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Abstract 

Biogas has become a well-established energy resource, especially through the use of 

renewable biomass i.e. energy crops. The advantages of using energy crops in biogas 

production are high biogas yield (Weiland, 2010), reducing greenhouse gas emission 

(Meyer-Aurich et al., 2016), increasing soil nutrients by crop rotations (Björnsson et al., 

2013), mitigating disposal problems of agricultural residues (Zhang and Zhang, 1999). 

Unsolicited problems, however, were realized during mono-digestion of energy crops such 

as low buffering capacity (Braun et al., 2010), foam formation as well as various physical 

damages (Bachmann, 2015). Animal manure as co-feedstock is beneficial as it balances the 

missing nutrients, and therefore gas production rate increases (Comparetti et al., 2013). 

Nevertheless, the availability of manure can be locally limited due to increasing demand. 

Demirel and Scherer (2009) reported that about 15% of German biogas plants were operated 

without manure addition because of logistic problems. Manure limitation emphasizes to 

focus on another feedstocks and sugar beet silage is considered as an option, since sugar beet 

contains high alkalinity within the range of 2.5-6 g CaCO3-equivalents L-1 (Scherer et al., 

2009).  

This thesis describes the effects of sugar beet silage in co-fermentation with fibrous 

substrates (Manuscript 1) and the potential role of beet silage in demand-based energy 

production (Manuscript 2). Different structural growth of microbial communities as well as 

their activities in anaerobic digestion using sugar beet as co-feedstock will be illustrated 

finally in the last part of this thesis (Manuscript 3).    

In Manuscript 1, the study investigated the effects of sugar beet silage in co-digestion 

with maize silage as well as grass silage, respectively. Grass silage is known as low 

degradable feedstock due to its low water-soluble carbohydrates and high proportion of 

proteins. Furthermore, low buffering capacity during mono-digestion of grass silage is  
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asking for additional alkalinity to stabilize the process (Koch et al., 2009). Adding sugar beet 

silage showed a positive effect as it increased biogas yield with increasing amount of beet 

silage. The reason was attributed to the easily degradable components present in beet silage 

that released the energy while decomposing organic matter. Such energy would enhance the 

microbial metabolism and, as a consequence, the degradation of grass silage components is 

improved and leading to higher biogas yield. Such phenomenon, as mentioned above, is 

mostly implied in soil sciences where readily available carbohydrates decompose soil 

organic matter as they spur the overall microbial activity and is regarded as “priming effect” 

(Fontaine et al., 2003). It was found from this study that even small share of sugar beet silage 

(14% of volatile solids) increased the biogas yield by 44% in comparison to fermentation of 

grass silage alone. On the other hand, the effect was barely found during co-digestion of 

sugar beet silage and maize silage.  

In the future, biogas can be utilized as an attractive solution for demand-based energy 

generation. Demand-based energy is defined as the variable energy compensating the 

volatile production by solar or wind. Both solar and wind energies vary due to seasonal and 

meteorological scarcity, that has an impact on electricity production from these sources. 

Unlike other renewables, biogas production does not depend on weather conditions and can 

be easily stored, thus it opens a new aspect in terms of demand based energy production. In 

this context, different approaches have been tested in lab scale (Mauky et al., 2015; Persson 

et al., 2014). Among all, just-in-time biogas production with flexible feeding scheme seemed 

to be very effective as it minimized the requirement for additional biogas storage capacity 

(Mauky et al., 2015). Flexible feeding scheme aims to produce biogas in times of its demand 

and such effort can be met by introducing easily degradable substrates. In this context, sugar 

beet silage may have positive influence as it contains easily degradable compounds. In 

Manuscript 2, demand-based energy production was evaluated by testing sugar beet silage 

in co-fermentation with grass silage. The experiments were conducted in continuous mode 
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(8hrs feeding interval) at two different organic loading rates (OLRs) of 1.5 kgVS m-3 day-1 

(referred as low OLR) and 2.5 kgVS m-3 day-1 (high OLR), each with mixtures of grass silage 

and sugar beet silage at the ratios of 1:0, 3:1, 1:3 (based on volatile solids). The results 

showed that maximum biogas production rates were reached within short time after feeding 

in the reactors with sugar beet silage, but were noticeable only at high OLR. Also, these 

findings elucidated similar lag time required to reach maximum biogas or methane 

production after feeding, irrespective of OLRs. It was obvious that adding sugar beet silage 

to low degradable substrates (e.g. grass silage) stimulated degradability of the latter and 

increased overall biogas production. So, it can be concluded from the study presented in 

Manuscript 2 that such feedstocks can meet demand-based energy requirements under 

preferential use of high OLR.  

Manuscript 3 illustrated the structural changes of microbial communities in anaerobic 

digestion supplied with the feedstocks, maize silage and sugar beet silage, at different ratios 

(volatile solids based) of 1:0, 6:1, 3:1 and 1:3 at OLR 1.25 kgVS m-3 day-1. Both bacterial 

and archaeal communities shifted with increasing amount of beet silage. In respect of 

bacterial communities, family of Clostridiales was mainly dominating in the reactors with 

sugar beet silage and was escalating while sugar beet silage increased. It was demonstrated 

by Klang et al. (2015) that family of Clostridiales bacteria was mainly involved in the 

degradation of sugars during anaerobic digestion. Similar phenomenon can be realized in 

this study as the abundance of family Clostridiales was increasing in the reactors while 

increasing sugar, one of the main components of sugar beet. In respect to archaeal 

community, different members of acetoclastic archaea were observed in the relation to beet 

silage. However, Methanosaeta species were dominating in the reactors fed with maize 

silage mainly, whereas Methanosarcina species were controlling in the addition of higher 

amount of beet silage, i.e. at 3:1 and 1:3, respectively. Similar findings were also found by 

Klang et al. (2015) who mentioned that Methanosaeta and Methanosarcina were prevailing 
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during anaerobic digestion of maize silage and sugar beet silage, respectively. Most 

surprisingly, irrespective of diverse microbial communities, similar biogas production rates 

were realized in all reactors. It was shown that microbial communities stabilized the 

digestion process by optimizing their metabolism under different feedstocks compositions. 

This work was a cooperative study between the Institute of Microbiology and Biotechnology 

and the Institute of Systematic Botany and Ecology, whereas this thesis concentrated mainly 

on process parameters and biogas yield. 

In summary, this thesis elucidated, as explicated in the above mentioned manuscripts, 

different positive aspects of sugar beet silage as a co-feedstock with fibrous substrates (such 

as grass silage). Because of easy-to-degrade characteristics, sugar beet silage stimulates the 

hydrolysis process in co-fermentation with the grass silage. Most precisely, adding beet 

silage increases the cellulolytic activity of microorganisms that may enhance the hydrolysis 

of lignocellulose components, mainly cellulose, in grass silage. Indeed, sugar beet silage 

shows a better option in comparison to animal manure to enhance the biogas production of 

grass silage in co-digestion process. It has also the advantage for the production of demand-

based energy. In the case of co-digestion of sugar beet silage with the grass silage, easy-to-

digest compounds from beet silage could promote the anaerobic degradation of grass silage. 

