 to 0.086 mg/MJ.

13.9.4 Results of Health-Relevant Flue Gas Components

Table 13.7 shows the results of the major health-relevant components, comprising

the TEQ of the analysed PAHs, PM, organic gaseous carbon, and carbon monoxide.

A selection is shown of the results of the experiments with residential wood stoves

and boilers. Orasche et al. (2012, 2013) provide more detailed data. Generally, the

boilers all showed fairly good results. The TEQ of nominal load emissions from the

pellet boiler was on average 0.118 μg/MJ and from the wood chip boiler 0.160 μg/
MJ. The log wood boiler emitted particles with a somewhat higher TEQ of

0.297 μg/MJ. The combustion of wood logs in comparison to wood chips and

pellets was more critical – the TEQ increased to 27 μg/MJ. The data on the

utilisation of an appropriate wood chip boiler to burn both straw pellets and

miscanthus pellets are ambivalent. Straw combustion showed satisfactory results,

with emissions in the same order of magnitude as observed in the log wood stove

exhaust air. However, no satisfying combustion parameters were found during the

experiments with miscanthus pellets. Although the grate’s feed rate was increased,

grate slagging could not be avoided. The concentrations of PAHs, the amount of

soot and PM started at a high level and increased with on-going slagging. The

miscanthus experiments’ results are therefore not representative and are not

Table 13.6 (continued)

Element Spruce chips Fly ash without ESP Fly ash with ESP

% of an element in the fly ash

relative to its amount in the

fuela

Without ESP With ESP

Zn 0.823 0.211 0.094 25.70 11.43

Mo 0.00379 0.000201 0.0000974 5.30 2.57

Cd 0.0130 0.00152 0.000559 11.76 4.30

Sn 0.00117 0.000194 0.0000682 16.64 5.82

Sb 0.000249 0.0000807 0.0000230 32.39 9.22

Tl 0.00133 0.000409 0.000176 30.62 13.22

Pb 0.0202 0.00584 0.00214 28.86 10.61

Bi 0.0000412 0.0000581 0.0000112 141.04 27.10

U 0.000116 0.0000014 0.0000007 1.23 0.58

Last columns: % of an element leaving the chimney as fly ash relative to the element input by

wood. Wood chip boiler
aConcentrations below the detection limit. Consequently, the fluxes and % of the element in the fly

ash cannot be calculated
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demonstrated here. The emitted PMmass of straw pellet combustion was 37 mg/MJ

with an electrostatic precipitator, while the contamination of the emitted dust with

toxic-relevant substances was TEQ ¼ 8.14 μg/MJ. The TEQ of the PM emitted by

the log stoves fired with spruce was about 200 times higher and beech 150 times

higher than that of the pellet boiler.

The organic analysis led to two major conclusions:

1. Log wood stoves emit high amounts of toxic substances into the atmosphere.

Owing to its high prevalence in Europe, this type of furnace is responsible for a

considerable mass of harmful particulate matter. The applied prototypes of

electrostatic precipitators do not yet have a sufficient deposition rate. The PM

and the TEQ were, however, reduced by approximately 60 %. Nevertheless, the

emitted TEQ values of log stoves were still far beyond the TEQ level that the

pellet boilers emitted. Improvements of combustion design (primary measures)

or precipitator development (secondary measures) should therefore be speeded

up. Electrostatic precipitation may not be the appropriate technique for all

furnace types due to the large differences in the composition of the emitted

dust. Currently, electrostatic precipitation techniques are most appropriate for

dust with major components of inorganic material. Soot and organic material

have physical properties that are poorly suitable for electrostatic precipitation.

2. The best boiler results were obtained when they were run at a nominal load.

Frequent restarts in the combustion chambers should be avoided because igni-

tion events produce pollution rates that are twice as high, or higher, than during

the flaming phase. Every ignition is a highly incomplete combustion phase, even

if wood combustion boilers have technically optimised furnaces (see also the

comparison of the nominal load and ignition phases in Table 13.7). It should

therefore be the goal to improve emissions by applying well-dimensioned heat

reservoirs in order to reduce the number of boiler starts. For boilers, too, the

option of using electrostatic precipitators is given (it reduces the PM mass by

about 70 %), but they need to be further improved.

13.9.5 Chemical Characterisation of Flue Gas Over
the Course of a Heating Event

Owing to the great number of log wood stoves in use and their importance to the

ambient air pollution, one experiment is described in detail; it demonstrates the

characterisation of a heating event typical for a single family house evening

operation during winter time. The heating event was separated into four periods.

Each period took approximately 45 min of sampling time. The starting point of flue

gas sampling was the loading of the wood stove furnace with approximately three

beech logs. The number of logs depended on their weight; each load was about

1.5 kg. Figure 13.12 shows the sequence and the results of this experiment.
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The first sampling was done during the inflaming phase (ignition batch). Ignition

was performed by igniton blocks made of wood wool coated with paraffin wax.

Two further batches were measured, each starting immediately after recharging the

wood logs. The logs for the ignition batch were placed on the cold grate, whereas

each further reload was placed on the hot grate, directly onto the embers. The

inflaming of the reloaded logs took place immediately due to the high temperatures

and a sufficient combustion air. In this experiment, the third reload was done on

somewhat colder embers and there was less available air in the combustion cham-

ber. Under these conditions, the inflaming of fresh fuel needs approximately

10 min. During smouldering, white and black smoke evolved before the white

smoke ignited. The black smoke was reduced while the white smoke constituents

were burned. The smouldering phase occurs when users apply the “last log of the

day” and close the air entrance to retain heat for as long as possible during the night.

However, besides the inflaming process, the last log of the day showed the

highest emissions of organics (Fig. 13.12). Emissions of PM and organics declined

significantly when the reload occurs at high temperatures with sufficient air for the

fast drying of wood and the distillation of flammable gases. After a short peak with

higher particle emissions immediately after the reload, the combustion process was

eased. The emissions of nearly all compounds were at a relatively low level.

Especially levoglucosan, syringic acid (specific hardwood tracer originated from

lignin degradation) and the oxygenated PAH 9H-Fluoren-9-one were strongly

influenced by the inflaming and smouldering phases during the combustion of the

third reload. Benz[a]pyrene was not affected to the same extent.

This is interesting, because it means that the potential health effects related to

PM or EC/OC content may be underestimated. The cause and effect principle calls

for health effects to be studied by exposing living material in-vitro. Therefore, in

the second part of the study, an approach will be undertaken to combine the results

of the chemical characterisation and the examination of health effects through in-

vitro tests by using human tissue equivalents of respiratory epithelia.

Fig. 13.12 PM emissions and PM-component emissions from a chimney stove fired with beech

logs. Typical operation time: 3 h (45 min per batch). Left y-axis: particulate matter (mg/MJ); right
y-axis: benz[a]pyrene (μg/MJ), levoglucosan (1,000 μg/MJ), 9H-Fluoren-9-one (10 μg/MJ) and

syringic acid (10 ng/MJ)

13 Emissions of Organic and Inorganic Pollutants During the Combustion. . . 417



13.10 Conclusions

The exploitation of the energetic potentials of wood and straw as residual biomasses

complements the energy extracted from crops. Both regenerative energy sources

should be incorporated into the planning of energy concepts for an area or region.

The population should be convinced that the use of state-of-the-art furnaces for

wood and straw burning is not hazardous to our health and the environment,

provided that modern furnaces are used, the operation by the user is done carefully

and the quality criteria (e.g. water content) for the fuel are fulfilled. The results of

our research will help objectify the discussion of “real” particulate matter and its

potential risks and possibly influences by the Federal Emission Control Act for

biomass burning facilities. Modern facilities are also believed to be much easier to

adjust to optimal combustion conditions than older furnaces. We hope that commu-

nicating the study results will increase the acceptance of and ease the way to a

consensus-orientated extension of bioenergy utilisation.
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Konzept für eine partikelarme automatische Holzfeuerung (Low-Particle-Feuerung). Bundesamt

für Energie, Bundesamt für Umwelt, Wald und Landschaft, ISBN 3-908705-02-9, Bern.

