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ABSTRACT 

Biogas production offers a possibility to generate electricity and heat by renewable sources. It 

has a great potential in terms of availability. Unlike solar radiation and wind energy, biogas 

production does not underlie natural fluctuations. Biogas substrates can be stored and are 

therefore available at all times. In an ideal scenario, biogas production should meet certain 

criteria. It should be (1) sustainable, (2) provide the highest possible system effectiveness and (3) 

must be available in times of high electricity demand. This work concentrates on aspects of all 

three criteria. 

Biogas production in a highly sustainable way can be found on organic farms (Manuscript 1). 

Therefore, we analysed 13 biogas plants on organic farms and looked for improvement 

potentials. The survey concentrated on biogas plant specifications, fermentation characteristics 

and feedstock compositions. The biogas plants were tested repeatedly to investigate the impact 

of fermentation characteristics on volatile solids (VS) degradation, indicating the effectiveness of 

the anaerobic digestion process. The total feedstock composed mainly of livestock residues 

(61 %) and grass silage (14 %). Such substrates are considered ecologically beneficial (Danner & 

Kilian 2012; Insam et al. 2015), when compared to possible negative effects of maize (Svoboda et 

al. 2015). By comparing the feedstock composition to the biogas plant specifications we found 

significant correlations between the amount of livestock residues and the dimension of the 

combined heat and power (CHP) unit. With an increasing share of livestock residues in the 

feedstock the installed electrical capacity of these biogas plants became smaller. Within the 

fermentation characteristics, the process temperatures ranged between 17 - 49 °C. Low 

temperatures were found to be the driving factor for low VS degradation (range 11.67 - 87.70 %) 

in the residue storage. Significantly better VS degradations were found in biogas plants with two 

reactor stages compared to one reactor stage. Effluents with high VS concentrations can cause 

harmful greenhouse gas emissions (Ruile et al. 2015). Backfitting a cover on the residue storage 

is highly recommended, as most biogas plant residue storages were found to be installed 

without (> 84 %). To maintain a highly sustainable biogas production on organic farms, the 

maximisation of VS degradation is required. Therefore, the biogas plants’ VS degradation could 

be raised by increasing the process temperatures and/or the hydraulic retention time.  
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Most biogas plants in Germany are, however, installed on conventional farms, accounting for 

> 99 % of the total installed electrical capacity. Here, maize silage is the most important 

substrate with the highest share on the total feedstock (ca. 40 % fresh weight) (FNR 2014). 

During the anaerobic digestion in biogas plants, the maximisation of carbon transformation from 

substrate to biogas is a desired goal of every biogas plant operator. It increases the system 

effectiveness of the biogas plant and therefore its economical sustainability. The carbon 

degradation can be quantified by common carbon degradation determination methods 

(C degmix) (VDLUFA 1997). With this method, it is not possible to quantify substrate-bound 

carbon degradation independently of the inoculum. Therefore, we tested an isotope-based 

method in reactor mixtures of maize silage and inoculum from agricultural biogas plants 

(Manuscript 2) to identify solely substrate-bound carbon degradation (C deg ƒMS). As stable 

isotopes underlie natural variability, the method was tested on six different maize silages of 

different farming systems (organic or conventional farming) and maize silages of high (MS high) 

and low (MS low) qualities. A total of 19 lab-scale batch reactors were analysed for digestion 

parameters, specific biogas (sby) and methane yields (smy), stable isotopes and carbon 

degradations. Reactors with MS high showed up to 23.8 % higher sby and smy. The carbon 

degradations in reactors with MS low were significantly lower compared to reactors containing 

MS high. The C deg ƒMS values were, however, significantly higher compared to C degmix, as it 

excludes the masking effect of the inoculum. At the start of the experiments, the stable carbon 

isotope values (δ13C) in the reactors were highly variable. Nonetheless, C deg ƒMS showed 

reliable values independently of the maize silage qualities. The effect of the farming system of 

the maize silages was found negligible in both carbon degradation methods. We found that the 

isotope-based carbon degradation determination method offers a possibility to assess the 

substrate-bound carbon degradation in more detail and contributes to our understanding of the 

total system effectiveness. 

In a future scenario of 100 % renewable energy in Europe, a large contribution will come from 

wind and photovoltaic energy generation (Steinke et al. 2013). Such resources underlie, 

however, strong temporal fluctuations. This creates balancing challenges in the energy systems 

(Hahn et al. 2014). In times of sun and wind deficits energy shortage could partly be filled in by 

biogas plants (SRU 2011), having relatively short start-up phases. The biogas production is, 
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however, dependent on the microbial transformation of the substrate. Therefore, a quickly 

adaptable microbial community is necessary to cope with flexible substrate inputs. In our survey 

(Manuscript 3) we focused on structural changes of microbial communities in four lab-scale 

reactors. Every reactor was continuously fed with different mixtures of maize silage (MS) and 

sugar beet silage (SBS). The mixing ratio was 1:0 (VS ratios of MS and SBS) in continuous 

fermenter one (CF1), 6:1 (CF2), 3:1 (CF3) and 1:3 (CF4), respectively. The organic loading rates 

were equal in all reactors with 1.25 kg VS m-3 d-1. Bacterial and archaeal communities’ 

compositions were analysed with 454 amplicon sequencing technique on the basis of 16S rRNA 

genes. With increasing amounts of SBS, the bacterial and archaeal communities’ compositions 

shifted. Despite the shifts, biogas production rates and methane concentrations were similar in 

all reactors. This showed that the communities adapted to different environmental conditions 

induced by different substrate mixtures and ensured biogas production efficiency. 