Thus, the surface area of grass silage would be increased permitting microorganism to 

access. Thereafter, the mixtures of beet silage and grass silage in anaerobic digestion will 

boost the biogas production within short time. Such co-digestion can be applied to produce 

biogas for generating electricity when it is required. Furthermore, the analysis of microbial 

function at different feedstocks showed that microbial communities adapted towards optimal 

biogas production. Even though, different structural growth of microorganisms, 

irrespectively bacteria or archaea, are evolved during anaerobic digestion based on feedstock 

compositions.       
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1 Introduction 

The thesis investigates the anaerobic digestion (AD) of sugar beet silage and its effect 

on different energy crops (i.e. maize silage, grass silage) as co-feedstock. Sugar beet silage 

contains easily degradable substrates and mixing of beet silage to less degradable feedstocks 

shows the tendency to degrade the latter feedstock by the influence of so called priming 

effect. It will be discussed explicitly in the manuscripts (Manuscript 1 and Manuscript 2) 

later in this thesis. However, the introduction comprises the overview of renewables and 

their applications, biogas energy and its future, basic parameters of anaerobic digestion and 

process parameters for biogas production. 

 

1.1 Renewables and their applications 

Solar, wind, tides and geothermal are the main sources of renewables as they are 

naturally replenished. Most of the renewables other than geothermal are linked directly or 

indirectly to the sun. Sun radiation energy is utilized in photosynthesis for plant growth 

where various organic materials are accumulating. Such plant organic materials are known 

as biomass providing an important source of renewables. Using renewable sources is 

becoming increasingly important since their application reduces environmental pollution, 

especially CO2 emissions. The applications include cooking, heating, generating electricity 

and a variety of industrial uses. Often, renewable sources are producing both thermal energy 

and electricity. Renewable energy (RE) is considered as a prime agent in the generation of 

wealth and a significant factor in economic development (Demirbas, 2005). Even though, 

applications of renewables depend on the basis of their abundancy as well as economic, 

social, environmental and safety considerations.  

In 2014, about 19.2% of total global energies was supported by modern renewables 

(10.3%) and tradition biomasses (8.9%), respectively (REN21, 2016). Traditional biomasses 
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refer to wood, charcoal, agricultural and forest residues and animal dung used mainly for 

cooking and heating in rural areas of developing countries. Among modern renewables, 

hydropower alone shared the maximum energy of 3.9% whereas combined biomass, 

geothermal and solar heat shared 4.2% of total global energy (REN21, 2016). Furthermore, 

23.7% of global electricity was supplied by renewables in 2015 with the contribution of 

hydropower (16.6%), wind (3.7%), bio-power (2.0%), solar (1.2%) and combined 

geothermal and ocean (0.4%), respectively (REN21, 2016). On the other hand, in the same 

year the share of renewable energy for heating was 25% in which two-third came from 

traditional biomass, predominating in developing countries (REN21, 2016).  

Over the last decade (2004-2013), total energy consumption by REs has increased by 

30% attributed to the factors, such as goals to reduce carbon emissions, volatility of oil prices 

and dependency on foreign energy sources (Apergis and Payne, 2010). Considering above 

factors, governments from various countries impose different policies such as RE production 

tax credits, installation payback for RE systems, standard RE portfolio, in order to increase 

the establishment of market for renewable energy (Apergis and Payne, 2010). Table 1 depicts 

the countries consuming maximum REs. According to EREC (European Renewable Energy 

Council), a share of renewable energy can be reached up to 50% by 2040 (EREC, 2012) with 

advanced technology and imposing reliable policy, respectively. Nevertheless, investment of 

REs is still low in many countries due to political uncertainty. Furthermore, it is still a barrier 

in many developing countries to invest in renewables like solar and wind due to rapid 

progress of these renewables. And progress of renewables both in heat and transport sectors 

remains slow, and therefore, it is necessary to imply stronger policy efforts.  
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Table 1: Total electricity production by REs of different countries and the contribution of 

each renewable source.  

Countries Share of 

renewable 

sources 

Biomass Geothermal Solar Wind Hydro 

 [% of total 

electricity 

production] 

[% of total renewables] 

USA 2016  10 48a 2 5 19 25 

Brazil 2014 75 9 NA 0.02 5 65 

Canada 2013 22 0.8b NA NA 2 60 

China 2016 26 4 NA 4 16 74 

EU 2014 27 18c NA 10 27 43 

Germany 2016 33 26 NA 21 43 11 

Italy 2015 41 8 NA 36 18 36 

Data adopted from IER (2015), Braga (2015), IEA (2015), CEP (2017), Eurostat (2016), ISE 

(2016), export.gov (2016) for USA, Brazil, Canada, China, EU, Germany and Italy, respectively; 

NA: not applicable; abiofuels, waste, wood; bbiofuels and waste; csolid biofuel and renewable 

waste. 

 

1.2 Biogas energy and its advantages 

1.2.1 History of biogas 

Flammable gas produced from decaying organic material was first discovered by Van 

Helmont in 17th century (Abbasi et al., 2012). In 1890s, Omelianski reported the link 

between microbial activity with methane production under anaerobic condition. Modern 

definition of fermentation process was given by Sohngen in 1910, who mentioned that 

oxidation-reduction reactions occurred to form hydrogen, carbon dioxide and acetic acid 

during fermentation of complex material. He also demonstrated that hydrogen then reacted 

with carbon dioxide to form methane (Abbasi et al., 2012).  

The first anaerobic digestion plant was built in Bombay, India in 1859 (PenState, 2017). 

Later on, an Englishman, Cameron, constructed a tank for sludge decomposition in England 
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in 1895 and the methane-rich gas was firstly applied for heating and lighting. Furthermore, 

application of AD system to industrial wastewater was further stimulated in the early 1970s 

when fossil fuel prices sharply increased and also for pollution control regulations. The idea 

of using agricultural waste as feed for AD system was initiated in Germany in 1944 and 

based on that different types of anaerobic plants were developed (Abbasi et al., 2012). At the 

same period, digestion of manure for biogas production increased in Germany and France 

(Humenik et al., 2007).  

1.2.2 Biogas utilization and advantages 

Biogas is composed of 50-75% methane (CH4) and 25-50% carbon dioxide (CO2). 

Depending on feedstock quality, it contains also significant amount of hydrogen sulphide 

(H2S), water (H2O), ammonia (NH3) and other trace gases. Biogas has a calorific value 

(higher heating value) of 20 MJ kg-1 (González et al., 2006) equivalent to 12.3 MJ m-3 

(biogas density = 0.63 kg m-3) bringing the potential for different application. In general, the 

calorific value of biogas is the function of methane percentage, temperature and pressure.  

Biogas can be used in number of applications including the production of heat and 

power (CHP), injecting into the national gas grid, and transport fuel (Table 2). Prior to 

application, biogas needs to be purified or treated further to achieve the gas standard.  

Amongst different applications, boiler and CHP units are mostly common for using 

biogas as fuel due to financial incentives regime. Biogas does not require any cleaning or 

purification for boilers, hence capital cost becomes low. Biogas can be burned directly into 

boiler to generate hot water or steam, which can be further applied for different purposes 

including steam generator, and further uses such as in textile industry etc.  

The use of biogas for CHP units may ask for purification since contaminant of H2S can 

corrode the gas generator. In comparison to using natural gas, non-upgraded biogas in CHP 

unit generates same thermal efficiency, lower electrical efficiency, but emits less amount of 

greenhouse gases (Pourmovahed et al., 2011). Moreover, biogas fuelled CHP unit shows 
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negative net balance of greenhouse gas emission when utilizing the heat produced from CHP 

(EBA, 2011).  