Retrieved December 5, 2012, fromwww.verenum.ch/Publikationen/Oser_Aerosol_2003_V2.pdf

Oser,M., Nussbaumer, Th.,Müller, P.,Mohr,M., & Figi, R. (2004).Mechanisms of particle formation

in biomass combustion. In E. T. A. Florence &W. I. P. Munich (Eds.), Proceedings of the second
world biomass conference, 1246–1249, 10–14 May 2004; ISBN 88-89407-04-2, Rome, Italy.

Pope, C. A., III, & Dockery, D. W. (2006). Health effects of fine particulate air pollution: Lines

that connect. Journal of the Air & Waste Management Association (1995), 56, 709–742.
Schauer, J. J., Kleeman, M. J., Cass, G. R., & Simoneit, B. R. T. (2001). Measurement of emissions

from air pollution sources. 3. C1-C29 Organic compounds from fireplace combustion of wood.

Environmental Science and Technology, 35, 1716–1728.
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Part VII

Bioenergy from Polluted Soils



Chapter 14

Bioenergy Production as an Option for Polluted

Soils – A Non-phytoremediation Approach

Benedikt Sauer and Hans Ruppert

Abstract Contaminated arable land should not be used for the production of food

or forage crops but for bioenergy production. As it takes thousands of years for

plants to extract enough harmful metals from contaminated soils to reach accept-

able low levels (phytoremediation), it is more feasible to leave the toxic elements in

the soil. The metal transfer from various kinds of polluted soils to a variety of

energy crops was investigated to identify crops with a low metal uptake. The

advantages of using slightly contaminated crops for biogas production are that the

heavy metals in the biogas plant will not impair the fermentation process. Further-

more, the residues of the biogas production can be returned to the fields where the

crops were harvested. All important nutrients are recycled back into the fields

(except nitrogen) without exceeding the maximum permissible values for heavy

metal of farm fertilisers. Possible energy crops that show a low uptake of toxic

elements are: the maize cultivars Padrino and Amadeo, the rye cultivar Vitallo and

the barley cultivar Christelle. In contrast, amaranth (spec.) sunflower, the energy

beet Kyros, the grass hybrid Miscanthus giganteus and sunchoke should not be

cultivated on contaminated soils for bioenergy production due to their high cad-

mium uptake.

Keywords Heavy metals • contamination • soil to plant transfer factor •
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14.1 Introduction

Water, air, sunshine and fertile soils are the basic needs for food cultivation. Soil

formation usually takes thousands of years and the area of soil suitable for food

production is limited and decreasing. Arable soils comprise only about 12 % of the

Earth’s land area (FAO 2012). On a global scale, many threats have been identified

to soils, such as sealing, erosion, compaction, a decline in biodiversity and organic

matter content, salinization and contamination. Young et al. (2003) estimate that,

globally, approximately 11.6 t of soil are anually lost per hectare (ha) due to

erosion. The decline in fertile soil is occurring simultaneously with the growth of

the world’s population and an increasing need for food. Consequently, we should

not only protect soil, but also use previously deteriorated soils beneficially.

Bioenergy production competes for arable land. In Germany, about 2.5 million

ha (about 20 %) of arable land was used to produce energy crop in 2012 (FNR

2012). On the other hand, up to 10.4 % of the arable land in Germany is potentially

contaminated (the estimate is based on the German soil map data; Knappe et al.

2008). These areas mainly comprise the flood plains of rivers, but also

industrialised and city areas that had high emissions in the past, peri-urban fields

with sewage irrigation, etc. Heavily contaminated soil is a danger to human and

animal health; it should not be used for food or fodder production but for the

production of energy crops.

More than a thousand years of mining and smelting of sulfidic polymetallic ores

in the Harz Mountains in Germany have contaminated many soils in this area with

heavy metals. Heavy rain falls and melting snow washed heavy-metal-

contaminated soil and smelting waste material into rivers. During floods, these

materials are deposited on alluvial areas (Deicke et al. 2006). Later in the Industrial

Age since the nineteen century , almost all of the big German rivers’ floodplains

have been contaminated by the uncontrolled discharge of sewage water. At the end

of the 1960s, Müller and Förstner already revealed that the clay fraction of the large

western Germany rivers’ sediments was extremely contaminated with heavy metals

(Förstner and Müller 1974). While this situation has clearly improved, many

floodplains are still contaminated due to the earlier depositions of contaminated

sediments.

Remediation is normally not possible as these areas are too vast. Moreover, a

lack of suitable methods, the amount of contaminated soil, ecologic reasons and the

extremely high costs involved make technical remediation unrealistic (Salt 1998;

Wenzel et al. 1999; Suthersan 1997; Iskandar 2001). The phytoremediation of

heavy metal contaminated soils takes thousands of years, as the example of

cadmium, one of the most mobile heavy metals, shows (see Box 14.1). An alterna-

tive utilisation of contaminated areas is therefore required, such as growing crops

for technical products or renewable energy.

The systematic cultivation of different crops with a good potential for energy

production on contaminated soil has shown that heavy metals are transferred from

the soil to these plants. Many pot experiments were performed in Germany during
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the 1970s (e.g. Sauerbeck 1989). However, the conditions in these experiments

differed significantly from the real situation, because the soils were spiked with

mostly highly soluble heavy metal salts. It is highly questionable whether adding

heavy metals in a soluble form to soils has the same phytoavailability as the heavy

metals in contaminated soils. In addition, factors that influence plants’ metal

uptake, such as the pH-value, were not properly investigated in these experiments.

In contrast to scientists proclaiming the phytoremediation of heavy-metal-

contaminated soils (Salt 1998; Raskin and Ensley 2000), our approach does not

search for accumulator or hyperaccumulator crops, but for high yield energy crops

with a minimum uptake of heavy metals. If this approach is followed, the dangerous

elements remain in the contaminated soil and will not enter the biogas fermenter.

The risk of declining biogas formation in the fermenter due to high loads of toxic

heavy metals can then be avoided. After these crops have been used for biogas

production, the residues in the fermentation plant should be used to fertilise the

areas from which the energy crops were taken, thereby completing the cycle of all

the elements, including the nutrients extracted from the soil.

In our study, the number of commonly analysed elements, such as

chromium (Cr), nickel (Ni), copper (Cu), zinc (Zn), molybdenum (Mo), cadmium

(Cd) and lead (Pb), was extended to include the elements arsenic (As), antimony

(Sb), bismuth (Bi), thallium (Tl), uranium (U), thorium (Th), cobalt (Co), tin (Sn),

vanadium (V) and beryllium (Be). The latter elements may also be part of the

contamination. Additionally, we examined how fertilising soil with biogas

digestate influences the soil-plant transfer of elements.

14.2 Methods

14.2.1 Open Land Pot Trial

Different crops were cultivated in 130 big pots – containing ten soils from various

types of contaminated sites in Lower Saxony – in an open park-like area close to the

Geoscience Centre at Göttingen University. Crops were also cultivated in an open

plot with a highly contaminated soil near Harlingerode, which is close to the Harz

Mountains (Lower Saxony).

The soil samples for the pots represented the top horizons of arable soils and

contained material to a depth of about 30 cm. Before filling the pots, the soil

material from each location was homogenised by means of a new cement mixer.