In conclusion, my work contributes to parameters for optimized biogas production scenarios. For 

sustainable biogas production on organic farms deficits were detected, which could be reduced 

by increasing the VS degradations during the fermentation process. High VS degradation is a 

crucial factor for biogas system effectivity. In conventional biogas plants high VS degradation of 

maize silage is also a desired goal, which is resembled by carbon degradation. The application of 

a stable isotope-based method for carbon degradation determination of maize silage showed 

reliable and more detailed results. This increases our understanding of anaerobic degradation 

effectiveness in biogas reactors. For demand-oriented biogas production, quickly adaptable 

microbial communities are crucial prerequisites. Different substrate feeding regimes in biogas 

reactors resulted in compositional changes of microbial communities by simultaneously ensuring 

biogas production efficiency. This implicates the functional redundancy of microbial 

communities within biogas plant reactors.  

The outcome of this thesis contributes to future-oriented biogas production. Optimised biogas 

production can improve environmental sustainability and national energy sufficiency. This 

supports the creditability of biogas production and emphasises its importance among all 

renewable energies.  
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INTRODUCTION 

This thesis focuses on sustainable biogas production on organic farms and high inner system 

efficiency. It further depicts the functional adaptability of microorganisms in continuous biogas 

experiments with focus on demand-oriented biogas production. The introduction gives an 

overview on the energetic situation of Germany including biogas production and organic 

farming. It further considers the importance of maize silage on the actual renewable energy 

production and the future role of biogas as a flexible, on-demand available power source. 

 

Renewable energies in Germany 

The worldwide exploitation of natural resources over the last decades has led to apparent 

affluence but simultaneously to drastic social, ecological and economic conflicts. The primary 

sources for energy production have been fossil fuels. Their excessive combustion and 

greenhouse gas emission implicate negative long-term effects like global warming (Meinshausen 

et al. 2009). In December 2015, the United Nations Framework Convention on Climate Change 

took place. This international alliance agreed on holding the global average temperature 

increase to < 2°C compared to pre-industrial times (UNFCCC 2015). They provide obligations and 

compliance procedures for developed and developing countries to achieve global response to 

the threat of global warming and climate change. To meet this global target, 33 % of oil, 50 % of 

gas and > 80 % of coal reserves need to remain unused (McGlade & Ekins 2015). In any case, 

fossil fuels are expected to exhaust within the next 137 years for coal and the next half century 

for petroleum and natural gas, or earlier (Brown & Sovacool 2011). An environmentally friendly, 

conscious and more efficient handling of these finite natural resources is more important than 

ever for a worldwide sustainable development. Therefore, substitution of fossil fuel based 

energy production by renewable energies is essential. 

The European Union (EU) has been reliant on primary energy imports from other countries for a 

long time. In 2013 the 28 EU member states’ gross inland energy consumption was dependent 

on 53.2 % of energy imports (Eurostat 2015). To reduce energy import dependency and to 

reduce greenhouse gas emissions, the European Commission set an ambitious target of a 20.0 % 
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share of energy from renewable sources in the EU’s gross inland energy consumption by 2020 

(EU 2009). This ‘RES-Directive’ sets obligatory targets for each member state. Therefore, the ‘EU 

roadmap’ was established to implement and promote the use of energy from renewable sources 

on national level. According to the RES-Directive, Germany is expected to generate 18.0 % of its 

gross energy consumption by renewable energies in 2020. Including Germany, 16 countries 

already forecasted to exceed their national 2020 targets (Zervos et al. 2011). 

Before the RES-Directive, German government had already established the Renewable Energies 

Sources Act (EEG), which entered into force in 2001. This EEG law aimed to establish an 

expansion of renewable energies by fixed governmental subsidies. A purchase guarantee and the 

priority feed-in of electricity generated by renewable sources into the grid were included in the 

EEG to support Germany’s energy transition. The EEG guaranteed a continuous fixed feed-in 

tariff to renewable energy plant operators for electricity fed into the grid over a period of 20 

years. In 2014 Germany already had a renewable energy share on gross final energy 

consumption of 13.7 % and on gross electricity consumption of 27.4 % (BMWi 2015a). In 2014 

14.5 billion euro were given out for economic stimuli from the operation of renewable energy 

plants (BMWi 2015b). Long-term strategies concerning energy security in an economically viable 

and ecologically sound direction have been proposed in Germany’s ‘Energy Concept’. The 

ambitious targets of the Energy Concept aim to increase the renewable energy share on gross 

final energy consumption to 30 % by 2030 and 60 % by 2050. The gross electricity production 

from renewable energy sources are planned to be increased to 35 % by 2020, 50 % by 2030, 

65 % by 2040 and 80 % by 2050. Simultaneously, greenhouse gas emissions are targeted to be 

reduced by 40 % in 2020, 55 % in 2030, 70 % in 2050 and >80 % by 2050 compared to base year 

1990 (BMWi 2010). The total renewable-based electricity generation in 2015 accounted for 

187.3 TWh. Onshore wind energy production and photovoltaics contributed greatly to this with a 

share of 37.9 and 20.7 %, respectively. The highest contributor in terms of non-intermittent 

renewable-based electricity production was, however, based on biogas transformation with a 

share of 16.8 % (AGEE-Stat 2016).  
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Biogas development in Germany 

Biogas combustion is one technique for renewable energy production. During the anaerobic 

process, biomass gets metabolised to a gas mixture by microbial communities. The gas mixture 

consists mainly of methane (CH4), which can be transformed to electrical energy and heat by a 

combined heat and power (CHP) unit. One CH4 m³ contains 10 kWh energy, which corresponds 

to the energy contained in one litre of heating oil (FNR 2014). Biomass is, in contrast to fossil 

fuels, CO2 neutral as it releases only the same amount of CO2 as was previously stored in the 

biomass. Biomass is regenerative and can contribute as energy source for future generations.  