In recent years, biogas conversion to biomethane has raised the attention due to 

increasing oil and natural gas prices and has pushed up the targets for renewable energy 

quotas in many countries. Biogas is upgraded to biomethane (95% methane) which injected 

into natural grid becomes more beneficial in compare to the process where raw biogas is 

used in CHP unit. Using biogas in fuel cell results in higher electrical efficiency than any 

other applications mentioned above. But in this case, biogas requires an efficient cleaning 

before using, because the catalyst inside the fuel cell is very sensitive to impurities hindering 

the conversion of methane to hydrogen (Weiland, 2010).  

Biogas plant plays an important role for both economic and environmental aspects. 

Utilizing locally available resources in biogas plant contributes to reduction of greenhouse 

gas emissions compared to the use of fossil fuels (Weiland, 2010). Bachmaier et al. (2010) 

reported that greenhouse gas emissions reduced between 82 to 93% by biogas utilization. 

The specific CO2 emissions ranges from 31 to 104 kgCO2 MWh-1
elec. when using biogas to 

generate electricity by CHP, which is much lower in comparison to emissions of 456 kgCO2 

MWh-1
elec. produced from gas-steam turbines (Gerin et al., 2008). Furthermore, digestate 

from biogas plant is a valuable fertilizer in terms of availability and source of nutrients for 

agriculture and so it can substitute mineral fertilizer (Holm-Nielsen et al., 2009; Weiland, 

2010). 
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Table 2: Different applications of biogas and their properties.  

Application Additional 

treatment 

Production Comments 

Boiler Not required Heat - 85%  

 

 direct use of biogas after 

water removal 

 Low operating costs  

 15% loss 
 

CHP  purification Electricity – up to 45% , 

Heat – 50% 
 up to 15% loss 

 H2S below 300 ppm 
 

Upgraded  purification Biomethane (95% CH4)   Inserting gas into natural grid 

 Using as vehicle fuel 

 High costs 
 

Fuel cell upgrading and 

reforming  

Electricity- 60% , 

Combined heat and 

power – 80% 

 Using upgraded biogas 

 H2S below 5 mg m-3. 

 Based on fuel properties, 

types are available 

 High costs 

Adopted from Al Seadi et al. (2008), Banks (2009), Persson et al. (2014) and Remick (2009); 

CHP: combined heat and power. 

 

 

1.3 Basics of biogas production 

In this chapter, the principle of anaerobic process for biogas production will be 

discussed briefly in respect to chemical reactions in different metabolic stages. Different 

industrial fermentation processes and parameters considered for reactor design shall be 

depicted in following paragraphs.  

1.3.1 Principle of anaerobic process 

Anaerobic process is referred to the organic matter decomposing in the environment 

free of oxygen. In this process, the metabolism of microorganism is maintained through both 

anaerobic fermentation as well as respiration processes. In anaerobic fermentation process, 

decomposed organic matter (such as acetate) acts as both electron acceptor or donor (Khanal, 

2008). While decomposing the organic matter, some microbes use inorganic components 

(e.g. CO2, SO4
2- or NO3

-) as electron acceptors during their metabolism (Khanal, 2008). The 



Introduction 

14 

 

functional activity of such inorganic compounds during the anaerobic process is called 

anaerobic respiration. In this pathway, methane is produced only when CO2 is reduced by 

accepting electron released during organic matter decomposition.  

Anaerobic process is very complex consisting of many biochemical reactions. Based on 

different microbial contribution, the process can be divided into four stages known as 

Hydrolysis, Acidogenesis, Acetogenesis and Methanogenesis (Drosg, 2013). The chemical 

compounds produced in one stage are being consumed as substrates for the microorganism 

in next stage. Figure 1 depicts the stages to produce methane with major microbial 

contribution in anaerobic digestion. Microorganisms, which are carrying out the degradation 

reactions, can be divided into two major groups - the acid forming and the methane forming 

microorganisms (Adekunle and Okolie, 2015; Demirel and Yenigu, 2002). The rates of 

degradation reactions at different stages vary according to substrate (biomass) composition. 

For high lignocellulose biomass, degradation occurs slowly during Hydrolysis stage 

(Fernandes et al., 2009), whereas Methanogenesis is the rate limiting step for easily 

degradable substrate (Adekunle and Okolie, 2015). Acedogenesis is the fastest stage in 

anaerobic digestion process where the products from hydrolysis are converted into simple 

organic acids and alcohols (Chen and Neibling, 2014). Consequently, the products from 

Acedogenesis are consumed by Acetogenic bacteria (during Acetogenesis stage) in their 

metabolism and are converted into acetate, hydrogen and carbon dioxide (Figure 1). During 

these two stages, however, high partial pressure of hydrogen would inhibit the degradation 

rate (Adekunle and Okolie, 2015).    
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  Complex polymers  

(carbohydrates, proteins, 

lipids) 

   

     

                                                 1  Hydrolysis  

  Monomers and Oligomers 

(sugars, amino acids, peptides) 

   

                2                                    2   

                      2   Acedogenesis  

  Propionate, Butyrate, Volatile 

fatty acids (VFAs), long chain 

fatty acids 

   

                3.1     3.1 Acetogenesis  

      

 4H2+CO2  CH3CHOOH   

  3.2    

       4.1               4.2 Methanogenesis  

      

 CH4+2H2O  CH4+CO2   

      

 1 Hydrolytic bacteria   

 2 Fermentative bacteria   

 3.1 Acetogenic bacteria   

 3.2 Homoacetogenic bacteria   

 4 Methanogenic archae   

 4.1 Hydrogenotrophic methanogenic archae   

 4.2 Aceticlastic methanogenic archae   

Figure 1: Four different stages during anaerobic digestion (Cavinato, 2011; Persson et al., 

2014).   

1.3.2 Types of anaerobic digestion process 

On the basis of total solids (TS) content in feedstock, AD process is occurred in wet 

fermentation (i.e. lower than 20% TS) or dry fermentation (i.e. higher than 20% TS) 

technology. These definitions and values have regional variations or they can be 

differentiated by both legislation and support scheme of the particular region (Al Seadi et 

al., 2008). Moreover, pre-treatment (i.e. physical, thermal or chemical modification of the 

substrates) is also required for the feedstock with high TS content in case of wet fermentation 

(Kalač, 2012). Nowadays, wet fermentation process is widely used for agricultural 

substrates, which has been promoted by the development of various reactor types such as 

continuous stirred tank reactor (CSTR) (Lehtomäki et al., 2007), plug flow reactor (PFR) 



Introduction 

16 

 

(Braun et al., 2010), anaerobic sequencing batch reactor (ASBR) (Zhang and Zhang, 1999), 

up-flow anaerobic sludge blanket (UASB) (Lehtomäki et al., 2008). Amongst all reactors, 

the CSTR provides better uniformity in respect of process parameters, such as temperature, 

mixing, substrate concentration (Usack et al., 2012). Hence, CSTR is used frequently in both 

laboratory experiments and full-scale operations.  

Fermentation process can be further categorized into batch and continuous 

fermentation, depending on feedstock input operation and the criterion of feedstock, 

respectively. In batch fermentation, reactor is loaded once with feedstock for certain time 

until complete degradation has occurred. On the contrary, in continuous fermentation the 

substrate is fed regularly at certain interval either mechanically or by force of newly entered 

substrate (Nizami and Murphy, 2010). In full-scale operation, batch and continuous type 

reactors are employed for dry and wet fermentation, respectively. In laboratory experiment, 

batch fermentation is applied to determine the feedstock digestion performance in terms of 

specific biogas and methane yields, and highlights the adaptation ability of the microbial 

community. However, microbial adaption is enhanced in continuous fermentation rather than 

in batch fermentation (Lehtomäki et al., 2007).  

