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Summary 

 

Phasing out fossil fuel power plants and replacing them with energy production from fluctuating 

renewable solutions will bring about an urgent need for on-demand energy generation. Biogas 

plants can contribute significantly to securing the future power demand. By regulating gas pro-

duction through intermittent feedstock supply, increased biogas and methane yields can be 

achieved within a short time without storing ample amounts of gas. To obtain stable on-demand 

fermentation, suitable feedstocks and process parameters must be deeply observed and further 

interpreted. 

Appropriate feedstocks for on-demand biogas production are high in easily degradable carbohy-

drates and contain little amounts of proteins and crude fibre. Meeting these requirements, sugar 

beet silage is very suitable for a fast degradation in the anaerobic digestion and was used to-

gether with maize silage as co-substrate for all studies performed for this doctoral thesis.  

The scientific questions for this work were primarily related to process control and optimization of 

gas yields for intermittent biogas production through feedstock management. The first study 

(chapter 1) was performed to identify the possibilities of intermittent feedstock supply concerning 

the rapidity of increased gas production and the most suitable feedstock ratio for a stable opera-

tion. Within 10 minutes after the supply of sugar beet silage, the biogas and – without delay – 

the methane production rate increased. The best ratio, tested for stable, intermittent biogas pro-

duction, was defined as 3:1 (maize to sugar beet silage, based on volatile solids) and was there-

fore used in the following study.  

The experimental design for the second study (chapter 2) only differed in sugar beet silage dis-

tribution throughout the day. This was chosen to find the optimal distribution of intermittent feed-

stock portions and to further observe the influence on anaerobic digestion. Despite the common 

recommendation in the biogas praxis for continuous feedstock supply, a significant enhance-

ment of gas yields was achieved by intermittent supply of sugar beet silage. The significant in-

crease in specific methane yield was up to 24 % for two intermittent feedstock portions per day.  

Besides the gas yield optimization, most important for biogas plant operators is a stable process 

performance. It is therefore essential to closely monitor and to gain more insight into intermittent 

gas production. The focus of the third study (chapter 3) was on monitoring volatile fatty acids. 

Specific gas yields were directly related to the acid concentration in the reactor slurry. This cor-

relation was even stronger for methane yields as increasing acidification especially inhibits the 
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last step of anaerobic digestion, the methanogenesis. Thus, the quality of the produced biogas 

i.e., methane content was negatively affected before the total gas yield declined. 

Intermittent feedstock management as a common operation mode for biogas plants still needs 

more research and communication for the widespread practical implementation. Process stability 

can be stressed through altering degradation kinetics compared to a continuous feedstock sup-

ply. Nevertheless, with decent and close supervision and know-how, these plants will be best 

prepared for future requirements, obtaining optimal yields and economic achievements. 
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Zusammenfassung 

 

Der Wechsel von fossilen Kraftwerken zu einer Energieerzeugung durch fluktuierende, erneuer-

bare Energieträger, wird dazu führen, dass eine bedarfsgerechte Energieerzeugung unumgäng-

lich ist. Biogasanlagen können einen wichtigen Beitrag zur Sicherung des künftigen Strombe-

darfs leisten. Durch die Regulierung der Gasproduktion durch die stoßweise Zufuhr von Rohstof-

fen können innerhalb kurzer Zeit höhere Biogas- und Methanerträge erzielt werden, ohne dass 

große Mengen an Gas gespeichert werden müssen. Um bei dieser Betriebsweise eine stabile 

Vergärung zu erreichen, müssen geeignete Einsatzstoffe gefunden und die Prozessparameter 

eingehend beobachtet und interpretiert werden. 

Geeignete Substrate für die bedarfsgerechte Biogasproduktion bestehen zu einem großen Teil 

aus leicht abbaubaren Kohlenhydraten und haben gleichzeitig einen geringen Anteil an Protei-

nen und Rohfaser. Zuckerrübensilage erfüllt diese Anforderungen und eignet sich optimal für 

einen schnellen Abbau in der anaeroben Vergärung. Aus diesem Grund wurde für alle Untersu-

chungen im Rahmen dieser Dissertation Zuckerrübensilage zusammen mit Maissilage als Co-

Substrat verwendet.  