Biogas production already has a long history in Germany. It originates from waste water 

treatment plants of the early 20th century. The biogas potential of agricultural materials was 

firstly considered after 1945 (Eder & Schulz 2012). It still took till after the oil crisis in the 1970’s 

to establish biogas plants for energy production from agricultural materials. In the 1980´s ca. 75 

to 150 biogas plants were established on farms, mostly in the southern part of Germany. Organic 

farmers are regarded as the pioneers of energy production through biogas combustion. They 

often belonged to anti-nuclear or environment protection movements (Anspach 2010) and 

focused on energy self-sufficiency. A steady increase of newly installed biogas plants appeared 

with introduction of the EEG 2000. In 2001 a number of 1300 biogas plants were present in 

Germany which increased to 3500 in 2006 and 8213 in 2012 (German Biogas Association 2016). 

This rapid development appeared due to a certain bonus system in different EEG amendments, 

enabling biogas plant operators to increase their profits when fulfilling the according 

requirements. With the EEG 2004 energy crop and CHP-bonuses were introduced and biogas 

plant operators gained subsidies for utilizing energy plants and the technical usage of generated 

heat in the CHP unit (Friedl 2016). The EEG amendment of 2009 introduced bonuses for emission 

reduction and for installations of new techniques (Balussou et al. 2012). Thus, over the last 

decades, German industry has become the worldwide technical leader in engineering biogas 

technique (dena 2013). Together with agriculture they have taken an exemplary role in this 

segment. From 2009 to 2011 more than 1000 biogas plants were installed annually. However, 

since the EEG amendment of 2012 this advance obviously decreased. Due to changes in the legal 

regulations only 163 biogas plant new-installations were recorded in 2014 (German Biogas 

Association 2016). Today, renewable energy production from biogas plays a decisive role in 
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Germany´s energy transition. In 2015 a total number of 8856 biogas plants were estimated with 

an installed electrical capacity of 4.0 GW (German Biogas Association 2016). These combined 

efforts are able to substitute two nuclear power plants in Germany. In 2014 biogas plants 

produced 27,580 GWh of electrical energy (FNR 2015). This accounted for ca. 5.0 % of gross 

electricity consumption and thus avoided ca. 10.7 million tons of CO2 equivalents (BMWi 2015c). 

The German Biogas Association even claims that biogas production accounted for a reduction of 

20.8 million tons of CO2 equivalents in 2014 (German Biogas Association 2016). 

Agricultural biogas production has proved to be beneficial in several sustainability aspects. 

Besides environmental aspects, it can contribute to socio-economic benefits, as it positively 

influences developments in rural areas. Billions of euros have been invested by the government 

through installations of biogas plants. A high share of these added values reached the local 

economy, e.g. farms and handicrafts business (Guenther-Lübbers & Theuvsen 2015). This sector 

simultaneously created several jobs. In 2015 about 44,000 employees were estimated in the 

biogas sector (German Biogas Association 2016). Beside biogas plant sites, employment is 

provided to structurally related companies in building industry, mechanical engineering, wood-, 

metal-, fabric-working industries and others (Guenther-Lübbers 2015). Additionally to these 

benefits, the existing biogas plants contribute to ensure security of supply and decrease our 

dependency on fossil fuels. Contributions to environmental benefits are, however, dependent on 

the specifically utilised biogas substrates. 
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Biogas substrates 

The enormous biogas expansion in the last decades led to an innovative technical engineering 

process and a great variability in the utilized substrates. While in the 1990s most agricultural 

biogas plants were based on manure and food remains, the substrate diversity has shifted over 

the last decades. In 2004 the total feedstock mixture composed mainly of livestock residues and 

residue materials from industry and agriculture (87 % fresh weight (FW)). Only six years later, 

the share of energy crops on the total feedstock was 46 % (FW) (DBFZ 2011). A large study on 

biogas production in Germany considered 413 biogas plants of which 61 were analysed in detail 

(Gemmeke et al. 2009). It showed that an average biogas plant uses a higher share of renewable 

energy plants than livestock residues. The livestock residues account in average for 37 % FW of 

the total substrate input. The highest share of livestock residues is cattle manure with a share of 

24 % of the total substrate input. Fewer than 60 % of the analysed biogas plants utilized cattle 

manure in their feedstock. Renewable energy plants take the other share of 63 % (FW) of the 

total substrate input. More detailed, the utilized energy plants are mainly maize silage, 

accounting for 48 % FW of the total substrate input, and grass (including grass silage) with 10 % 

FW. The survey showed that more than 94 % of the analysed biogas plants have maize silage in 

their feedstock. 