AD processes are also classified based on the operating temperature namely 

psychrophilic (10-25 °C), mesophilic (25-45 °C) and thermophilic (45-65 °C) (Yu et al., 

2013). Optimal operating temperature depends on feedstock composition as it can increase 

the concentration of toxic components. For example, free ammonia occurs in higher 

concentrations in thermophilic fermentation process while degrading protein-rich feedstock 

(Drosg, 2013).      

1.3.3 Reactor design 

The size of the reactor for anaerobic digestion depends on organic loading rate (OLR) 

which expressed as the ratio of feeding amount per day to hydraulic retention time (HRT). 

HRT is the average time interval when the substrate is kept inside the digester. Reactor design 
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depends also on operating temperature as it is related to HRT. The typical retention time 

depends also on operating temperature and is decreasing with increasing temperature, i.e. 

70-80 days (for psychrophilic condition), 30-40 days (mesophilic condition) and 15-20 days 

(thermophilic condition), respectively (Al Seadi et al., 2008). Depending on feedstocks 

composition, however, large variety in HRT was also observed. In Germany, most of the 

biogas plants are operated with energy crops at average HRT of 80-100 days (Ruile et al., 

2015). For proper reactor design, it is required to calculate the HRT, the daily feedstock input 

and the decomposition rate of the substrate. It is further recommended to conduct batch test 

for the feedstocks to determine technical digestion time (T80-90), the time needed to produce 

80-90% of maximum biogas yield. Technical digestion time can be used as HRT to design 

continuous anaerobic reactor for such substrates (Zahan et al., 2016). Nevertheless, mostly 

the equation 1 (Thamsiriroj et al., 2012) is used to calculate the size of the reactor once the 

HRT is known. And the equation 2 (Deublein and Steinhauser, 2008) represents for organic 

loading rate (OLR) which is the ratio between feedstock input based on volatile solids and 

digester volume.  

𝑉 =
𝑀𝐹

𝐻𝑅𝑇
 

.…………………. Equation 1 

Where, V = size of the reactor [m3]; MF = feedstock input in fresh mass (FS) [kgFS day-

1]; HRT = hydraulic retention time [day]. 

𝑂𝐿𝑅 =
𝑀𝑉

𝑉
 

.…………………. Equation 2 

Where, MV = feedstock input based on volatile solids (VS) [kgVS day-1]; OLR = organic 

loading rate [kgVS m-3 day-1].  

Other design elements for a biogas plants are heating, agitators, gas holder, engine, 

residue storage tank. Basic equations to design all elements are explicated in Table 3 (data 

adopted from Deublein and Steinhauser, 2008). 
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Table 3: Equations to design all basic elements relating to biogas plant. 

Heating QR=KR*AR*(TIR-Tamb); VW= QR/(CW*ρW*(TIR-Tamb)); PM = 

1.3*Ne*ρS*n3*DM
5 

Where, QR = required heat for heating the reactor [KW]; KR = reactor’s heat 

transfer coefficient [W m-2 °C-1]; AR = surface area of reactor [m2]; TIR = 

temperature inside the reactor [°C]; Tamb = ambient temperature [°C]; VW = 

volumetric flow rate of heating liquid [m3 hr-1]; CW = specific heat capacity of 

heating medium [kJ kg-1 K-1]; ρW = density of heating medium [kg m-3]. 

Agitator PM = 1.3*Ne*ρS*n3*DM
5; PM.total = N*PM*top 

Where, PM = power of agitator [KW]; Ne= newton number [0.5]; ρS = slurry 

density (consider as water density) [kg m-3]; n= speed [min-1]; DM= diameter of 

propeller shaft [m]; PM.total= total power consumption by agitator [KW]; N= 

number of agitator; top= operating time [min hr-1]. 

Gas 

holder 

VGH = 2/3*V̇  

Where, VGH = volume of gas holder [m3]; V̇= daily biogas production [m3/day]. 

Engine E = EG*VG*24; Eel = ηel*E; Eth = ηth*E 

Where, E= total energy from biogas [KW]; EG= specific energy content in 

biogas (6 KWh m-3) [KWh m-3]; VG= biogas production rate [m3 day-1]; ηel = 

electrical efficiency of the generator [%]; ηth = thermal efficiency of the 

generator [%]. 

 

 

1.4 Process parameters for biogas production 

High efficiency of biogas plant is the consequence from enhancing biogas production 

which is influenced by various process parameters such as pH, temperature, alkalinity ratio, 

volatile fatty acids (VFAs) concentration, NH3 concentration and trace elements. In the 
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reactor, these parameters are defining the optimal condition for living, growth and 

multiplication of microorganism.  

At different stages during anaerobic digestion, various organic compounds are produced 

resulting in the variation of pH value. Stable process can be found within the pH 6.5 and 8 

(Cioabla et al., 2012), whereas methane formation takes place within the range of pH 7 and 

8 (Weiland, 2010). In most biogas plants, the measurement of pH is preferred in off-line 

rather than by on-line due to rapid fouling of the electrode as well as it requires regular 

cleaning and calibration (Drosg, 2013). Anyway, the presence of buffer components (base 

components) and volatile fatty acids concentration are recognized to be main parameters that 

influence the pH value in the whole process. Hence, both in full-scale and laboratory-scale 

biogas plants, the ratio between buffer components and volatile fatty acids (also called 

alkalinity ratio) is measured regularly. The ratio represents the amount of buffer components 

(mainly bicarbonate) available to react with organic compounds so that an accumulation of 

VFAs does not cause a decrease in the pH value. The alkalinity ratio below 0.4 indicates a 

good state of anaerobic process (Jha et al., 2013).  

VFAs (mainly acetate, butyrate, propionate), as intermittent products, are mostly 

produced during acidification steps. Thus, accumulation of VFAs means that the biological 

transformation to methane by methanogenesis is inhibited. Drosg (2013) reported that VFAs 

concentration with lower than 1 g L-1 showed stable biogas process whereas the values within 

1 to 4 g L-1 was ambiguous, i.e. caused both stable as well as unstable processes. 

Furthermore, Franke-Whittle et al. (2014) recommended to set the own condition of VFA 

concentration for each reactor, because the conditions that can cause instability are varying 

among the reactors. Although the accumulation of VFAs would decrease the pH value, still 

high pH value can be found in the process because of adequate buffer capacity. 

Ammonium nitrogen (NH4-N) produced by the degradation of proteins present in the 

digester. Total NH4-N concentration is the combination of ammonium ion (NH4
+) and the 
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free ammonia (NH3). It is the free ammonia that inhibits the metabolism of microorganism 

as bacteria requires higher amount of energy for their enzymatic reaction (Drosg, 2013). 