Die wissenschaftlichen Fragestellungen für diese Arbeit bezogen sich in erster Linie auf die Pro-

zesskontrolle und die Optimierung der Gasausbeute bei stoßweiser Biogasproduktion durch 

Substratmanagement. Die erste Studie beschäftigte sich damit, die Möglichkeiten der stoßwei-

sen Substratzufuhr zu ermitteln. Im Fokus stand dabei die Analyse der zeitlichen Spanne zwi-

schen Substratinput und Steigerung der Gaserträge und die Frage nach der optimalen Sub-

stratmischung für einen stabilen Prozess (Kapitel 1). Innerhalb von 10 Minuten nach Zugabe der 

Zuckerrübensilage in den Fermenter konnte ein Anstieg der Biogas- – und ohne Verzögerung – 

der Methanproduktionsraten festgestellt werden. Das beste Mischungsverhältnis für die anaero-

be Vergärung, das in den vorliegenden Versuchen getestet wurde, liegt bei 3:1 (Maissilage zu 

Zuckerrübensilage, basierend auf dem Gehalt an organischer Trockensubstanz). Dieses Mi-

schungsverhältnis wurde daher auch für die folgende Studie verwendet.  

Das Versuchsdesign für die Biogasreaktoren der zweiten Studie unterschied sich hinsichtlich der 

Verteilung der täglichen Menge Zuckerrübensilage. Dadurch sollte die optimale tägliche Vertei-

lung schnell verfügbarer Rohstoffe sowie der Einfluss auf die anaerobe Vergärung ermittelt wer-

den. 
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Entgegen der gängigen Einschätzung der Biogaspraxis, die eine kontinuierliche Substratzufuhr 

empfiehlt, konnte durch die stoßweise Zufuhr von Zuckerrübensilage eine signifikante Steige-

rung der Gaserträge erreicht werden. Die spezifische Methanausbeute ließ sich dabei durch 

zwei Substratgaben Zuckerrübensilage pro Tag um bis zu 24 % im Vergleich zu einer kontinuier-

lichen Zugabe steigern (Kapitel 2). 

Neben der Optimierung der Gasausbeute ist für Biogasanlagenbetreiber vor allem eine stabile 

Prozessführung wichtig. Gerade bei einer bedarfsgerechten Betriebsweise ist daher eine ge-

naue Überwachung und weitere Analyse des Biogasprozesses essenziell. Der Schwerpunkt der 

dritten Studie (Kapitel 3) lag auf der Überwachung flüchtiger organischer Fettsäuren. Die spezifi-

schen Gaserträge stehen in direktem Zusammenhang mit der Säurekonzentration im Biogasre-

aktor. Diese Korrelation ist besonders deutlich für die Methanerträge, da eine zunehmende Ver-

sauerung insbesondere den letzten Schritt der anaeroben Vergärung, die Methanogenese, 

hemmt. Bevor also der Gesamtgasertrag (einschließlich CO2) sinkt, wird die Qualität des er-

zeugten Biogases (gemessen am Methangehalt) negativ beeinflusst. 

Die Implementierung eines stoßweisen Fütterungsmanagements als gängige Praxis in Biogas-

anlagen benötigt weitere Forschung und großflächige Kommunikation der Erkenntnisse. Die 

Stabilität des Prozesses kann durch die Änderung der Abbaukinetik durch schnell verfügbare 

Substrate im Vergleich zum kontinuierlichen Prozess belastet werden. Dennoch sind diese An-

lagen bei entsprechender Betreuung und umfassender Überwachung für zukünftige Anforderun-

gen bestens gerüstet, um optimale Erträge zu erzielen und wirtschaftlich gewinnbringend betrie-

ben zu werden. 
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List of Abbreviations 

 

 

AD Anaerobic digestion 

BPR Biogas production rate 

BY Biogas yield 

CHP Combined heat and power  

CSTR Continuously stirred tank reactor 

EEG Erneuerbare-Energien-Gesetz (Renewable Energy Act) 

FM Fresh matter 

GC Gas chromatography 

GHG Greenhouse gas 

HRT Hydraulic retention time 

M Maize silage 

MPR Methane production rate 

MY Methane yield 

NFC Non-fiber carbohydrates 

NFE Nitrogen-free extracts 

OLR Organic loading rate 

S Sugar beet silage 

TIC Total inorganic carbon 

TS Total solids 

VFA Volatile fatty acids 

VFA/TIC Volatile fatty acids/Total inorganic carbon (alkalinity ratio) 

VS Volatile solids 
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Introduction  

 

The energy market is seething. Within the last months, prices for electricity and gas have sky-

rocketed and consumers are directly affected. 