Maize (Zea mays L.) is, therefore, the most commonly used energy plant for biogas production in 

Germany (FNR 2014). In many agricultural aspects maize is preferentially chosen to other energy 

crops. It has the highest biomass yield potential of agricultural crops grown in Europe (Amon et 

al. 2007). Maize is a relatively undemanding crop and suitable to be grown in nearly any location 

in Germany (FNR 2010). A national wide project showed that maize has the highest dry matter 

production potential on German soil (Herrmann 2013). This is due to its effective photosynthetic 

C4 pathway, which leads to a fast growth rate. A yield of up to 16.5 t biomass (for agricultural use 

also expressed as total solids (TS)) ha-1 of energy maize is usually possible at good soil conditions 

(DMK 2006). Over the last years (2007 – 2014) the annually average maize yield was between 

38.97 to 47.61 t (FW) ha-1 (DMK 2016). Since the introduction of EEG 2004 an enormous increase 

of maize acreage took place. In 2015 maize was grown on 2.6 million ha in Germany. Maize for 

silage production including biogas maize and livestock fodder was cultivated on 2.1 Million ha. 

This accounts for 12.6 % of the total agricultural area (Federal Statistical Office 2016). The 
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agricultural area used for energy maize cultivation for biogas production was 0.9 million ha in 

2015 (FNR 2016). This shows that 34.6 % of the total maize production area is dedicated to 

biogas production. As maize mainly composes of starch, it is easily degradable in anaerobic 

fermentation. Maize is considered as the biogas substrate with the highest methane yield 

potential per hectare (Herrmann 2013). This shows the importance of maize on the total biogas 

feedstock in Germany.  

The substantial increase of land cultivated under maize has, however, been criticised. In an 

economically aspect, the total costs for maize silage have been rising extremely over the last 

years. Including cultivation, transport and ensiling of maize, the total costs can be estimated 

with up to 40 € t-1 (Wagner 2015). In 2010 maize silage was still considered with total costs of 

32 € t-1 (DBFZ 2011). Thus, profitability of biogas plants has reduced due to higher substrate 

costs. Also, ecological negative effects were found for soil erosion, soil organic matter 

degradation and nitrate leaching due to common overfertilisation and continuous maize 

cropping systems (Svoboda 2015). Therefore, the substrate choice influences sustainability 

criteria of biogas plants. 
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Sustainable biogas production 

As already described above, biogas production can contribute to socio-economic benefits, crucial 

for a sustainable development. For environmental sustainability, biogas substrates should not 

solely meet the criteria for optimal biogas production but should additionally contribute to 

environmental protection. The use of energy crops in biogas plants increased largely over the 

last decade due to legislative regulations (DBFZ 2011). Energy plants take the highest share in 

the total biogas feedstock of Germany. Without energy plants the biogas sector could not 

contribute to renewable energy production in the present way. The biogas sector significantly 

contributes to the shift from fossil fuels to renewable energies. Therefore, it is important to 

maintain energy crops in the total biogas feedstock. However, maize cultivation can have 

negative effects on the environment (Svoboda 2015) and should, therefore, be realised in the 

best sustainable way possible. Farmers should focus on a high diversity of crop rotation and on 

low input of fossil fuel-based mineral fertilisers to increase overall sustainability (Herrmann 

2013) during maize cultivation. Additionally, conflicts with food crop production on agricultural 

farmland should be kept as low as possible, as agricultural farmland is a limited resource. 

Besides the given criticism on maize cultivation, it is necessary to keep further negative effects of 

utilising maize in biogas plants to a minimum. 

After the maize harvest the ensiling process of maize is important to produce long storable 

biomass with low energetic losses. For a good silage production, optimal microbial fermentation 

processes rapidly reduce the pH level to ca. 4.0 within days (Ali et al. 2015). Losses of nutrients 

should be avoided but can occur during the ensiling process, storage and the feed-out period 

(Khan et al. 2014). After feeding maize silage to the biogas plant, a high transformation efficiency 

of biochemically stored energy from the substrate to biogas is important to exploit all available 

energy from the renewable resource. Therefore, efficient substrate degradation in the biogas 

plant is necessary to achieve high sustainability. This transformation efficiency underlies, 

however, various abiotic and biotic factors. For instance, the degradation of organic matter is 

dependent on substrate quality, substrate input amount, temperature, retention time in the 

reactor and biochemical inhibiting substances which all interact with the microbial activity (Chen 

et al. 2008; Mao et al. 2015). Incomplete substrate degradation leads to liquid effluents to the 

residue storage high in organic compounds and can, therefore, risk significant methane 
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emissions to the atmosphere (Ruile 2015). In 2011 only 37 % of all biogas plants in Germany 

were equipped with a residue storage cover (Herrmann 2013). In 2013 this number increased to 

68 %, due to legal regulations in the EEG 2012 (DBFZ 2013). To avoid revenue losses and possible 

greenhouse gas emissions, the maximisation of substrate degradation in the biogas plant has to 

be a main goal. Inner-system energy cycles in the biogas reactor should be optimised to increase 

the outcome of energy-rich biogas and reduce energetic losses of unused substrate outflow. 

Such losses can be evaluated by analysing the volatile solids (VS) content of the reactor effluent. 

The relative ratio of VS contents of inflowing substrate and outflowing effluent determine the 

VS degradation of the substrate. The VS degradation is, therefore, an indicator for the 

transformation process efficiency in the biogas plant. Commonly, VS contents are analysed after 

VDLUFA (1997) by drying the sample and combusting the organic compounds at 550 °C. The VS 

content of the utilised substrate can be measured directly with this method. However, a direct 

analysis of VS content of the substrate after application to the reactor is not possible as it mixes 

with the reactor content (inoculum) and becomes inseparable. Therefore, a different 

methodology for analysing the VS degradation independently of the reactor inoculum is highly 

required. One method for analysing solely the substrate-bound VS degradation of maize silage 

could be the determination of stable carbon isotopes (13C). During the VS degradation mainly 

organic compounds are degraded, which are based on carbon bonds. The analysis of stable 

carbon isotopes could contribute to our understanding of substrate-bound degradation 

processes and, therefore, general system effectiveness within biogas plants. 