Hence, measurement of ammonium concentration is considered as another key parameter to 

evaluate the performance of anaerobic digestion. Microbial community is able to adapt in a 

high range of NH4-N concentration between 1.5 (Drosg, 2013) and 14 g L-1 (Chen et al., 

2008). In spite of high range of NH4-N, a level more than 1.1 g L-1 of free ammonia turns to 

be toxic for most microbes - mainly for acetoclastic methanogens (Murto et al., 2004). Drosg 

(2013) emphasized that free ammonia concentration in the digester depended not only on 

NH4-N concentration but also on temperature and pH value. Hence, also pH value and 

temperature plays an important role for a high performance of microorganism in a nitrogen-

loaded process. Free ammonia (NH3) concentration increases at higher temperature and thus 

thermophilic fermentation is unfavourable for protein-rich feedstock.  

Gerardi (2003) mentioned that foam formation might occur even at small temperature 

variation. He also recommended to avoid temperature changes higher than 1 °C for 

thermophilic and 2-3 °C for mesophilic conditions, respectively.  

Lack of trace element reduces the methane production, thus trace elements analysis 

should be done regularly not only for process stability but also for digestate quality. 

Degradation of propionic acid can be decreased or even stopped due to insufficient amount 

of trace elements (Clemens, 2012). According to Matheri et al. (2016), the performance of 

biogas plant depends on the limit of elements such as K (3000 mg L-1), Ca (2800 mg L-1), 

Mg (50 mg L-1), Cu (400 mg L-1), Cd (0.18 mg L-1), Zn (1 mg L-1), Pb (0.02-200 mg L-1). 

To avoid poor process efficiency, the concentration of trace elements namely Ni (0.005-0.5 

mg L-1), Fe (1-10 mg L-1), Co (0.003-0.06 mg L-1) and Mo (0.005-0.05 mg L-1) should be 

within the range during anaerobic digestion, as mentioned by Weiland (2006).   
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1.5 Feedstocks and their yields and benefits  

Any feedstock that contains organic compounds can be used, theoretically, for anaerobic 

digestion. Organic compounds consist of carbohydrates, proteins and lipids. Depending on 

the majority of organic compound, substrate composition determines the rate of their 

degradation. Considering the available compounds, biogas is produced from numerous types 

of feedstocks. However, only agricultural feedstocks are highlighted in this thesis and 

explained in following paragraphs in respect of feedstocks characteristics and their methane 

yield.   

1.5.1 Feedstocks 

Feedstocks for anaerobic digestion process can be categorised into agricultural (animal 

manures, energy crops etc.), industrial (dairy, sugar industry, pharmaceutical industry etc.) 

and communities waste (municipal solid waste, sewage sludge, food waste etc.) (Steffen et 

al., 1998). The type of feedstock influences not only in the reactor configuration but also the 

bacterial physiology. Moreover, degradation rate of the feedstock varies from several hours 

to weeks as it depends on substrate compositions. Among the components, lignin 

degradation is hardly noticeable, whereas break down of cellulose requires several weeks 

while hemicellulose, followed by proteins and fats, degrades within shorter time (Steffen et 

al., 1998). Substrates like low molecular sugars, VFAs and alcohols need short time to 

degrade. Hence, the assessment of feedstock characteristics is the pre-requisite to estimate 

the outcome from anaerobic digestion. The characteristics and the energy yield of common 

agricultural feedstocks are depicted in Table 4.  

Among the agricultural feedstocks, energy crops show the highest potential. Energy 

crops such as maize, fodder beet, sugar beet, wheat grain, grass produce high energy yield 

(Weiland, 2010). Such feedstocks contain easily degradable components usable in anaerobic 

digestion. A wide range of methane yield between 52-171 m3 t-1FS was reported by several 
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sources (Table 4). The harvest time can influence the methane yield as higher cellulose 

content is associated with late harvest, causing slower biodegradability and producing less 

methane yield (Braun et al., 2010). However, efforts to cultivate energy crops for anaerobic 

digestion are mainly given in the countries where energy costs are high as well as sufficient 

agricultural land is available (Steffen et al., 1998).  

Currently energy crops for anaerobic digestion have not reached significant levels in 

European Union compared to Germany. In Germany, energy crops contribute to about 59% 

of total feedstocks input (Weiland, 2010). The share of maize silage is 73% followed by 

grass silage of 12% (FNR, 2015). The major preference for maize silage is not only due to 

high methane yield per ton substrate but is attributed also to high crop yield and net energy 

yield per hectare, respectively (Table 4). The latter are the key factors for choosing crop for 

methane production (Frigon et al., 2012). In addition, maize silage is getting more incentives 

due to low feedstock cost and greenhouse gas emission (kg CO2-eq KWhel
-1), respectively, 

per energy unit in comparison to other feedstocks (Meyer-Aurich et al., 2016). However, 

greenhouse gas emission per hectare is higher from arable land of maize production (Rösch 

et al., 2009). Moreover, mono-cultivation of maize can lead to adverse condition in terms of 

environmental, biological and economic effects (Dandikas et al., 2015).  

Grassland becomes prominent biomass source for anaerobic digestion because of its 

availability at low cultivation cost (Meyer-Aurich et al., 2016). Gerin et al. (2008) surveyed 

on the fuel consumption for the cultivation of various crops (maize and grass) and found 

quite low in case of grass. Furthermore, grass silage from grassland can generate various 

socioeconomic profit without harming the food production (Nizami and Murphy, 2010). 

Grass silage is able to produce high methane yield. But, as the crop yield is lower (Table 4), 

it produces less net energy per hectare (Table 4).  

 Similar to maize, the crop yields for sugar beet and fodder beet are very high and both 

became very popular feedstocks for anaerobic digestion (Table 4). Furthermore, it was 
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reported that the cost of sugar beet cultivation was reduced significantly in comparison to 

the case of maize (Hartmann and Döhler, 2011). Despite a higher crop yield of beet silage, 

it produces lower methane yield than maize. It illustrates that about 1.49 tons sugar beet 

silage and 2.15 tons fodder beet, respectively, is required in order to match the methane 

production from one ton (based on fresh mass) of maize silage. The beet feedstocks are 

preserved as silage to make them available for anaerobic digestion through the year. Sugar 

beet as silage is advantageous due to the production of lower fatty acids and alcohols, which 

are known as easily degradable components and hence high methane yield is produced in 

anaerobic digestion (Weissbach, 2009). He also reported that storage time of silage beet had 

the influences on both biogas and methane production, respectively. In contrary, the 

disadvantage of such easily degradable components is to lower the buffering capacity of 

sugar beet silage and to reduce the pH level, thus acidification occurs during mono-

fermentation of sugar beet silage. It has been analysed that ensilage fodder beet produced 

more biogas during anaerobic digestion, whereas sugar beet as fresh material is preferable 

for anaerobic digestion (Böttcher et al., 2011).  

Anaerobic digestion is also considered as promising alternative to mitigate current 

disposal problems of agricultural residues such as wheat straw or rice straw. Other than 

Europe, in several countries disposal of such agricultural residues is mostly done by burning 

on open field causing various effects including air pollution, reduced crop yields, increase 

of foliar diseases, degradation of soil condition and emission of  greenhouse gases (Zhang 

and Zhang, 1999). For instance, burning one ton of rice straw emits greenhouse gases such 

as methane in the amount of 1.2-2.2 g kg-1 dry straw (Nguyen et al., 2016). Straw has a very 

high content of lignocelluloses, thus requires very long digestion time. Furthermore, it shows 

floating behaviour that hinders the biogas production during anaerobic digestion. Also, 

overall efficiency of a biogas plant with straw is reduced as higher energy input is required 

for the mixing (Lehmann and Friedrich, 2012). As shown in Table 4, methane yields from 
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straws (rice and wheat) per ton fresh substrate are higher in comparison to typical energy 

crops. It indicates that less amount of straws (0.69 tons of wheat, 0.65 tons of rice) is needed 

in order to match the amount of methane producing from one ton fresh mass of maize silage. 