Six pots were filled with soil material from each of the locations and positioned in

the park the Geosciences Centre. In the first year, the soils were already conven-

tionally fertilised. In the second and third years, biogas residues from the bioenergy

plant in Jühnde near Göttingen were used as fertiliser. During very dry summer
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periods, the pots were irrigated with tap water. The following crops were cultivated

and analysed in a 2-year period (the crops’ cultivars are indicated in parentheses):

• Summer 2009: clover (Heusers), durum wheat (Duramar), field bean (Espresso),

sunflower (Salut), sorghum (Maja), maize (Amadeo)

• Winter 2009/2010: winter triticale (Tulus) winter rye (Vitallo), winter wheat

(Mulan), winter rape (Elektra), hairy vetch (Welta), winter barley (Christelle)

• Summer 2010: maize (Amadeo), ryegrass (Gisel), phacelia (Amerigo), maize

(Padrino), amaranth (Amaranthus spec.)
• Winter 2010/2011: winter wheat (Isengrain), winter triticale (Tulus), winter

barley (Malwinta), winter barley (Souleky), winter rye (Protector), winter rye

(Minello)

• Summer 2011: white mustard (Semper), maize (Revolver), maize (Ronaldinio),

maize (Sulexa), maize (Amadeo), sunflower (Metharoc)

For five locations, 40 additional and bigger pots with a capacity of about 100 l

were filled with soil. In these pots, sunchoke (Helianthus tuberosus), igniscum
(knotweed; Fallopia sachalinensis), cup plant (Silphium perfoliatum), Miscanthus
giganteus, summer oat species, and short rotation wood trees (poplar Max 1, willow

Tordis, robinia and alder) were cultivated. The short rotation trees will be harvested

and analysed in the winter of 2012/2013; the results are thus not yet available.

14.2.2 Analytical Methods

Soil samples were taken from each pot and the six samples of each individual

location were mixed. The samples were air dried and sieved <2 mm. Their pH

values were measured according to the DIN ISO 10390 with 0.01 mol/l CaCl2 (10 g

soil + 25 ml CaCl2 solution). The samples’ grain size was analysed using Beckman

Coulter’s laser diffraction particle size analyzer LS 13320. The soil samples were

dried at 105 �C for the geochemical analysis and ground in an agate ball mill until a

grain size of <63 μm was achieved. In total, 200 mg of the ground samples were

fully digested using a mixture of ultrapure, concentrated HNO3, HClO4 and HF in

closed, ultra clean PTFE vessels (Picotrace, Göttingen, Germany) under pressure

and then filled up to 100 ml with ultrapure water.

In the milk-ripe stage (the stage when plants are harvested for biogas produc-

tion), the plants were cut approximately 10 cm above the soil surface with a sharp

knife. At this stage, plants consist of about 30 % dry matter (at 105 �C) and are

suitable for making silage. Next, the samples were finely ground in an agate ball

mill. In total, 700 mg of the sample powders were digested, using the same mixture

of concentrated acids as above, and then filled up to 50 ml with pure water.

All main and trace element measurements were conducted at the Geosciences

Centre at the University of Göttingen, using ICP-OES (inductively coupled plasma

optical emission spectrometer; Optima 3300 DC Perkin Elmer) and ICP-MS

(inductively coupled plasma mass spectrometer; Perkin Elmer DRC-II). Blind

samples assured that the handling during the digestion and measurement was
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clean and that no notable contamination occurred. The excellent agreement

between our reference samples’ values and the internationally published data

assures that the measurements are correct and internationally comparable.

14.2.3 Results

The Schwülper site has sandy soil contaminated with sewage sludge from the city

of Braunschweig over several decades. This soil is mainly enriched with Bi, Cd, Ni,

Sn and Zn. The low pH value and the sandy character of the soil led to very high Ni

and Zn contents in some of the plants.

The silt-rich soil near Ohrum comes from the floodplain soil of the Oker river in

the northern foreland of the Harz Mountains. Over several centuries, metal

industries in the Harz mountains contaminated – and continue to contaminate –

the floodplains of the draining rivers. The soil from Ohrum is contaminated with As,

Cd, Cu, Pb, Sb, Tl and Zn.

The sandy-silty soils of the Harlingerode site are close (700 m) to a former zinc

and lead smelter installed in 1935 for armament purposes. Production stopped in

2000. The soils from Harlingerode are contaminated with As, Cd, Cu, Pb, Sb, Tl

and Zn.

The silt-rich soil from Trögen serves as an unpolluted reference site.

Table 14.1 shows the soil type and the grain sizes of the soils. Table 14.2 lists the

pH values and contents of some elements in the soils, which ascend according to

their Cd content. The Trögen soil can be regarded as uncontaminated.

14.2.4 Physiological Element Content: Correction
for Soil Material Adhering to Plant Samples

Small amounts of local soils and of dust material adhere to outdoor plants. The

concentration of most elements is much higher in soils than in plants. Therefore, a

correction is required for the element concentration in the adhering material in

order to calculate plants’ physiological element content. Some elements, such as

titanium (Ti) and aluminium (Al), are not, or only slightly, mobile in soils with pH

values between 5.5 and 7.4. Aluminium and titanium are highly enriched in soils

and are barely transferred to plants at these pH values. Consequentially, it is

Table 14.1 Percentage of grain sizes within the soils

Location Soil type

Fraction [μm]

<2 2–<63 63–<200 200–<630 630–2,000 Sum

Trögen Stagnosol-cambisol 6.7 75.9 11.0 6.2 0.2 100

Schwülper Arenosol 1.1 12.0 25.8 54.8 6.3 100

Ohrum Gleyic fluvic cambisol 5.9 61.1 22.2 9.3 1.5 100

Harlingerode Luvisol 5.7 50.9 13.8 23.3 6.3 100
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possible to use the titanium concentrations in plants and in soil samples to calculate

the amount of adhering soil material. We can also correct the measured concentra-

tion of an element (El) in the plant with regard to the adhering element concentra-

tion in order to calculate the physiological element concentration in the plant.

Formula:

Elphysiological content plant ¼ Eltotal content measured in plant

� Titotal content measured in plant=Ticontent in soil

� �� Elcontent in soil

During heavy rains or storms, soil particles splash against the plants, leaving

residues on them. In this contribution, we calculate the physiological element

concentration using the residue concentration in the corresponding soil as a refer-

ence, because the atmospheric dust composition is usually not known. This correc-

tion is only an approximation. This calculation would be rather unrealistic in terms

of elements that are very highly concentrated in the soil but have a low concentra-

tion in the dust.

Table 14.3 shows examples of the measured total contents of Co and Ni in

different plants in the soil from Ohrum and their resulting physiological

concentrations after normalization to titanium.

Tables 14.4, 14.5, 14.6, and 14.7 show the physiological element content of the

different analysed crops grown on differently polluted soils. They are arranged in

ascending concentrations of the critical element cadmium.

Table 14.3 Example of the calculation of the physiological cobalt and nickel content in plants;

correction for adhering soil material according to the titanium content; location Ohrum; data in

mg/kg dry matter
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In all the concentrations, the critical elements in the path soil to crop, to man or

animal and to a biogas plant are: cadmium, molybdenum, nickel, thallium and zinc,

with cadmium the most critical. The very high thallium transfer to rape in all soils is

especially alarming. This observation needs further scientific examination.

Since the tables are given in ascending concentrations of cadmium, the crops in

the top rows are the most suitable for bioenergy production. These are: cup plant,

rye (Vitallo), maize (Padrino/Amadeo) and barley (Christelle).

In pot trials with soils from Harlingerode, it became evident that even different

breeds of maize differ in their uptake of cadmium up to a factor two. Owing to their

high uptake of cadmium, energy beet (Kyros), amaranth (spec.), sunflower (both

Salut and Metharoc), phacelia (Amerigo) and Igniscum should not be grown on

cadmium-contaminated locations for bioenergy production.

Pelletsmade fromMiscanthus gigantheus are being considered for heat production.
However, the high uptake of cadmiumby this plant, even fromuncontaminated soils, is

a critical issue, as potentially elevated cadmium emissionsmay occur when the plant is

burnt. It is thus inadvisable to use it for heat production.

On a strongly contaminated open field plot near Harlingerode, we tested the

impact of biogas digestate as a fertiliser on the element uptake. Winter crops were

planted side by side on small divided plots. Normal amounts of farm fertiliser were

applied on one half of the plot, while 5 l of uncontaminated biogas digestate was

applied per square meter on the other half. The cadmium results are visualised in

Fig. 14.1. With the exception of winter wheat (Mulan) and barley (Christelle), the

cadmium uptake decreased by an average of 22 % after applying biogas digestate

fertilisation compared to the percentage after conventional fertilisation.