The electricity demand throughout the day is fluctuating, showing the demand and how people 

are using their electrical devices. Peaks in the morning and the evening lately have reached up 

to 40 ct per kWh compared to a baseload of 10 – 15 ct per kWh (Figure 1). The production of 

renewable energies is mostly dependent on weather conditions, thus not adaptable to consump-

tion habits. The common production of biogas also is just continuously spread over the day, 

seven days a week. But since the control of feedstock input into biogas plants is not dependent 

on unswayable requirements, this is an important setscrew to create a flexible, on-demand en-

ergy production and is more current than ever. 

 

 

Figure 1: Day-Ahead price throughout the day (8-day average) at the EpexSpot market. Data taken from 

26th of November till 3rd of December 2021 (based on Epexspot, 2021). 

 

The present doctoral thesis takes up at exactly this point. The focus is set on the adaptation of 

feedstock management, the regulation of gas production, and the associated parameters. Priori-

ty was given to technical process issues and the possibilities to optimize the gas yield while 
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keeping a stable fermentation. The introduction gives an overview of the renewable energy 

source biogas and provides insights into anaerobic degradation and the question of enabling 

flexible biogas production as a standard for this energy sector. 

 

1. Biogas production in Germany 

 

Biogas was first used in the 17th century. The first steps on using this type of energy were small 

biogas containers, filled with kitchen scraps and other organic wastes and excrements to pro-

duce gas for cooking, heating, or street lighting (Lebuhn et al., 2014). As a result of the oil crises 

prices for crude oil increased by over 400 % in 1973 and 100 % in 1979 (BP, 2020). First farm-

ers tried to use the biogas technology as an alternative to produce energy independently for their 

private consumption. The beginnings were inspired by the technology that was already in use for 

treating municipal wastewater and sewage sludge (Lebuhn et al., 2014).  

The first legal document, that took renewable energy production into account, was passed in 

1991. The Electricity Feeding Act (Stromeinspeisungsgesetz) obliged electricity providers to use 

and remunerate electricity from renewable sources. The German government subsequently 

agreed on the Renewable Energy Act (Erneuerbare-Energien-Gesetz, EEG) in 2000. With the 

Kyoto protocol, which became effective in 2005, and the following Paris agreements (effective 

2016), two transnational directives set the objectives for reducing greenhouse gas (GHG) emis-

sions worldwide. For Germany, the goal was to reduce GHG emissions for the energy sector by 

40 % by 2020 and 60 % by 2030 (compared to 1990).  

The EEG in 2000 was the legal starting point for a strong increase in biogas development in 

Germany. Power input from renewable sources into the electricity grid was now prioritized no 

matter how big the producing plant was and fixed prices for the produced and supplied energy 

were granted for 20 years after the commissioning of the plant (Porsche, 2007). 

As a result, the number of biogas plants rose from 450 in 1997 to 1750 in 2003. The first revised 

version of the EEG became effective in 2004 with another implementation, that impelled the fur-

ther construction of biogas plants in Germany through the energy crop bonus. Within the next 

five years, more than 2000 new plants were built. Until the year 2012, the number then doubled 

to over 8000 plants in Germany, again supported by a new EEG amendment in the year 2009 

(Figure 2).  
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Figure 2: Installed electric capacity and total number of biogas plants in Germany from 2001 to 

2021; * = prediction (based on Fachverband Biogas, 2021). 

 

With the EEG amendments 2012 and 2014, biogas production was taken to a new direction – 

the on-demand electricity production, with a flexibility premium for installed capacity that is not 

continuously used. The premium is 130 € per kWel per year and paid for 10 years. This should 

support the increase in installed electrical capacity so that biogas plants can produce electricity 

on demand. Especially in 2014 registrations for this premium strongly increased as it was not 

clear how long it will be available (Trommler et al., 2016). As a result, the biggest addition (330 

MW) in installed capacity for the last years was not caused by new-build plants but due to an 

increase of installed capacity at already existing plants and thus did not increase the overall 

electricity production from biogas (Umweltbundesamt, 2019; Umweltbundesamt, 2020a).  