Alternatively to maize, residue materials are ideal substrates for biogas production. Such 

substrates do not impede with other land uses like food crop production (Johansson & Azar 

2007). Grassland, for instance, offers a large potential for biogas production. Traditional 

grassland management can, however, stand in conflict with modern economic decisions. The 

possible abandonment of grassland management could lead to reduction of biodiversity 

(Isselstein et al. 2005). Alternatively, this grassland could be used for biogas production by 

simultaneously contributing to nature conservation. Farms with husbandry can utilize livestock 

residues in biogas plants and contribute to sustainable goals. During anaerobic digestion of 

livestock residues, biogas is produced and important nutrients for fertilisation (nitrogen, 

potassium and phosphor) are not exhausted. By using the digestate for fertilisation, it 
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contributes to closed nutrient cycles and replaces fossil fuel based mineral fertilisers. In an 

agricultural scenario without biogas, livestock residues get conventionally stored in residue 

storages. In most agricultural farms such residue storages are not covered and climate noxious 

gases emit uncontrolled. By treating livestock residues in biogas plants before being stored in 

residue storages, such emissions get significantly reduced (Ruile 2015).  

The most sustainable biogas production can be reached by combining biogas production with an 

already sustainable-oriented farming systems (e.g. organic farming) (Danner 2012). The 

substrate feedstocks of biogas plants on organic farms have generally positive ecologically 

effects. Livestock residues, along with grass and clover, are mostly available as organic residues 

on these farms. Grass and clover are important intercrops in organic farming, which makes them 

ideal biogas co-substrates. The substrates contribute to closed nutrient cycles, biodiversity, 

resource and environment protection (Danner 2012; Insam 2015). These substrates meet the 

overall goals of organic farming. 

Biogas production from residue substrates on organic farms has unused potentials. With the still 

available residue materials it would be possible to run 1,975 organic biogas plants and thus 

supply one million households with electricity and more than 35,000 houses with heat (Grieb & 

Zerger 2015). To support this, the valid EEG 2014 offers possibilities for new-installations of 

small-scaled biogas plants (≤ 75 kW) with high shares of livestock residues (≥ 80 %), which are 

possible on both, organic and conventional farms. The governmental compensation for such 

biogas plants is set to 23.73 ct kWh-1 (Federal Government 2014), which offers economically 

interesting options. The combination of biogas production with organic agriculture is an ideal 

scenario for creating sustainable renewable energies.  
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Organic agriculture in Germany 

At present, Germany has a total utilised agricultural area of 16.7 Million ha. This area is managed 

by 280,800 farms. By average, every farm has to manage an agricultural area of ca. 60 ha 

(Federal Statistical Office 2016). When focusing on organic farming this share reduces drastically. 

6.3 % of all farms are working according to organic standards. These 18,000 farms manage 6.0 % 

of the total agricultural land of Germany. Therefore, every organic farm manages an average of 

5.8 ha of the total 1,047,000 ha agricultural farmland cultivated according to organic standards 

(Federal Statistical Office 2014). 

Farms which produce organic plant and livestock products are bound to the Council Regulation 

(EC) No 834/2007 of organic agriculture in Europe (EU 2007). This regulation lays down precisely 

the legal production and manufacture requirements for organic products. It arose from a 

compromise of European Union member states and describes therefore minimum standards for 

the production of organic products. Within Germany, most organic farms are members of 

various organic farming associations which support on a regional level (BMEL 2016). These farms 

are subordinated to the standards of the individual associations. All associations apply ethical 

principles for organic-biological (e.g. Bioland, Naturland) or bio-dynamic farming (e.g. Demeter) 

which further includes anthroposophical humanities (Koepf et al. 1996). These legal regulations 

make organic farming beneficial in many aspects. 

Compared to conventional farming, organic farming can have greater benefits to consumers and 

to the environment (Eurostat 2016). It aims to achieve closure of nutrient cycles, preservation 

and improvement of soil fertility and animal welfare in livestock management. Therefore, it has 

a range of positive effects on biodiversity, protection and conservation of the cultivated 

landscape and rural area employment (Federal Government 2012). Organic farms are bound to 

restrict the use of external inputs, exclude the use of genetically modified organisms and strictly 

limit the use of chemically synthesised materials. They are also bound to minimise the use of 

non-renewable resources (EU 2007). Generally, organic farming contributes to sustainability as it 

protects natural resources. These sustainable effects have also been acknowledged by the 

Federal Government of Germany. Therefore, organic farming plays an important role in 

Germany’s National Sustainable Development Strategy. In this strategy it was included to 
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increase the share of environmentally sound farm production. The share of organically managed 

farmland shall be increased to 20 % in the upcoming years. However, no precise time frame has 

been given for achieving this goal (Federal Government 2012). 

It was shown in several publications that organic farming not only contributes to environmental 

protection but offers potentials for sustainable worldwide food security considering the 

increasing world population (e.g. Badgley et al. 2007). By further focusing on the energetic 

sector the question arises whether organic farms can also contribute to sustainable energy 

production. By looking retrospectively on this sector, it becomes clear that organic farmers 

already took a pioneering role in renewable energy production over 30 years ago (Anspach et al. 