The distribution of cadmium differs significantly within the different crop parts

such as straw and grain as well as in the whole crop. The winter crops results are

presented in Fig. 14.2. The grains contain only about one-third of the cadmium

Fig. 14.1 Comparison between the physiological cadmium content in energy crops after conven-

tional and biogas digestate fertilisation. Location: open test field near Harlingerode. Cd in soil:

15 mg/kg; pH: 7.0
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concentration in straw. The value for the whole crop was logically somewhere in

the middle. There has been talk of using the grains for animal fodder and the straw

for heat production. However, our results suggest that, if no additional reduction

measures are installed in the heating system, elevated cadmium emissions can be

expected when burning straw.

14.3 Interpretation

14.3.1 Soil to Crop Transfer Factors

In order to estimate how much of an element a plant will absorb from a certain soil,

we first need to calculate the soil to plant transfer factor. This is defined as the ratio

of an element’s concentration in a plant to its concentration in the soil based on dry

matter. The transfer factors and bioavailability are influenced by the plant species

and many soil parameters. These parameters include the soil’s physical and chemi-

cal properties, such as its texture, organic matter, Fe/Mn oxides, pH-value and the

presence of complexing agents that affect the bioavailability of metals (Sauerbeck

and Lübben 1991; Li et al. 2004; Luo et al. 2010).

In Fig. 14.3, the cadmium transfer factors of the five examined breeds of maize

are shown for the four locations. In contaminated soils, the Padrino cultivar always

shows the lowest transfer factor. If the soil’s cadmium content is low, like that at

Trögen, a relatively high transfer factor follows.

Figure 14.4 shows the soil to plant transfer factors of cadmium in the examined

three rye breeds. Again, one breed (Vitallo) has the lowest transfer factors in all the

contaminated locations.

Fig. 14.2 A comparison

between different winter

crops’ cadmium content in

their grain and straw as well

as in the whole plant.

Location: open test field near

Harlingerode. Cd content in

soil: 15 mg/kg; pH: 7.0
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Fig. 14.3 Soil to plant transfer factors of cadmium in different maize breeds

Fig. 14.4 Soil to plant transfer factors of cadmium in different rye breeds
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14.3.2 Element Enrichment During Fermentation

During biogas production, contaminants in the fermentation residue (often called

digestate or biogas manure) are enriched by approximately a factor three, which is a

rather big problem for biogas plants fuelled by silage from contaminated soils (data

based on dry matter; Sauer 2009). Likewise, in biogas plants, the volume drops by

20–30 % if wet silage is used with about 30 % dry matter (Amon et al. 2006;

Breitschuh et al. 2006). Only carbon, hydrogen, oxygen and small amounts of

nitrogen and sulphur escape during the transformation of the organic material

into the biogas. Owing to these major elements being lost to the biogas, the

remaining elements in the liquid digestate undergo a concentration enrichment.

The application of digestate is very positive with regard to desired nutrients like

potassium, phosphorus, nitrogen and trace elements, as it substitutes conventional

mineral fertiliser. However, the contaminants in the digestate pose a great danger.

Digestates with a higher toxic element content should only be returned to the

contaminated sites from which the energy crops were originally harvested.

Distributing recycled residues to unpolluted sites may cause contamination over

time, even if the biogas residue is only slightly contaminated. Since both the heavy

metals and the important nutrients are fully recycled, the application of additional

fertilisers (except for some nitrogen) is no longer necessary. If biogas plants’

residues are used as fertiliser, they have to fulfil the legal fertiliser regulation.

A fertiliser not complying with the regulation – especially with regard to critical

elements – should not be applied. For example, the maximum permissible value for

cadmium in fertilisers is 1.5 mg/kg dry matter in Germany. The mean dry matter

concentration in the input feed for the biodigester is not allowed to exceed 0.5 mg/

kg cadmium, because a factor three enrichment during the transformation of crop

material into the biogas residue would lead to a violation of the limiting value. This

narrows down the choice of energy crops that could be produced on contaminated

soils. Tables 14.4, 14.5, 14.6, and 14.7 provide information on crops (whole plants)

that contain less than 0.5 mg/kg cadmium.

14.3.3 Phytoremediation

As the simple calculation in Box 14.1 shows, it is not feasible to use plants to extract

heavy metals (by means of phytoremediation) from contaminated sites, because it

will take centuries or millennia to bring the elements down to acceptable levels.

This applies to even the most mobile heavy metals, such as cadmium. In addition to

the calculation in Box 14.1, we estimate how effectively amaranth, a moderately

high-yield plant with large cadmium extraction rates, would remediate the strongly

cadmium-contaminated Harlingerode soil (see Table 14.5).

14 Bioenergy Production as an Option for Polluted Soils. . . 439



Box 14.1 Is the Phytoremediation of Heavy Metal-Contaminated Soils

Possible?

Phytoremediation uses plants to extract harmful substances from contaminated

soil in order to clean a site. The transfer of elements from soil to plants depends

on many factors, such as the:

• pH value of the soil,

• kind of crop,

• yield of the crop,

• nutrient status of the soil,

• amount of reactive solids in the soil, such as the organic material, iron and

aluminium oxide-hydroxides and clay minerals,

• climate (temperature, water supply, etc.),

• form in which the element is bound (sorbed at surfaces, adhering to

precipitation products and part of the mineral framework), and

• concentration of complexing organic and inorganic ligands that affect

elements’ mobility.

Many plant extraction experiments are carried out worldwide to decon-

taminate soils of harmful substances. While some organic pollutants can

be extracted, it is difficult to extract inorganic pollutants, such as heavy

metals, as we demonstrate here. On the basis of studies and compilations by

Kloke (1984), Kloke et al. (1984), Sauerbeck (1989), Kabata-Pendias (2010)

and of own investigations, we can provide a rough estimation of the soil-

plant transfer factors of elements in agricultural soils (pH values between

5.3 and 7.5):

• factor <0.01–0.1 (nearly immobile): lead, uranium, mercury, cobalt,

chromium (III),

• factor <0.1–1 (intermediate): mercury, arsenic, antimony, manganese,

nickel, copper,

• factor <1–10 (mobile): selenium, molybdenum, zinc, thallium, cadmium.

To approximate howmuch of an element plants can remove from the soil and

how efficient phytoremediation is, we use the most mobile and one of the most

toxic heavy metals – cadmium. The aim of our example calculation is to clean

an arable soil containing high concentrations of cadmium by means of a high

yield crop plant.

Assumptions:

Cadmium (Cd) concentration in dry arable soil: 10 g/t (mg/kg) (¼ 1 t of soil

contains 10 g Cd)

Transfer factor TF of 1 for Cd from soil to plants.

Mass of topsoil: 3,000 t/ha. This is calculated by multiplying the thickness

of the topsoil (0.30 m ¼ thickness of the plough horizon) by the area (1 ha

¼ 10,000 m2) and the dry density of the horizon (1 t/m3).

Crop yield: 10 t of biomass annually per ha

(continued)
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Box 14.1 (continued)

Calculation:

Amount of Cd in 1 ha of topsoil before remediation:

3; 000 t of soil=ha � 10 g Cd=t of soil ¼ 30; 000 g Cd=ha

Amount of Cd extracted in the first year through the harvest of 10 t

biomass/ha and TF ¼ 1:

10 g Cd=t biomass � 10 t biomass= ha � yearð Þ ¼ 100 g Cd= ha � yearð Þ
Simple but unrealistic Model 1: linear extraction of cadmium (the same

amount of Cd is extracted every year): [30,000 g Cd/ha] / [100 g Cd/(ha*year)]

¼ 300 years (time required to remove cadmium completely from the soil).

More realistic Model 2: exponential extraction of Cd (the amount of

extracted Cd decreases every year, as the Cd concentration in the soil

decreases every year; see Fig. 14.5).