From 2014 to 2020 renewable energies were facing less governmental support and increasing 

difficulties. For example, a maize cap reducing the share of maize that can be used, a capping of 
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grants for flexible installed capacity, and a tendering model instead of a fixed-price compensa-

tion were enacted.  

The levelized costs for electricity produced from biogas are relatively high compared to other 

renewable energies. This contributed to the governmental decision to decrease biogas subsidies 

in Germany (Lauer et al., 2020). Since the end of August 2019, the flexibility premium for up-

grading or building a biogas plant for flexible gas production was capped at 1.000 MW. After this 

point, new projects were almost impossible to realise (Fachverband Biogas, 2019).  

The latest and now fifth amendment to the EEG became effective in 2021. With e.g., the removal 

of the cap on the flexibility surcharge and increased maximum bid volumes and prices, the 

course has now been set again for a more positive future for the biogas industry and particular 

attention has to be paid to the (economic) potential through flexible gas production. 

At the moment more than 9000 biogas plants are providing around 30 TWhel (Umweltbun-

desamt, 2020b) which equates to about 15 % of renewable electricity production and about 5 % 

of total gross electricity production in Germany. Effective March 2019, 85 % of all biogas plants 

in Germany used direct marketing for selling electricity (Umweltbundesamt, 2019; Daniel-

Gromke et al., 2020). To what extent the tender model will work for the awarding of remunera-

tions for biogas plants, cannot surely be estimated today. Additionally, the key question for the 

future is the willingness of plant owners to adjust the gas production of their plants to the de-

mands of the energy market. The foundation for the future of biogas production is certainly fun-

damental scientific know-how for a biologically stable and economically profitable plant opera-

tion. 

 



Introduction 

19 
 

2. Anaerobic digestion in biogas plants 

 

The process of anaerobic digestion for biogas production is very complex and comprises differ-

ent degradation steps with various groups of interacting microorganisms being involved. These 

stages all depend on different optimal conditions. It is therefore essential to know the effects of 

rapidly degradable substances and altering feedstock supply. 

The process can be divided into four consecutive steps: Hydrolysis, Acidogenesis, Acetogene-

sis, and Methanogenesis. Figure 3 gives an overview of the main anaerobic degradation steps. 

The products of one stage are always important substrates for the microorganisms in the follow-

ing stage(s). These reactions run in the depicted order but are active concomitantly at the same 

time in a biogas reactor. The amount of different intermediates and products is dependent on the 

composition of feedstock material which means the share of fats, proteins, sugars, starch, cellu-

lose, and hemicellulose (Comino et al., 2009). 

During the first step of anaerobic digestion (AD), the hydrolysis, the degradation of the complex 

insoluble polymers given into the fermenter, is catalyzed by free extra-cellular or cell-anchored 

enzymes like cellulases, proteases, and lipases (Amani et al., 2010; Schnürer, 2016). Hydrolysis 

is often determining the kinetic rate of the degradation getting slower with an increasing share of 

lignocellulose, lignin, or cellulose, and speeding up with more easily available components like 

sugars (Keating et al., 2013). The degradation of proteins typically proceeds faster compared to 

fibre-rich substrates but less rapid than the decomposition of sugars. In the case of more easily 

available components, methanogenesis becomes the rate-limiting step as a result of increasing 

acid accumulation from previous degradation steps. The decline of the pH below neutral condi-

tions is less favorable for methanogen growth rates (Rozzi and Remigi, 2004; Schnürer and Jar-

vis, 2010; Adekunle and Okolie, 2015).  
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Figure 3: Overview of the main steps of anaerobic digestion from complex organic compounds to biogas 

(based on Bauer et al., 2009; Weiland, 2010; Novaes, 1986). 

 

The soluble monomers (sugars, amino acids, long-chain fatty acids, glycerol, etc.) are then fur-

ther degraded during the second step, the acidogenesis, to carbon dioxide, hydrogen, alcohols 

and higher carbon number volatile fatty acids (VFA) like propionic, butyric and valeric acid (May-

er et al., 2010; Murphy and Thamsiriroj, 2013).  