2010). They were the establishers of biogas producing plants in Germany. But can organic farms 

still contribute to sustainable biogas production nowadays? 
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Biogas production on organic farms 

On the base of both sustainability goals, sustainable energy production and sustainable 

agriculture, it has widely been discussed how renewable energy production can be implemented 

in organic agriculture. The focus lies here on biogas production on organic farms. Although 

organic farmers were the pioneers of biogas production they have become relatively small 

among modern biogas farms. After the EEG amendment of 2004 an enhanced increase of biogas 

plants was also visible in organic farming. About 40 % of all organic biogas plants and ca. 78 % of 

their total installed electrical capacities were facilitated after 2004. Today, most modern biogas 

plants are installed on conventional farms. In 2010, 160 to 180 biogas plants were situated on 

organic farms with an average installed electrical capacity of 34 to 38 MWel. This accounts for 

< 2.5 % of the total installed biogas plants and < 1.0 % of the total installed electrical capacity of 

biogas (Anspach 2010).  

Through the rapid increase of the biogas sector and the huge demand of farmland for energy 

production, biogas production has triggered controversial discussions. Concerning organic 

agriculture, it has widely been argued whether biogas production contradicts the core ideas of 

organic agriculture (Blumenstein et al. 2014). Organic biogas production should meet the goals 

of sustainability by focusing on accordance of social demands, organic agriculture principles and 

economic viability. Arguments concern the increase of external co-substrate inputs. A 

monitoring of biogas plants on organic farms conducted in 2011 showed that among 86 biogas 

plants more than 50 % were utilizing conventionally produced substrates, mostly maize. These 

biogas plants provide 80 % of the installed electrical capacity with the help of conventional co-

substrates. Reasons for the purchase of conventional substrates are mainly economic aspects 

(Siegmeier et al. 2013). However, the utilization of conventionally produced substrates can be 

seen critical as it contradicts the idea of a closed farm nutrient cycle. It further threatens the 

credibility of organic agriculture. This shows that the purchase of conventional substrates for 

organic biogas production with exclusive focus on economic advantages is not a viable future 

option (Blumenstein 2014). 

A further argument is the discussion about food vs. bioenergy production. Organic farms are 

facing difficult competitions with conventional farms and their interest in land for bioenergy 
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substrate production. The intense subsidising of substrates for biogas production led to an 

increase of rents of agricultural land. The rents are estimated to be higher than affordable for 

most organic farms and form, thus, conflicts between organic agriculture and bioenergy 

synthesis (Meyer & Priefer 2012). In order to promote biogas production and organic farming, it 

is advisable to increase the share of residual substrates for biogas generation. The most 

excellent requirements for sustainable organic biogas production seem to be preferentially 

residual material input on confined biogas scales (Blumenstein 2014). 

Under given excellent conditions, biogas production on organic farms not only contributes 

positively to renewable energy production but also to food production security and nutrient 

supply. Recent surveys also stated that the integration of biogas production can have positive 

impacts on the organic farming systems. E.g. the economic situation of an organic farm can be 

improved with a biogas system (Serdjuk & Hülsbergen 2015). It can also be beneficial to intra-

farm nutrient cycles and increased yields (Grieb 2015). Further, it holds the possibility for a 

positive energy balance on the farm, to be self-sufficient with organic nitrogen fertilizers and to 

reduce greenhouse-gas emissions (Pugesgaard et al. 2014). The application of digested manure 

as fertilizer can have benefits as it has a positive effect on humus, soil aggregate stability and 

earthworm (Lumbricus) populations (Hülsbergen 2016). The integration of biogas production in 

organic agriculture can, therefore, contribute to nature protection and to sustainable resource 

handling (SRU 2007). In such circumstances, biogas production on organic farms can be seen 

differently to biogas production on conventional farms. Actions have been taken to implement 

terms like ‘BioBiogas’ or ‘Sustaingas’ to refer to organic biogas production with focus on manure 

and residue substrate digestion (e.g. grass, straw) (FiBL 2013). By putting high priority on intra-

farm nutrient cycling, biogas production on organic farms can be seen as a highly sustainable 

way to achieve renewable energy production and enhance, simultaneously, the productivity of 

organic farming systems (Grieb & Gerlach 2013). 
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Future role of biogas production 

During the twentieth century industrial refineries concentrated on the production of multiple 

goods on basis of coal, petroleum and natural gas. These fossil resources are, however, not 

sustainable in aspects of economy, ecology and environment. The demand for sustainable and 

environmentally friendly energy sources has become urgent over the last years. The use of fuels 

from plants and organic wastes is of large interest. Its utilisation supports the reduction of oil 

dependencies and, simultaneously, the reduction of greenhouse gas emissions. In recent years, 

initial steps towards replacing fossil fuels were taken by introducing ‘first generation’ biofuels, 

amongst others biogas. Benefits of first generation biofuels can be seen in reduction of CO2 

emissions and energy security improvement. However, such technologies need feedstock 

sources. These feedstocks can also have negative effects on biodiversity and land use. One main 

disadvantage of first generation feedstocks is the competition with food crops. The role of 

agriculture as an energy provider, additionally to food provider, has peaked in the food-versus-

fuel debate. Therefore, the idea of utilising ‘second generation’ biofuels has generated great 

interest. Such feedstocks are plant materials which could significantly reduce CO2 emissions and 

do not interfere with agricultural food production. This includes especially substrates with high 

contents of lignocelluloses (e.g. wheat straw, forestry materials) (Naik et al. 2010). Up to now, 

the utilisation of such substrates in biogas plants is still rare, due to limited biotransformation by 

microorganisms. Second generation biofuels further include residue materials from agriculture 

(e.g. livestock residues, grass). Such materials have already been used for biogas production and 

proofed sustainably positive. An increase of residue materials in biogas feedstocks in the future 

would contribute to the idea of second generation biofuels. 