(continued)

Fig. 14.5 Linear and exponential depletion of cadmium in a contaminated soil by means of

phytoremediation
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The soil near Harlingerode contains 20 mg/kg of cadmium. The topsoil has a

density of 1.3 g/cm3. Thus, the 30 cm deep topsoil has a weight of about 3,900 t/ha.

The amount of cadmium in the topsoil is 78 kg/ha. The amaranth we harvested

contained 30mg cadmium per kg.With a harvest of about 10 t of amaranth per ha, we

extracted 0.3 kg of cadmium in the first year. In our static model with a constant

amount of extraction, we would need 260 years to achieve a cadmium concentration

of zero. According to our dynamic model with decreasing amounts of extracted

cadmium (Box 14.1), a much longer time of exclusive amaranth cultivation would

be necessary to remediate the soil. Other, less mobile elements such as lead and

arsenic, need a much longer time before soil is remediated.

Another argument for cultivating crops with low transfer factors is that

contaminated crops would interact in an unknown manner with microorganisms,

thus influencing the biogas production in the fermentation plant. This influence has

not yet been investigated.

Box 14.1 (continued)

This gradual decrease in pollutants through extraction means that it will

take a very long time to achieve a suitably low concentration. Moreover, it is

impossible to achieve a noxious element concentration of zero. The decrease

is exponential according to the following equation (similar to the law of

radioactive decay):

C ¼ Co � e�λt; ln Cafter t years=C0

� � ¼ �λ � t;
half of the content left : t1=2 ¼ ln 2=λ

Calculation of λ for Cd:

ln (Cafter 1 year/C0) ¼ ln (29,900/30,000) ¼ �0.00334 ¼ �λ * 1

λ ¼ 0:00334; t1=2 ¼ 0:693=0:00334 ¼ 208 years:

This means that after 208 years, 5 g Cd/t will be left in the soil; after

416 years, 2.5 g/t, etc.

If, over the years, the soil-plant transfer factor of cadmium decreases

(which is very likely due to the decreasing portion of phytoavailable cad-

mium), it would take even longer to decrease its concentrations.

Conclusion:

The sufficient phytoremedition of contaminated soils by means of high yield

crops cannot be achieved within only a few generations. It will take centuries

to millennia to even remove contaminations by mobile heavy metals such as

cadmium. Phytoremediation will take significantly longer if less mobile

elements, such as lead, are involved.

442 B. Sauer and H. Ruppert



14.4 Conclusions

We propose using contaminated areas for bioenergy production by harvesting high

yield crops with low pollutant extraction rates for the following reasons:

1. Heavy-metal-contaminated areas cannot be cleaned in a timely manner – not

even by crops with a high extraction efficiency.

2. If contaminated land is used for the production of energy crops, the content of

critical elements in fermentation plants’ residues should be lower than the

critical values determined by fertiliser legislation. Consequently, only crops

with low transfer factors should be used.

3. Energy crops richer in critical elements may lead to undesired reactions and

problems (disturbances in the biogas production) in the fermenter.

Energy crop production is an intelligent way of using contaminated land.

However, more research is needed to explore this finding further. Future studies

could look into, for example, the element uptake of popular new breeds, the element

uptake of fast growing trees in short rotation forestry and the role of biogas residue

input in soils to mobilise or fix elements.
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Jühnde, 38, 48–62, 65–67, 132–137, 151,

221, 294, 300, 306, 307, 311, 314,

316, 341–342, 369, 427

L

LAI. See Leaf area index (LAI)

Land

land area consumption, 351, 357

land availability, 77, 81–85, 90, 91

land cover, 100, 101, 108, 350, 355

land lease rates, 251, 264

landscape, 11, 19, 23, 39, 67, 89, 91, 92,

143–146, 171, 178, 183, 184, 192, 198,

203, 205, 295, 296, 299, 322, 323, 330,

332–334, 362, 368, 373

landscape perspective, 192

land use changes, 7–9, 11, 15–17, 19–21,

170, 182, 183, 187, 198, 340

land use competition, 14, 91, 243, 244, 246,

247, 250–267, 285

LCA. See Life-cycle assessment (LCA)

Lead (Pb), 392, 409, 411, 412, 427, 429, 430,

432–435

Leaf area index (LAI), 99, 101, 108, 115,

118–122

Levoglucosan, 397, 398, 400, 417

Life-cycle assessment (LCA), 343, 349,

354, 374

Life-cycle inventory database, 374

Linear optimisation model, 220, 222–230

Lung cancer, 391

M

Maize, 8, 54, 84, 104, 112, 144, 182, 243,

294, 332, 340, 432

Mass flux, 390

MCDA. See Multi-criteria decision analysis

(MCDA)

Meat consumption, 14, 15, 17, 18, 83, 89

Miscanthus, 77, 145, 146, 157, 159, 405, 408,

409, 411, 428, 432–436

Miscanthus pellets, 408, 409, 414

Mixed integer program (MIP), 227

Modularity, 352, 367

Molybdenum (Mo), 22, 408, 427, 436, 440

Monocultures, 10, 11, 19, 53, 67, 144, 149,

150, 170, 172, 173, 177, 203, 264,

294, 295, 298, 340, 362

Multi-criteria decision

multi-criteria decision analysis (MCDA),

92, 296, 343, 345–346, 354, 372, 374,

376, 377

multi-criteria decision models, 341

N

National biomass action plan, 24, 25, 112

Nature conservation, 19, 38, 81, 117,

144, 182, 244, 252, 264, 340, 349,

357, 363

Nature protection, 82, 144, 146, 165, 171, 177,

321, 322, 330, 331, 333–335, 361

448 Index



Net present value (NPV), 223, 224, 226, 228,

230–237, 269–272, 276, 279, 280, 283,

284, 351, 359, 375

Net primary productivity (NPP), 98, 100–103,

105, 107, 108, 124

Nickel (Ni), 22, 408–413, 427, 429–435, 440

Nitrogen, 7, 11, 12, 20, 55, 56, 98, 114, 117,

119, 124, 150, 170, 192, 197, 350, 351,

354, 355, 358, 392–394, 404, 408, 439

nitrogen oxide (NOx), 393, 394, 404

Noise, 352, 362–363, 365, 367

NPP. See Net primary productivity (NPP)

NPV. See Net present value (NPV)
Nuclear power, 23, 25, 50, 52, 76, 356

Nutrient depletion, 88

O

OC. See Organic carbon (OC)

On-site impact, 192, 205, 206

Operating company, 64, 65, 67, 219–221,

223, 230, 233–236, 308, 315, 342,

351, 358–361, 369

Operating costs, 28, 342, 358, 373

Optimisation model, 220–230, 232, 236, 237

Organic carbon (OC), 198, 397, 398, 417

Organic compounds, 14, 19, 22, 389–392, 394,

396, 400, 407, 408, 410

Overgrazing, 15, 88

P

PAH. See Polycyclic aromatic hydrocarbon

(PAH)

PAR. See Photosynthetically active radiation

(PAR)