The amount and composition of microorganisms, their substrate affinity, and the pH of the reac-

tor slurry have an immense influence on the VFA impact on process stability. Especially the pH 

value and the associated buffer capacity are crucial. The production of CO2 during degradation 

of organic matter builds the bicarbonate buffer system through the formation of carbonic acid 

(H2CO3) and its further decay to bicarbonate (HCO3
-). Bicarbonate furthermore is the main car-

bon source for the later methane production (Gerardi, 2003). 
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The third step in AD, the acetogenesis, is mainly characterized by the reduction of carbon diox-

ide through the Wood-Ljungdahl pathway (Acetyl-CoA pathway). Furthermore, acetate is also 

formed through further degradation of volatile fatty acids (Novaes, 1986, Weiland, 2010). 

Acetogens are very diverse and can use many different carbon sources for their metabolism and 

occur as heterotrophs and autotrophs. Nevertheless, to grow properly, the partial pressure of 

their products has to remain low (Schnürer, 2016). This results in a high interconnection be-

tween acetogenic bacteria and methanogens. Acetogenic bacteria are obligate synthrophs. Es-

pecially hydrogen, which is produced as a waste product during acetogenesis, is in higher con-

centrations (high partial pressure) toxic to methanogens. Hence, the acetogens are dependent 

on the hydrogenotrophic methanogens that form methane from H2 and CO2 through hydrogen 

oxidation. Within optimal conditions, the affinity of these methanogens to hydrogen is very high 

and thus a low H2 partial pressure is ensured (Murphy and Thamsiriroj, 2013). The bacteria pre-

sent in all these stages (hydrolytic and fermentative bacteria) are closely connected. Agglomera-

tions or the formation of biofilms thus enhance biogas production as the microorganism density 

is high and a short distance between producers and consumers is assured (Langer et al., 2014). 

Next to the hydrogenotrophic methanogens, the acetate cleaving acetoclastic methanogens are 

present in the anaerobic reactor. These two groups of methanogens are catalyzing the fourth 

and last step of anaerobic digestion, the methanogenesis. Both groups belong to the domain of 

archaea.  

The two main methane-forming reaction pathways can be seen in Table 1. The negative Gibbs 

free energy (ΔfG) shows that methane formation is energy delivering. The acetogenesis however 

is thermodynamically unfavorable and only the symbiosis makes it possible for both groups of 

organisms to grow (Bauer et al., 2009; Schnürer et al., 2016). 

 

Table 1: The main methane-forming reaction pathways during anaerobic digestion with according Gibbs 

free energy (ΔfG) (based on Bauer et al., 2009). 

hydrogenotrophic CO2 + 4 H2 → CH4 + 2 H2O ΔfG = -131.0 kJ Mol-1 

acetoclastic CH3COO- + H+ → CH4 + CO2 ΔfG =  -35.9 kJ Mol-1 
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The acetoclastic pathway was assumed to be the main way of methane production in biogas 

reactors at the beginning of biogas research. The data basis was mainly gained from studies 

performed in manure- or sewage-sludge-based plants (St Pierre and Wright, 2014).  

In today's biogas plants with higher organic loading rates and different substrate mixes, mainly 

the hydrogenotrophic pathway is assumed, whereby an excess of hydrogen (or formate) must be 

present in the reactor. Many other parameters also influence the pathways in anaerobic diges-

tion like hydraulic retention time, pH, or temperature and - influenced by these parameters - the 

bacterial and archaeal composition (Schnürer, 2016). The composition of the microbiome is also 

directly influenced by the supplied feedstocks (Bengelsdorf et al., 2015; Gabris et al., 2015) and 

thus affects the degradation performance and the increase or decrease of biogas yields 

(Klang et al., 2020). Although still not all microorganisms involved in the biogas process are ut-

terly characterized and the optimal conditions are quite narrow, the microbiome possesses high 

adaptability to changing environments. It was also already shown that the biogas microbiome 

can adapt to feedstock changes and flexible feedstock inputs (Langer et al., 2015; Mulat et 

al., 2016; Klang et al., 2020). This forms the basis for further research on demand-driven feed-

stock management. 
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3. On-demand biogas production 

 

Electricity production from biogas provides an important advantage compared to wind and solar 

power. Although these two renewable power sources are contributing the highest share of re-

newables to the market (about 71 %) (Umweltbundesamt, 2020b), the downside of both energy 

sources is that their production can be hardly modulated and are highly fluctuating 

(Hahn et al., 2014a).  