However, yield of straw on hectare base is below the value of energy crops like maize or 

grass. 

Animal by-product such as manure is abundant in Europe and in other developed 

countries. Manures have been identified as a major source of greenhouse gas emission from 

the agricultural sector (Triolo et al., 2013). To mitigate that, manure can be utilized to 

produce energy by wet anaerobic treatment. Besides energy generation, the slurry from 

manure digestion can be used as fertilizer providing plant nutrients such as nitrogen and 

phosphorous. However, accumulation of carbon and leaching of nitrogen can cause negative 

environmental impact. Furthermore, pathogens from improperly treated animal wastes may 

also threaten public health.  

Animal manure has unique characteristics in comparison to other biomass, since 

recalcitrant carbon concentrations increase after animal digestion, which limits anaerobic 

degradability as well as biogas potential (Triolo et al., 2013). Toma et al. (2016) mentioned 

that using animal manure alone for anaerobic digestion may not bring the efficient way to 

produce biogas due to low ratio of carbon to nitrogen. Low carbon to nitrogen ratio refers to 

higher nitrogen content and thus increasing ammonia concentrations that can inhibit 

anaerobic fermentation. Hence, it is recommended that co-digestion with energy crops or 

crops residues can balance the carbon/nitrogen ratio, enhancing bacterial growth and 

decreasing the risk of ammonia inhibition (Toma et al., 2016; Xie et al., 2011). Most biogas 

plants in Germany are operated with energy crops mixed with manure. 24% of total 

feedstock input is shared by manure (Weiland, 2010), where cow manure shares about 61% 

followed by pig manure of 13% (FNR, 2015).  
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1.5.2 Benefits of co-fermentation 

Mono fermentation of agricultural feedstocks can be seen as a difficult anaerobic 

digestion. Digestion with only energy crops requires recirculation of digestate in order to 

maintain the homogeneous and well buffered digester conditions (Braun et al., 2010). 

Furthermore, such type of digestion leads to stirring problems due to higher viscosity (Nges 

et al., 2012), prolongs the retention time (Weiland, 2010), and may lead to acidification due 

to lack of trace elements (Lebuhn et al., 2008). 

Bachmann (2015) mentioned that fibre-rich feedstocks such as garden and landscape 

waste caused many physical damages including clogging and abrasion of pipes and pumps 

during anaerobic digestion. Similar circumstances were also reported for mono-fermentation 

of grass silage (Thamsiriroj and Murphy, 2010). They also mentioned that mono-

fermentation of grass silage limited the organic loading rate in order to avoid the increase of 

ammonia concentration, whereas low trace elements reduced the gas yield during digestion 

of maize silage alone. Study by Lehmann and Friedrich (2012) demonstrated that straw had 

a floating character resulting the formation of unwanted floating layers, that reduced the 

biogas yield during fermentation. A study conducted by Moeller et al. (2015) revealed that 

the use of mono sugar beet silage caused foam formation in fermenter that plugged gas pipes 

resulting in biogas yield loss. It is then recommended to use animal manure with energy 

crops for biogas production in order to maintain a balanced carbon/nitrogen ratio (Lehtomäki 

et al., 2007).  

Besides animal manure, sugar beet silage brings also high potential in co-digestion 

process, as beet silage contains easily degradable substrates. According to Scherer et al. 

(2009), beet silage with alkalinity range (2.5 – 6 g CaCO3-equivalent L-1) can be used as co-

feedstock with other low-buffered crops like maize silage. Indeed, co-fermentation of 

agricultural feedstocks has become popular and many studies have been done emphasizing 

the advantages of co-digestion in terms of positive synergisms and supply of nutrient to 
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microbial communities (Comparetti et al., 2013; Nielfa et al., 2015). Table 5 represents some 

of the benefits of anaerobic co-digestion with different agricultural feedstocks and their 

mixtures. 

Table 5: Benefits of co-digestion of agricultural feedstock from different studies. 

Studies Digester characteristics and the process evolution. 

A - Sugar beet silage with grass silage and maize silage, respectively. 

- Continuous process at different ratios (VS based) under mesophilic condition 

- OLR- 1.5 kgVS m-3 day-1 and 2.5 kgVS m-3 day-1. 

- Yield enhanced while increasing the share of sugar beet silage with grass silage 

but not the case with maize silage. 

B - Pig manure (PM) to grass silage (GS) at mesophilic temperature. 

- Biological methane potential (BMP) test at different ratios (VS based).  

- Yields were maximum at PM:GS of 3:1 and 1:1. Digestion failed at PM:GS-

0:1. 

C - Poultry manure with straw. 

- Semi-continuous process operated at different mesophilic temperatures.  

- Different OLRs at fixed retention time. 

- Methane yield was maximum at 35 °C and OLRs should be higher than 1 

kgVS m-3 day-1 but lower than 4 kgVS m-3 day-1. 

D - Cattle slurry (CS) with maize silage (MS) at semi-continuous test at different 

OLRs under mesophilic condition. 

- Good co-digestion performance for all OLRs ranged from 3 to 6 kgVS m-3 

day-1, whereas digestion was not feasible for mono fermentation of MS at OLR 

higher than 2 kgVS m-3 day-1. 

E - Sugar beet silage with maize silage at fixed OLR of 2.5 kgVS m-3 day-1. 

- Unstable process while adding sugar beet silage of more than 50% (VS based). 
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A (Ahmed et al., 2016); B (Xie et al., 2011); C (Babaee et al., 2013); D (Cornell et al., 

2012); E (Böttcher et al., 2013); VS refers to Volatile solids. 

 

1.6 Future applications to biogas energy production 

Biogas is generally used as a source for co-generation called combined heat and power 

(CHP) for producing simultaneous electricity and heat (Comparetti et al., 2013). More than 

90% of Europe’s biogas plants operate CHP units to produce heat and electricity (EBA, 

2011). Other applications of biogas include bio-methane production (Anitha et al., 2015), 

chemical production (E4tech, 2015) and forming hydrogen for fuel cell (Rick et al., 2013). 

Recently, the utilization of biogas production emphasizes on-demand based energy 

production i.e. generation of electrical energy when it is required.  

1.6.1 On-demand biogas production 

Biogas conversion to electricity and heat are more predictable and manageable in 

comparison to other renewables such as wind or solar (Lv et al., 2014). Unlike biogas energy, 

solar and wind energies depend on weather-condition and may vary due to seasonal scarcity. 

A study by Steinke et al. (2013) revealed that at a certain time in the year, almost whole 

energy demand need to be covered by the sources other than solar or wind. Another problem 

occurs when residual load (difference between energy demand and energy supply from 

renewables like solar or the wind) is very low (i.e. on Sundays or holidays) and power 

production reaches its maximum due to sunny day and/or high wind. In this context, flexible 

biogas plants will be needed to cope with the volatile residual load structure. Hahn et al. 

(2014a) claimed that storage capacity of biogas brought the advantage to produce flexible 

energy when the electricity was demanded. Another study by Hahn et al. (2014b) reported 

about the technical ability to facilitate a biogas supply for short and long term when 

balancing power generation. They concluded that stored biogas could respond to biogas 

demand very quickly. Although, long term energy balancing may not be feasible due to the 
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limitation of biogas storage duration (average 4-6 hrs). In this case, additional storage 

capacity needs to be built, asking for additional investment and space which are not always 

available. On the other hand, short term energy balance (energy fluctuation during the day 

or over the weekend) can be covered with the stored biogas.   