Participation, 39, 42, 49, 61, 272, 303, 308,

340, 352, 359, 362–365

Particle formation, 396, 408

Particle’s penetration depth, 391

Particulate matter (PM), 21, 340, 350,

353–354, 388–392, 396–397, 404,

416–418

Pesticides, 21, 51, 53, 55, 56, 58, 67, 149–151,

154, 165, 170, 172, 271, 350, 351,

354, 358

PH, 54, 168, 427–430, 432–436, 440

Phosphor, 350, 355

Photosynthesis, 20, 79, 99, 114–120, 122,

130, 392

Photosynthetically active radiation (PAR),

100, 115, 118, 119

Physiological element content, 429–435

Phytoremediation, 425–443

Planning process, 49, 220, 313, 335, 342,

363, 364, 369

Pollutant, 5, 11, 354, 356, 387–418, 440,

442, 443

Pollution, 13, 21–23, 188, 189, 330, 340,

354, 355, 416

Polycyclic aromatic hydrocarbon (PAH),

388, 391, 392, 399, 401–403, 417

Population growth, 4, 78, 82–84, 88

Potassium (K), 389, 392, 394, 398, 400,

408, 439

Precipitation, 57, 89, 100, 106–108, 115–117,

125–128, 130, 133, 156, 159, 169,

349, 355, 373, 416, 440

Pride, 352, 365

Profit sharing, 351, 359

PROMETHEE, 375

Psychological effects, 352, 364–365

Pyrolysis, 6, 394, 397, 399

Q

Qualitative data, 310, 372

Quantitative data, 373

R

Radiation use efficiency (RUE) coefficient,

115–118

Recovery rate, 406, 411–412

Region, 50, 60, 62, 64–67, 102, 103, 106,

107, 187, 189, 203, 204, 220, 221,

247, 258, 295, 296, 313, 314, 316,

349, 358, 360, 361, 365, 366, 374,

389, 402, 418

Regional value added, 314, 315, 351, 360, 361

Remote sensing, 98, 100, 101, 104

Renewable Energie Source Act (EEG),

24, 30, 31, 112, 144, 198, 203, 245,

335, 342

Residual material, 90

Respiration, 100, 115, 117, 124, 391

Retene, 399

Risk aversion, 244, 246, 255, 267–284

RUE. See Radiation use efficiency (RUE)

coefficient

Rural development, 23, 245, 340, 377

Rye, 54, 55, 57, 103, 108, 133, 134, 137, 145,

148, 149, 152–154, 156, 157, 159, 160,

165–168, 170, 173, 332, 333, 362, 428,

432–438

Rye-grass, 133, 134

Index 449



S

Salt, 18, 389, 390, 394, 426, 427

salinisation, 13

Scale relevance, 182, 185–192, 208–209

Secondary organic aerosol (SOA), 388, 404, 406

Self-efficacy, 59, 60, 62, 63, 67, 305, 308, 352,

363–365

Sensitivity analysis, 220, 230, 235

Smell, 21, 252, 352, 362, 365, 399

SOA. See Secondary organic aerosol (SOA)

Sodium (Na), 389, 408, 410, 413

Soil

soil degradation, 4, 13, 82, 144, 170

soil erosion, 11, 53, 54, 67, 88, 149, 165,

208, 334, 355

soil-plant transfer, 427, 440, 442

soil temperature, 82

soil type, 100, 198, 224, 349, 368, 429

soil water content, 100

Solar energy, 4, 13, 26, 79, 297, 356

Solidarity, 352, 365

Space crowding, 189, 191, 198, 203–206

Spatial dimensions, 184, 353, 368

Spatial planning, 184

Spatial scale, 114, 183–185, 187, 188, 191

Species protection, 183, 188

Steiner tree problem, 227, 228

Stove, 5, 22, 293, 396, 397, 403, 405, 414–417

Straw

straw burning, 98, 418, 437

straw energy potentials, 101–103, 108

straw pellets, 408, 409, 414, 415

Subjective assessment, 365

Sugar beet, 6, 99, 101, 125, 128–130, 132, 145,

148, 149, 157, 166–168, 170, 172, 173,

177, 326, 328, 332, 334, 362

Sulphur dioxide (SO2), 340, 350, 354, 391,

392, 394, 404

Sunchoke, 428, 432–435

Sustainability

strong and weak sustainability, 347

sustainability criteria, 24, 79, 343

sustainability principle, 343

sustainability science, 37–67, 294, 316,

319–337

SWING method, 371

Switchgrass, 88

Syringic acid, 417

T

Tax revenue, 351, 361

Technical criteria, 344, 349, 352, 366–367

TEQ. See Toxic equivalent (TEQ)

Thallium (Tl), 22, 427, 436, 440

Threshold of toxicological concern (TTC),

388, 402

Tin (Sn), 22, 427

Titanium (Ti), 405, 407, 435

Total suspended particulate matter (TSP),

388, 390, 391

Toxic elements, 439

Toxic equivalent (TEQ), 388, 402, 414, 415

Transboundary impact, 185, 189, 191, 198,

204, 206

Transfer factor, 437–438, 440, 442, 443

Transport, 6, 9, 14, 16, 17, 21, 25, 51, 77, 91,

132, 228, 230, 295, 340, 352, 354, 358,

362, 363, 367

Trigger price, 274, 275, 277–285

Triticale, 54–58, 66, 108, 117, 120, 133–135,

137, 145, 148, 149, 153, 154, 156, 157,

159, 160, 167, 170, 173, 176, 177, 333,

362, 428, 432–435

TSP. See Total suspended particulate

matter (TSP)

TTC. See Threshold of toxicological

concern (TTC)

U

Use competition, 14, 91, 98, 102, 243, 244,

246, 247, 250–267, 285

V

Vegetation, 55, 57, 88, 99–101, 108, 120–125,

128, 149, 152, 153, 156, 157, 159, 161,

162, 171, 172, 187, 330, 355

vegetation model, 97–108

Visualisation, 247, 374–376

W

Waste material, 151, 298, 329, 426

Water

water consumption, 21, 89, 116, 192,

351, 357

water productivity (WP) coefficient, 116

water scarcity, 82, 89–91

water-soluble organic compounds

(WSOC), 388, 404

water use coefficient, 122–124

Weather, 23, 84, 100, 114, 117, 124–127, 130,

172, 254

extreme weather, 88, 89

Weighting factors, 370–372, 374

Weighting process, 370–372, 376

450 Index



Winter wheat, 54, 55, 65, 108, 119, 125,

128–130

Wood ash, 11

Wood burning, 22, 112, 219, 221, 328,

403, 411

Wood chip, 9, 22, 38, 50, 53, 178, 219, 221,

242, 328, 388, 400, 405, 410–412, 414

wood chip heating plant, 51, 52, 342,

368, 369

Wood constituent, 397

Wood log, 388, 405, 414, 417

Wood pellets, 388–390

Y

Yield, 10–14, 19, 21, 53–58, 75, 81–89, 98,

101, 102, 104, 105, 107, 108, 112,

114, 116, 117, 124, 125, 127–130,

134–136, 151, 154–156, 158–162,

164, 165, 172–177, 198, 268, 274,

276, 333, 342, 366, 368, 372, 373,

427, 440, 442, 443

Z

Zinc (Zn), 22, 408, 427, 429, 436, 440

Index 451


	Preface
	Acknowledgments
	Contents
	Abbreviations
	Part I: Setting the Scene
	Chapter 1: Sustainable Bioenergy Production: An Integrated Perspective
	1.1 Arguments for Renewable Energy Production
	1.2 Bioenergy - Pros and Cons
	1.2.1 Bioenergy Pros
	1.2.2 Bioenergy Cons
	1.2.3 Evaluating and Reducing Emerging Conflicts
	1.2.3.1 Land Use Conflicts and the Food-Fuel Competition
	1.2.3.2 Land Use Change Through Meat Production
	1.2.3.3 Environmental Impact of Intensive Meat Production
	1.2.3.4 Postharvest Food Losses and Food Wasting
	1.2.3.5 Health Aspects
	1.2.3.6 Land Deals for Bioenergy Production
	1.2.3.7 Monoculture and Acceptance
	1.2.3.8 Greenhouse Gas Balance (GHG) and Other Environmental Impacts
	1.2.3.9 Emissions of Toxic Compounds During the Combustion of Biomass (for More Information, See Chap. 13)
	1.2.3.10 Financial Implications


	1.3 Bioenergy in Germany
	1.4 The Promotion of Renewable Energies: Quota Systems and Feed-in Tariffs
	1.4.1 Quota System
	1.4.2 Feed-in Tariffs
	1.4.2.1 Feed-in Tariffs in Germany
	1.4.2.2 Feed-in Tariffs in the Bioenergy Sector


	References

	Chapter 2: Bioenergy Villages in Germany: Applying the Göttingen Approach of Sustainability Science to Promote Sustainable Bioenergy Projects
	2.1 Sustainable Development
	2.2 Sustainability Science
	2.2.1 Science for Sustainable Development
	2.2.2 Interdisciplinary Approach
	2.2.3 Transdisciplinary Approach