With the increasing contribution of renewable energy to the total energy production in 

Germany, technical difficulties arose. Germany’s energy infrastructure was mainly based on 

relatively steady electrical supply by large power plants. A rather dynamic and quickly adjustable 

energetic system has to be realised with an increasing amount of many small, decentralised 

renewable energy power plants. In a future scenario of 100 % renewable energy, a large 

contribution will come from wind and photovoltaic energy generation (Steinke 2013). Such 

resources are, however, known for strong temporal fluctuations and thus lead to an unsteady 

power generation (Hahn 2014). These intermittent renewable energy sources will therefore 
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cause problems in the balancing of the energetic system. To provide energy sufficiency at all 

times by renewable energy sources, large energy backups will be necessary (Steinke 2013). One 

important renewable energy backup could be biogas. Beneficially, energy rich biomass is 

storable and can be utilised in biogas plants continuously or in a regulated regime. In times of 

low energy generation by wind or photovoltaics, the power supply will have to be replaced by a 

different renewable energetic source (Friedl 2016). Therefore, the demand for flexible power 

generation is high. By considering biogas production as a flexible process, we could compensate 

energetic shortage by adequately activating biogas combusting generators. However, the 

realisation of demand-oriented biogas plants meets new challenges. 

The main goal of most installed biogas plants is to operate at full capacity and to produce 

maximal electrical energy. Such biogas plants run with a relatively constant feeding regime. As 

mentioned above, most biogas plant feedstocks comprise of maize and grass silage. The required 

retention time for such substrates in the biogas plant is about 100 days, whereas fibre-rich 

substrates are not fully degraded in this time. The substrate addition to such biogas reactor 

systems occurs on average 20 times per day (Gemmeke 2009). However, with the introduction 

of the EEG 2014 and the EEG amendment of 2017, demand-driven biogas production gains 

increasing importance. With the demand-oriented biogas production, energy should be 

generated in times of high electrical needs. This is attended by new challenges for the 

established biogas systems.  

In a first scenario, a flexible biogas plant could still produce biogas in the common constant way 

and collect the produced biogas in a biogas reservoir. The biogas reservoirs could be used as 

backup energy while biogas combusting CHP units would produce energy in times of demand. 

However, such biogas reservoirs are hardly realisable because of space demand and cost 

efficiency. Additionally, the on-farm biogas storage capacity is legally limited to a maximum of 50 

tons (ca. 39000 m³ biogas) by the German Federal Pollutant Control Act (BImSchG) (Hahn 2014). 

Therefore, backup energy provision by on-farm biogas storages is not advisable. 

In a second scenario, the biogas production of a biogas plant could be regulated by altering the 

substrate feeding regime. Ideally the substrate addition to the biogas plant would result in an 

immediate biogas production. As energetic deficits are not always predictable long beforehand, 
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biogas plants with short start-up phases would greatly contribute in such times. Flexible biogas 

production in a relatively common biogas plant with 500 kW installed electrical energy and a 

feedstock composing of manure, maize silage and wheat corn was analysed by Hartmann et al. 

(2010). It showed that biogas production can be regulated within a period of several days by a 

variable feedstock. However, faster biogas production response after substrate addition would 

be beneficial. Implementing such a fast adaptable biogas system would require substrates that 

can be transformed to biogas more rapidly. Such substrate can be found in sugar beet. It 

contains easily degradable sugars and alcohols (after ensiling), which can be metabolised to 

biogas rapidly and offers similar biogas yield potentials compared to maize silage. However, the 

monofermentation of sugar beet silage can cause process problems in forms of acidification and 

foam formation. The utilisation of sugar beet silage as a co-substrate with, for instance, grass or 

maize silage is highly recommended (Ahmed et al. 2016). Therefore, the regulated input of 

substrate mixtures with sugar beet silage could reduce the start-up time for biogas production. 

Such periodical substrate inputs are likely to result in high organic loading rates (OLR) in the 

biogas reactor. High organic loading rates are challenging for the microbial communities 

(Burgstaler et al. 2010). An optimal biogas production process requires an efficient microbial 

community in order to deal with changing environmental conditions in form of altering substrate 

compositions. Therefore, it is essential to test the adaptability of microbial communities to 

different substrate mixtures with sugar beet. 
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Motivation of doctoral thesis 

This doctoral thesis was motivated in order to support optimised biogas production scenarios 

presented in the introduction. To contributing to parameters of sustainable biogas production 

this thesis hypothesised that the feedstocks of biogas plants on organic farms support 

sustainable biogas production and that improvement strategies can be identified by analysing 

biogas process parameters (Manuscript 1). 

This thesis further contributes to sustainable biogas production by considering parameters for 

highest possible system effectiveness. Therefore, it concentrated on the subarea of organic 

compound degradation of maize silage in biogas plants. It hypothesised that analysing the 

carbon degradation of maize silages independently of the inoculum is possible by applying a 

stable-isotope approach (Manuscript 2). This provides a more detailed insight in maize silage 

degradation processes. 