Daily energy prices are determined by supply and demand for each hour of the following 

day (Braun et al., 2014). Figure 2 visualizes energy frequency of a day in Germany in 

accordance with EPEX SPOT SE (an European market place for electricity). In comparison 

to average base load price, electricity prices were increased by about 42% at 9am with further 

increment of 29% between 6 pm to 8 pm. In this case, higher revenues can be achieved by 

shifting energy production from lower price periods (i.e. base load operation) to higher price 

periods. Daily-based energy frequency can also be stabilized by biogas energy due to its 

properties of decentralization and distribution process, respectively (Mauky et al., 2015). 

Therefore, electricity production during higher market energy prices shows beneficial effects 

for biogas. As mentioned by Braun et al. (2014), energy production during peak time is 

possible by temporary storing of biogas. Alternatively, it can be meet with an adjusted 

feeding management system, as illustrated by Mauky et al. (2015). They conducted the 

experiments with sugar beet silage and managed to produce the demand-based biogas by 

repeating doses of feedstock in hours of peak demand period. Ahmed and Kazda (2017) 

demonstrated that mixing of sugar beet silage to grass silage boost the biogas production 

within short time enabling to produce demand based energy, dependent on organic loading 

rate and feedstock ratios, respectively.  

Flexible energy from biogas, irrespectively short term or long term, depends on several 

points consisting of the capacity of biogas utilization, gas storage capacity, type of 

conversion process, substrate type and their feeding management system (Mauky et al., 

2015) and those are an extra effort for plant operators. Since 2012 incentives have been given 

to biogas plant operators for flexible energy or demand-driven power, according to new act 
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by EEG 2012 (German Renewable Energy Act) (Hahn et al., 2014b). Nowadays in Germany, 

many biogas plants are operating on flexible energy scheme, but very few in other European 

countries (Persson et al., 2014). 

 

Figure 2: Electricity price during average load and peak load, respectively, on a specific day 

in Germany (EPEXSPOT, 2017). 

 

1.6.2 Biogas in other applications 

Other than the application of biogas in CHP unit, biogas can be upgraded to biomethane 

which is injected into the natural gas grid or used as compressed fuel. In this case, raw biogas 

has to be cleaned and upgraded to 97% methane to produce biomethane which contains the 

energy value of 37 MJ m-3 (76% more than the value in raw biogas) (Murphy et al., 2004). 

Inserting biomethane into natural gas grid allows the use as a fuel for heat, transport or for 

power generation at times of peak demand (Persson et al., 2014). Furthermore, using 

biomethane to generate electricity increases the efficiency above 60%, whereas generators 

fed with raw biogas (contains 40% CO2) cannot exceed 45% electrical efficiency. In Sweden, 

majority of biogas is converted to biomethane as a source of transport fuel (Persson et al., 

2014). On the other hand, using raw biogas for CHP unit is dominating in the countries like 

Germany, UK, South Korea and Denmark. 
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Production of H2 from biogas and its use in fuel cell shows a promising possibility for 

biogas utilization. It should be noted that biogas need to be upgraded first to biomethane 

which is then converted to hydrogen by methane reforming process. Several methane 

reforming processes such as steam reforming, partial oxidation reforming, dry reforming, 

solar reforming are available for hydrogen conversion (Galvagno et al., 2013). Then, the 

chemical energy of hydrogen is transformed into electrical energy in fuel cells (Rick et al., 

2013). Recent study by Persson et al. (2014) proposed that flexible bioenergy plant could be 

combined with power to gas system. During the period of low electricity demand, flexible 

biogas plant produces surplus electricity by CHP unit to employ in electrolysis process for 

the conversion of hydrogen from water. Produced hydrogen by flexible bioenergy can be 

further used not only in fuel cell but also for different applications including chemical 

industries, in food processing, ammonia production, pharmaceutical industries etc. (Rick et 

al., 2013).  
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3 Motivation of thesis 

The motivation of this thesis was to enhance the biogas yield from fibrous substrates 

such as grass silage in co-digestion with sugar beet silage. This hypothesis was made based 

on the properties of sugar beet silage containing easily degradable substrates such as sugars, 

alcohols, etc. These substrates can be easily decomposed by microorganisms and are 

releasing energy during anaerobic digestion. Such energy, during co-digestion with grass 

silage, can improve the digestions of lignocellulose components of the grass silage. So, grass 

silage will produce higher yield in co-digestion with sugar beet silage in comparison to 

anaerobic digestion of grass silage alone (Manuscript 1).  

In addition, sugar beet silage could play an important role to meet demand-based biogas 

production. On the other hand, mono-fermentation of sugar beet silage became less feasible 

to produce demand based energy. However, sugar beet silage as co-feedstock with grass 

silage could improve biogas production of the latter substrate, since beet silage lifts the 

biogas production within short time span. This hypothesis was tested in the second study 

investigating its applicability on demand-based energy production (Manuscript 2). The 

results of this study highlighted the positive aspect of sugar beet silage for future biogas 

applications.  

Different microbial communities were reported to produce biogas during anaerobic 

digestion. The main parameter for different microorganism compositions is the feedstock. 

This study has been conducted to realize the activity of different microbial structures in the 

co-fermentation of sugar beet silage and maize silage (Manuscript 3). It was found that 

diverse microbial communities were involved based on feedstock mixtures, but similar 

biogas production was realized in all four treatments. Here, the author’s contribution was 

mainly related to the assessment of reactor performance.   
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Manuscript 1 

Co-digestion of sugar beet silage increases biogas yield from fibrous substrates 

Sharif Ahmed*, Daniel Einfalt, Marian Kazda 

*Contribution (planning: 70%, conducting experiment:90%, writing: 90%) 

Summary: Sugar beet silage contains easily degradable substrates such as sugars, and 

alcohols. But energy crops such as grass silage consist of low contents of water soluble 

carbohydrates and high proportion of protein. Moreover, due to low buffering capacity 

anaerobic digestion of grass silage leads to the necessity of adding alkalinity in order to 

stabilize the process. The hypothesis of this study was that degradation of grass silage could 

be improved in co-digestion with sugar beet silage. The easily degradable substrates from 

beet silage would be absorbed by the components of grass silage increasing its solubility. 

Thus, improving the access for microorganism will speed-up their metabolism, and 

therefore, lead to higher biogas yield.  

The experiments were conducted in four CSTRs at different feedstock ratios (volatile 

solids based) of grass silage and sugar beet silage at 1:0, 6:1, 3:1 and 1:3, respectively, with 

same organic loading rate (OLR) of 1.5 kgVS m-3 day-1. Another co-digestion of maize silage 

with beet silage was tested at similar feedstock ratio and OLR, respectively.   