	2.3 The Göttingen Approach of Sustainability Science
	2.3.1 Problem-Solving Activities
	2.3.1.1 Select a Critical Global Problem
	2.3.1.2 Formulate Alternative Solutions Starting at a Regional Level
	2.3.1.3 Find Political and Financial Support
	2.3.1.4 Search for Practice Partners
	2.3.1.5 Run a Pilot Project on the Local Level
	2.3.1.6 Transfer to the Regional, National and Global Level

	2.3.2 Research Activities

	2.4 Application of the Göttingen Approach in the Bioenergy Field
	2.4.1 Specific Problem-Solving Activities
	2.4.1.1 Select a Critical Global Problem: The Side Effects of Exploiting Fossil and Nuclear Energy Resources
	2.4.1.2 Formulate an Alternative Solution at a Regional Level
	2.4.1.3 Obtain Political and Financial Support
	2.4.1.4 Search for Practice Partners: Village Competition
	2.4.1.5 Run a Pilot Project on the Local Level: The Transformation Process in the Bioenergy Village Jühnde
	2.4.1.6 Publicising the Project on a Regional, National and Global Level

	2.4.2 Selected Research Activities and Results
	2.4.2.1 Natural Science: Reduction of Greenhouse Gas Emissions
	2.4.2.2 Agriculture
	Crop Rotation
	Optimal Harvest Time for Digestion
	Pesticide Use and Fertilisation of Energy Crop Cultivation
	Yield and Yield Stability
	Double-Cropping System
	Energy Balances of Energy Crop Production
	Energy Balance of the Biogas Plant

	2.4.2.3 Psychology
	Social Success Factors to Motivate People for a Collective Climate Protection Project
	The Impact of the Collective Engagement in a Bioenergy Village on Different Psychological Levels: Results from a Questionnaire Study
	The Impact of the Collective Engagement in a Bioenergy Village on Different Psychological Variables: Results from an Interview Study

	2.4.2.4 Financial and Economic Aspects
	Perspective of the Households/Heat Customers
	Perspective of the Farmers
	Perspective of the Operating Company
	Perspective of the Region



	2.5 Conclusions
	References


	Part II: Do We Have Enough? - Biomass Potentials for Energy Generation
	Chapter 3: Estimation of Global Bioenergy Potentials and Their Contribution to the World´s Future Energy Demand - A Short Review
	3.1 Introduction
	3.2 Types of Biomass Potential
	3.3 Global Biomass Potential: Current Scenarios
	3.3.1 The Imponderability of Future Bioenergy Potential - Possible Constraints
	3.3.1.1 Population Growth, Consumption Per Capita and Lifestyle
	3.3.1.2 Land Availability
	3.3.1.3 Future Crop Yields
	3.3.1.4 Biodiversity and Nature Reserves
	3.3.1.5 Land Degradation
	3.3.1.6 Severe Water Scarcity


	3.4 Lessons Learnt from Reviewing Global Bioenergy Potentials
	3.5 Take-Home Messages
	References

	Chapter 4: A Process-Based Vegetation Model for Estimating Agricultural Bioenergy Potentials
	4.1 Introduction
	4.2 Model Description
	4.3 Input Data
	4.3.1 Meteorological Data
	4.3.2 Remote Sensing Data

	4.4 Energy Potentials
	4.5 Results and Discussion
	4.6 Conclusion
	References

	Chapter 5: Modelling Site-Specific Biomass Potentials
	5.1 Introduction
	5.2 Modelling Agricultural Biomass Potentials
	5.2.1 General Crop Model Functions and Processes
	5.2.2 The Solar Engine
	5.2.3 The Water Engine

	5.3 The Crop Model BioSTAR
	5.3.1 Model Development Objectives
	5.3.2 Description of the Model
	5.3.3 Modelling Photosynthesis, Leaf Area and Transpiration
	5.3.3.1 Light Interception of the Crop
	5.3.3.2 Gross Photosynthetic Rate (Ag)
	5.3.3.3 Temperature Influence on Amax (e.g., on Triticale)
	5.3.3.4 Stomata Resistance

	5.3.4 Development of Leaf Area in the Course of the Vegetation Period
	5.3.4.1 Internal/External CO2 Ratio
	5.3.4.2 H2O Gradient
	5.3.4.3 CO2 Gradient
	5.3.4.4 Water Use Coefficient
	5.3.4.5 Actual Water Use
	5.3.4.6 Respiration

	5.3.5 Model Calibration
	5.3.6 Interpretation of Weather Data
	5.3.6.1 Radiation
	5.3.6.2 Precipitation
	5.3.6.3 Temperature

	5.3.7 Interpretation of Yield Data
	5.3.7.1 Interpreting Maize Yields in the Context of Climate and Field Capacity
	5.3.7.2 Interpretation of Sugar Beet Yields in the Context of Climate and Field Capacity
	5.3.7.3 Interpretation of Winter Wheat Yields in the Context of Climate and Field Capacity

	5.3.8 Stability Index of the Modelled Data

	5.4 Modelling Biomass Potentials in the Jühnde Vicinity
	5.5 Conclusion
	References


	Part III: Can Bioenergy Production Be Environmentally Sound?
	Chapter 6: Integrative Energy Crop Cultivation as a Way to a More Nature-Orientated Agriculture
	6.1 Bioenergy Production in the Contradictory Contexts of Nature, Environment and Society
	6.2 Integrative Cultivation Concepts for Food, Fodder, Energy and Wildlife
	6.3 Examples of Integrative Cultivation
	6.4 Bioenergy Status Quo in Lower Saxony
	6.4.1 Results of Survey of Farmers

	6.5 Optimisation of Farm Land Use for Energy, Food and Feed Production
	6.5.1 Optimising Farm Land Usage for Biogas
	6.5.2 Optimising Fields Through Multi-cropping
	6.5.3 Optimising Biomass Yield Through Intercropping
	6.5.4 Optimal Harvest Time
	6.5.5 Optimising Methane Output
	6.5.6 Chopping and Silage Quality

	6.6 Adapting Cultivation Concepts to a Location
	6.6.1 Characterisation of Energy Crops
	6.6.2 Winter Annuals
	6.6.3 Summer Annuals
	6.6.4 Catch Crops
	6.6.5 Undersown Crops
	6.6.6 Perennials
	6.6.7 Wild Herbs as Biogas Substrate

	6.7 Energy Crop Rotation Design
	6.8 Model Farms as Lighthouse Projects
	6.8.1 Why Model Farms?
	6.8.2 Characterisation of Model Farms
	6.8.2.1 Farm Types and Biogas Plant Operation
	6.8.2.2 Climate, Soil Specifics and Crop Rotations
	6.8.2.3 State of Ecological Challenges Regarding Current Cultivation Concepts

	6.8.3 Implications for Sustainable Crop Cultivation Design on Model Farms
	6.8.4 Examples of More Diverse Cultivation Concepts

	6.9 Conclusion: Implementation Opportunities
	References

	Chapter 7: Scale-Relevant Impacts of Biogas Crop Production: A Methodology to Assess Environmental Impacts and Farm Management Capacities
	7.1 Introduction: State of Knowledge and Objectives
	7.1.1 Impacts Through Biogas Crop Cultivation
	7.1.2 Problems of Scale
	7.1.3 Information and Methodology Deficits Regarding Managing Scale-Related Environmental Conflicts
	7.1.4 Objective and Outline

	7.2 Methodological Approach
	7.3 Criteria for the Scale Relevance of Biogas Crop Production
	7.3.1 Theoretical Background: Problems of Fit
	7.3.2 Scale Relevance of Pressure Sources
	7.3.3 Scale Relevance of State
	7.3.4 Scale Relevance of Impacts
	7.3.5 Scale Relevance of Responses

	7.4 Assessing the Pressures, Impacts and Measures in Biogas Crop Production
	7.5 Integration of the Biogas Case into the DPSIR Framework
	7.5.1 Example 1: Climate Regulation Function
	7.5.2 Example 2: Habitat Function
	7.5.3 Example 3: Habitat Network Function