Future prospects of biogas production are demand-oriented biogas production. Such biogas 

plants should compensate electrical deficits in the national grid. Assuming sugar beet as a 

suitable substrate for timely predictable biogas production, this thesis hypothesised that 

microbial communities in biogas plants are adaptable to different substrate mixtures with sugar 

beet (Manuscript 3). 
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Writing the manuscript: 90 % 

 

Anaerobic digestion process characteristics have been only rarely considered in recent studies 

on biogas production on organic farms. In a survey of 13 biogas plants fermentation 

characteristics, biogas plant specifications and feedstock compositions were investigated and 

analysed for inherent problems. 

Repeated sampling was examined on biogas plants of organic farms in order to investigate the 

impact of fermentation characteristics on volatile solids (VS) degradation, indicating the 

effectiveness of the digestion process. The main fermentation characteristics factor for low VS 

degradation was process temperature, ranging from 17 to 49 °C. Among biogas plant 

specifications, two reactor stages significantly improved the VS degradation.  

Livestock residues and grass silage had the highest shares on the feedstock composition (61 % 

and 14 %, respectively, of the total fresh weight). The calculated specific methane yield of the 

individual feedstocks (median 256.34 m³ kg-1 VS) were considered low, compared to Germany’s 

average biogas plants.  
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For improving the VS degradation, higher temperatures and longer hydraulic retention times are 

required. Coverage of the residue storage would lead to lower greenhouse gas emissions. Such 

improvements would positively contribute to Germany’s National Sustainability Development 

Strategy. 
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Manuscript 2 

Stable carbon isotopes reveal that silage quality – not farming 

system – drives carbon degradation in anaerobic batch 

fermentations 

Daniel Einfalt, Martin Werth, Daniel Schropp, Marian Kazda 

submitted in 2016 

to the journal Biomass and Bioenergy 

 

Personal contribution 

Planning: 80 %  

Experimental procedures: 100 %  

Writing the manuscript: 80 % 

 

Biogas plant operators aim to maximise the transformation of substrate-bound carbon (C) to 

biogas during the fermentation process. Common carbon degradation determination methods 

(C degmix) can be applied to identify the effectiveness of this process. These methods, however, 

depict the carbon degradation of the substrate and the inoculum inseparably. In our study we 

tested an alternative carbon isotope-based approach to identify solely substrate bound carbon 

degradation of maize silage (C deg ƒMS). As stable isotopes vary in their natural abundance, the 

applicability of the alternative method was tested on maize silages of different farming systems 

(organic farming, conventional farming) and on maize silages with high (MS high) and low (MS 

low) qualities. 

We digested six different maize silages in 19 lab-scale batch fermentations and analysed 

digestion parameters, specific biogas (sby) and methane yields (smy), stable isotopes and carbon 

degradations. Reactors with MS high showed up to 23.8% higher sby and smy compared to 

MS low. Significantly lower carbon degradations were found in reactors containing MS low 

compared to reactors with MS high within C degmix and C deg ƒMS. Despite a high variability of the 
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stable carbon isotope values (δ13C) in the reactors at the start of the experiment, the isotope-

based method showed reliable C deg ƒMS values irrespective of maize silage qualities. Maize 

silages of different farming systems showed no prominent differences within reactors regarding 

digestion parameters and carbon degradation methods. The isotope-based approach offers a 

way to determine maize silage-bound carbon degradation more detailed by focusing on 

substrate degradation and excluding masking effects of the inoculum. 
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Article was submitted to 
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degradation in anaerobic batch fermentations 
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Manuscript 3 

Functionally redundant but dissimilar microbial communities within 

biogas reactors treating maize silage in co-fermentation with sugar 

beet silage. 

Susanne G. Langer, Sharif Ahmed, Daniel Einfalt, 

Frank R. Bengelsdorf, Marian Kazda 

published in 2015 

in the journal Microbial Biotechnology 8:828-836 

 

Personal contribution 

Planning: 40 %  

Experimental procedures: 50 %  

Writing the manuscript: 10 % 

 

Recent publications focused on the flexibility of microbial communities in anaerobic digestions. 

In our survey we focused on process parameters in four differently fed lab-scale reactors and 

possible functional and structural changes of the microbial communities. The 12 l reactors were 

fed in a continuous mode, continuously stirred and operated at 39 °C. The reactors were fed 

with different substrate ratios of maize silage (MS) and sugar beet silage (SBS) of 1:0 (volatile 

solids (VS)/VS) in continuous fermenter 1 (CF1), 6:1 in CF2, 3:1 in CF3 and 1:3 in CF4. All reactors 

operated with the same organic loading rate (OLR) of 1.25 kg VS m-3 d-1. 

The process parameters indicated stable process performances, similar average methane 

concentrations and similar biogas production rates in all reactors, despite different substrate 

ratios. The bacterial and archaeal community compositions were analysed with a 454 amplicon 

sequencing approach based on 16S rRNA genes. The community compositions altered with an 

increasing share of SBS in the substrate ratio. The archaeal community changed towards more 

microorganisms of the genus Methanosarcina while Methanosaeta declined simultaneously. 
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Similar biogas production rates were found despite changes of the microbial communities. This 

indicated that bacterial and archaeal communities adapted to their individual, substrate-

dependent environment with easily degradable SBS. Despite dissimilar microbial communities, 

they fulfilled functional processes in anaerobic digestion similarly. 
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