While the sugar beet effects in mixtures with maize silage were negligible, co-digestion 

with grass silage showed a beneficial performance. In comparison to mono fermentation of 

grass silage (1:0), about 44% and 62% higher biogas yield were obtained in a share of beet 

silage at 14% (feedstock ratio 6:1) and 25% (1:3), respectively. Although, synergistic effects 

were found in both co-digestions, but higher effect was realized in co-fermenting sugar beet 

silage with grass silage, independently of the amount of beet silage. The results showed that 

co-digestion of carbohydrate-rich substrates (e.g. sugar beet silage) with fibre-rich substrates 

(e.g. grass silage) improves the anaerobic digestion of the latter.  
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Reprinted with permission (open access): 
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Manuscript 2 

Characteristics of on-demand biogas production by using sugar beet silage 

Sharif Ahmed*, Marian Kazda 

*Contribution (planning: 70%, conducting experiment:90%, writing: 80%) 

Summary: On-demand energy generation can be met by just-in-time biogas production. 

Sugar beet silage contains easily degradable substrate enabling to boost the biogas 

production within short time. Then, beet silage shows high potential to produce demand-

based energy. This study tested the hypothesis that co-digestion of beet silage with grass 

silage would improve the degradation rate of the latter and increase the feasibility of the 

mixture for demand based energy production. High share of beet silage stimulated the 

microbial CO2 production, thus CH4 production was delayed. So, the final hypothesis was 

that methane production will be delayed compared to that of biogas, when sugar beet silage 

used as co-feedstock.  

To test these hypotheses, two different experiments were conducted in continuous mode 

at organic loading rates of 1.5 kgVS m-3 day-1 and 2.5 kgVS m-3 day-1, respectively. Each 

experiment was fed with intermittent feeding system at 8hrs interval at the same feedstock 

ratios (volatile solids based) of grass silage and beet silage at 1:0, 3:1 and 1:3, respectively. 

All process parameters including pH values, alkalinity ratios, volatile fatty acids 

concentrations, C/N ratios were measured in regular intervals to realize the process 

performance of intermittent feeding system. To understand the effect of beet silage on biogas 

production, Gaussian equation was used to model gas dynamics during the intermittent 

feeding.  

The results revealed that addition of beet silage increased the biogas production within 

short time, but it differed significantly depending on feedstock ratios and OLRs, respectively. 

At low OLR of 1.5 kgVS m-3 day-1, biogas production rate did not change besides in the 
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reactor using maximum portion of the beet silage (i.e. at the ratio of 1:3). At OLR of 2.5 

kgVS m-3 day-1, production rate was increasing with increment share of sugar beet silage, 

but time lag between feedstock input and maximum biogas/methane production rate did not 

differ significantly (p>0.05). Moreover, no time lag was found between maximum biogas 

and methane production, irrespectively of OLR. In summary, the results showed better 

suitability for demand-based production at high OLR rather than at low OLR. 
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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  

*Contribution (planning: 40%, conducting experiment: 40%, writing: 25%) 

Summary: In anaerobic digestion, the growth of microbial communities and their 

functional activities depend on the feedstocks composition. In this study, experiments tested 

the hypothesis that microbial communities might change due to different shares of sugar beet 

silage in co-digestion with maize silage. 

To prove this hypothesis, experiments were occurred in four lab-scale continuously 

stirred tank reactors (CSTRs, at 39 °C, operating volume 10 L volume) supplied with 

different mixtures of maize silage and sugar beet silage over 80 days. Structural changes of 

involved microbial communities were analysed for each experiment, respectively. 

Continuous fermentation (i.e. hourly feeding) was conducted with the mixtures of maize and 

sugar beet silages in volatile solids ratios of 1:0, 6:1, 3:1 and 1:3, respectively, with equal 

organic loading rate (OLR 1.25 kgVS m−3 d−1). The compositions of bacterial and archaeal 

communities were assayed by 454 amplicon sequencing approach based on 16S rRNA 

genes. 

Both bacterial and archaeal communities shifted with increasing amounts of beet silage, 

although biogas production rates were surprisingly similar in all reactors. Methanosaeta, an 

archaeal community, were dominating in the reactors with only maize silage (1:0) and at 

little share of sugar beet silage (feedstock ratio of 6:1), respectively. Whereas, 

Methanosarcina was mainly present in reactors with higher amount of beet silage (i.e. at the 

ratios of 3:1 and 1:3, respectively). This study revealed that even though microbial 

communities diversified, they ensured efficient biogas production by optimizing their 
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5 Conclusions  

The objective of this research was to investigate the influence of sugar beet silage as 

co-feedstock with fibrous substrate (i.e. grass silage) in anaerobic digestion. Beet silage 

increased not only the digestibility of the fibrous substrate but also opened potential use for 

demand-based energy production. This research also focused on process performance during 

anaerobic co-digestion of sugar beet silage with maize silage, wherein structural changes of 

microbial communities occurred in respect to feedstock composition.  

The first paper included in this dissertation outlined that sugar beet silage metabolised 

efficiently during anaerobic digestion and was considered as the fastest raw material for 

biogas production. Furthermore, it’s easily degradable components increased the 

degradation of grass silage in co-fermentation. Decomposition of degradable components 

into organic compounds releases energy, that stimulates the cellulolytic activity of fibrous 

substrates. As a consequence, microbial communities enhance their metabolism producing 

higher biogas yield. Such phenomenon supports the concept of “priming effect” known from 

terrestrial ecosystems and thus priming effect can be extended to anaerobic degradation of 

organic matter. The result from this study showed that even small addition of sugar beet 

silage was sufficient to increase the biogas production in co-fermentation with grass silage.  

Nowadays, the use of animal manures as co-feedstock is quite common for anaerobic 

digestion of grass silage. This study revealed an alternative solution that adding sugar beet 

silage to grass silage can speed up the process and increase the biogas production of the 

latter. Hence, the results of this study open new aspect for grass silage or other fibrous 

substrates (e.g. straw, landscape waste), which are often abandoned in many countries. 

Anaerobic co-digestion of above mentioned fibrous substrates with sugar beet silage will be 

a low-cost investment in a production of renewable energy. 

The second study underlined the potential use of grass silage for demand-based energy 
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production, but only in the mixing of sugar beet silage as co-feedstock. Degradable 

components of beet silage degraded rapidly, that boost the biogas production within short 

time. Mixing of sugar beet silage benefited the metabolism for certain hydrolytic bacteria 

influencing the degradation of grass silage. This opens the possibility for low degradable 

substrate to produce biogas at just-in-time by flexible feeding scheme. The study illustrated 

that production of demand-based energy, as defined as the variable energy that compensates 

the volatile energy by solar or wind, was also feasible by low degradable substrate but only 

in co-digestion with sugar beet silage. Furthermore, using such co-digestion enabled just-in-

time biogas production, minimizing the requirement for gas storage. Furthermore, there was 

no time lag between maximum biogas and methane production rates, irrespectively of 

organic loading rates. This implies that once the whole microbial communities are adapted 

to intermittent substrate input, the metabolic reactants are instantly utilized through the steps 

of anaerobic substrate degradation. This shows a new option for biogas energy as an 

attractive solution for demand-based energy generation. Research on flexible energy 

production is still in early stage and is related to the type of substrate. So, the results of this 

study bring a new aspect for biogas plant operators to invest in flexible biogas energy 

produced by mixtures with low degradable substrates.  

The contribution of this thesis investigating process performances in anaerobic 

digestion of different feedstocks also provided useful information regarding both microbial 

bacteria and archaeal which behaved dynamically according to feedstock compositions. The 

findings are unique and refer to adaptation ability of microbial communities resulting in 

stable biogas production. It can be stated that each biogas plant has an own specific 

ecosystem, hardly comparable to another plant. The biogas practitioners benefit from this 

study as it implies high adaptability of the anaerobic digestion process.  
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