	7.6 Using the DPSIR to Deduce Governance Approaches
	7.7 Scale Relevance of Benefits and Costs
	7.8 Conclusion
	References


	Part IV: Economic Optimisation of Bioenergy Production
	Chapter 8: Optimising Bioenergy Villages´ Local Heat Supply Networks
	8.1 Introduction
	8.2 The Optimisation Model
	8.2.1 Components of Mathematical Optimisation Models
	8.2.2 Selected Bioenergy Village
	8.2.3 Linear Optimisation Model for a Local Heat Supply Network
	8.2.3.1 The Model´s Variables
	8.2.3.2 Objective Function
	8.2.3.3 Optimisation Model
	8.2.3.4 Optimal Solution of the Model


	8.3 Post-optimal Analysis
	8.3.1 Overview
	8.3.2 Suboptimal Analyses
	8.3.2.1 Planning Scenario 1
	8.3.2.2 Planning Scenario 2
	8.3.2.3 Planning Scenario 3

	8.3.3 Sensitivity Analyses
	8.3.3.1 Reducing the Connection Fee
	8.3.3.2 Variation in the Buying Price


	8.4 Conclusion
	References


	Part V: Bridging Bioenergy Production and Society
	Chapter 9: Growth of Biogas Production in German Agriculture: An Analysis of Farmers´ Investment Behaviour
	9.1 Introduction
	9.2 Diffusion and State of the Art of Biogas Production in German Agriculture
	9.3 Survey Description
	9.4 The Role of Land Use Competition
	9.4.1 Theoretical Background
	9.4.1.1 Land Use Competition at the Farm Level
	9.4.1.2 Farmers´ Decision-Making and Investment Behaviour

	9.4.2 Data and Methods
	9.4.2.1 Research Design
	Individual Factors
	Farm-Internal Factors
	Farm-External Factors

	9.4.2.2 Methodology

	9.4.3 Empirical Results
	9.4.3.1 Intensity of Land Use Competition
	9.4.3.2 Identifying the Potential Determinants of Investment Behaviour
	9.4.3.3 The Impact of Land Use Competition and Other Determinants on Investment Behaviour

	9.4.4 Discussion

	9.5 The Role of Risk Aversion, Bounded Rationality and Investment Subsidies
	9.5.1 Theoretical Background
	9.5.1.1 Basics of Investment Analysis
	Financial/Mathematical Fundamentals
	Net Present Value

	9.5.1.2 Individual Risk Attitude
	9.5.1.3 Further Aspects

	9.5.2 Data and Methods
	9.5.2.1 Research Design
	9.5.2.2 Determining a Normative Benchmark

	9.5.3 Empirical Results and Discussion
	9.5.3.1 Survey Results of the Trigger Price and Influencing Factors
	9.5.3.2 Explanatory Power of the Potential Influencing Factors
	9.5.3.3 Impacts of Investment Subsidies


	9.6 Implications and Conclusions
	References

	Chapter 10: Social Acceptance of Bioenergy Use and the Success Factors of Communal Bioenergy Projects
	10.1 Introduction
	10.2 Acceptance of and Social Barriers to the Development of Bioenergy Usage
	10.3 Bioenergy Acceptance in Germany: A Nationwide Acceptance Survey
	10.3.1 Methods
	10.3.1.1 Description of the Sample and the Investigated Regions
	10.3.1.2 Design of the Questionnaire

	10.3.2 First Results
	10.3.2.1 Acceptance of Different Biomass Resources
	10.3.2.2 Acceptance of Current Bioenergy Consumption Options
	10.3.2.3 Acceptance of Other Energy Sources


	10.4 Acceptance of Bioenergy Villages in Göttingen District
	10.4.1 Methods
	10.4.2 Results
	10.4.2.1 Question 1: Willingness to Connect to the Local Heating Network
	10.4.2.2 Question 2: Assessment of the Notion of a Bioenergy Village with Explanatory Statements
	10.4.2.3 Question 3: Willingness to Participate in Working Groups
	10.4.2.4 Question 4: Assessment of the Village Community

	10.4.3 Discussion
	10.4.3.1 Motives for the Assessment of the Bioenergy Village Concept
	10.4.3.2 Social Feasibility


	10.5 Success Factors for Communal Bioenergy Projects
	10.5.1 Methods
	10.5.1.1 Analysis of the Interviews

	10.5.2 Results
	10.5.2.1 Phenomenon
	10.5.2.2 Causal Conditions
	10.5.2.3 Context and Intervening Conditions
	10.5.2.4 Action and Interaction Strategies
	10.5.2.5 Consequences

	10.5.3 Discussion: Success Factors and Recommendations for Future Projects
	10.5.3.1 Individual Motives
	10.5.3.2 Create Awareness
	10.5.3.3 Financing Aspects
	10.5.3.4 Support from Politicians and the Administration
	10.5.3.5 Democratic Structures
	10.5.3.6 Transparent Communication Policy
	10.5.3.7 Involvement of Inhabitants
	10.5.3.8 Personal Contribution


	10.6 General Discussion and Outlook
	References

	Chapter 11: Applying the Sustainability Science Principles of the Göttingen Approach to Initiate Renewable Energy Solutions in Three German Districts
	11.1 Background
	11.2 Search for Practice Partners: A Competition Between Districts
	11.3 Pilot Projects in Three Districts - Different Lighthouse Projects
	11.3.1 District Goslar
	11.3.2 District Wolfenbüttel
	11.3.3 District Hannover

	11.4 Knowledge and Experience Transfers Between Districts
	11.5 Research: Evaluation of Support Activities
	11.6 Conclusion
	References

	Chapter 12: Assessment of Different Bioenergy Concepts in Terms of Sustainable Development
	12.1 Introduction
	12.2 Decision Support for Sustainable Biomass Use for Energy with Multi-criteria Decision Analysis (MCDA)
	12.3 Definition of Sustainable Development
	12.4 Compiling a Criterion List
	12.4.1 Ecological Criteria
	12.4.2 Economic Criteria
	12.4.3 Social Criteria
	12.4.4 Technical Criteria

	12.5 Bioenergy Alternatives
	12.6 Weighting Process
	12.7 Data Sets for Criteria Specification
	12.7.1 Types of Data to Compare Bioenergy Concepts
	12.7.2 Data Format
	12.7.3 Data Consolidation

	12.8 Visualisation
	12.9 Conclusions
	References


	Part VI : Combustion of Biomass for Heat and Power
	Chapter 13: Emissions of Organic and Inorganic Pollutants During the Combustion of Wood, Straw and Biogas
	13.1 Introduction
	13.2 Particulate Matter Emission
	13.3 Pollutant Formation Mechanisms in Biomass Combustion
	13.4 Emission of Particulate Matter Through Biomass Burning
	13.5 Chemical Composition of Emissions During Biomass Burning
	13.6 Organic Pollutants´ Toxicity
	13.7 Biogas
	13.8 Particulate Matter in the Atmosphere and Its Climatic Effects
	13.9 Determining Organic and Inorganic Constituents of PM
	13.9.1 Inorganic Element Concentrations
	13.9.2 Inorganic Elements Recovery Rates
	13.9.3 Inorganic Element Fluxes
	13.9.4 Results of Health-Relevant Flue Gas Components
	13.9.5 Chemical Characterisation of Flue Gas Over the Course of a Heating Event

	13.10 Conclusions
	References


	Part VII: Bioenergy from Polluted Soils
	Chapter 14: Bioenergy Production as an Option for Polluted Soils - A Non-phytoremediation Approach
	14.1 Introduction
	14.2 Methods
	14.2.1 Open Land Pot Trial
	14.2.2 Analytical Methods
	14.2.3 Results
	14.2.4 Physiological Element Content: Correction for Soil Material Adhering to Plant Samples

	14.3 Interpretation
	14.3.1 Soil to Crop Transfer Factors
	14.3.2 Element Enrichment During Fermentation
	14.3.3 Phytoremediation

	14.4 Conclusions
	References


	Index