Biogas production, however, is independent of weather conditions, the day-and-night shift, or 

seasonal changes. Energy from biogas plants thus can offset fluctuations in energy supply and 

cover the residual load with high predictability (Laleman et al., 2012; Peters et al., 2018). Espe-

cially the on-demand biogas production can be used to meet these requirements. To modify a 

biogas plant to provide electricity when it is needed, several further installations and adjustments 

are required. These include sensor and gas treatment equipment, one or more additional CHP 

(combined heat and power) units, thermal and gas storage facilities, and overall infrastructural 

adjustments (Dotzauer et al., 2019). 

Currently, most flexibilisation concepts are dealing with storing continuously produced biogas, as 

most agricultural plants in Germany use continuously stirred tank reactors (CSTR) for constant 

gas and energy production (Lucas et al., 2015; Mauky et al., 2017). In the flexible operation 

mode, the CHP units are running, when electricity is needed, and are slowed down or stopped 

when enough energy is available from wind and solar sources. Biogas that is still produced dur-

ing these times is temporarily stored on site. Accumulating large amounts of biogas requires 

robust safety measurements and additional investments for storage units.  

Next to the conventional approach to regulate the combustion of stored biogas, an alternative is 

to vary the feedstock input and composition and thus the produced amount of biogas (Lau-

er et al., 2020). This has already been the question of various lab-scale studies, observing dif-

ferent feedstock degradation behaviors, feeding strategies, process stability and the composition 

and adaptability of microorganisms (Lv et al., 2014; Mauky et al., 2015; Ahmed et al., 2016; Mu-

lat et al., 2016; Ahmed and Kazda, 2017; Saracevic, 2019). The advantage of such an approach 

is that raw biomass can be stored much easier and safer than already produced gas (Hahn et 

al., 2014b).  

Especially feedstocks rich in fast degradable carbohydrates are suitable for dispatchable biogas 

plants. Processes with higher shares of these feedstocks have to be closely monitored as vola-
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tile fatty acids can accumulate and the whole process can become unstable. Intermittent feed-

stock pulses presumably show that the bacteria in the first stages of AD are not impaired by a 

huge load of organic matter, but the archaeal communities cannot align their degradation speed 

as fast, resulting in VFA accumulation in the reactor slurry (Klang et al., 2020). If the acids are 

not degraded until the next feeding event, the buildup of VFAs in return causes a decline in buff-

er capacity, followed by decreasing pH levels, again negatively affecting methanogenic archaea 

(Alavi-Borazjani et al., 2020). Strategies to prevent process failure during intermittent operation 

include the adjusting of the ratio of fast degradable carbohydrates to baseload feedstocks, 

choosing appropriate co-substrates and high-resolution process monitoring tools. 

In a former study conducted in a full-scale pilot biogas plant, no stability problems were ob-

served when using agricultural feedstocks such as maize silage, ground wheat grain, or sugar 

beet silage for flexible feeding. However, delays in biogas production and less methane content 

was observed, when the feedstock input was stopped for more than two days (Mauky et al., 

2017). In this regard, it is not only important to improve the ability to immediately increase the 

biogas production rate but also to reduce gas production for several days when enough electrici-

ty is produced from other renewable sources (Barchmann et al., 2016). The capability of micro-

organisms to handle feedstock pulses even after a longer period of less or no feedstock availa-

bility is a necessity for this mode of plant operation. 

Several studies including the experiments for this doctoral thesis were performed with sugar 

beet silage. Sugar beet silage contains high shares of sugars (monomers) and alcohols and is 

often already hydrolyzed during the ensiling process. With an average sugar content of 59 g kg-1 

of fresh material, this feedstock can be easily digested by microorganisms (Weißbach and Stru-

belt, 2008). The characteristics of feedstocks suitable for fast biogas production are based on 

their degradation kinetics and overall degradation rate. Regarding the feedstock’s components, 

a high amount of NFE (nitrogen-free extracts) and hence lower fractions of protein and crude 

fiber are indicators for a fast degradation. Furthermore, less NFC (non-fiber carbohydrates: 

starch, sugars, pectins) within the NFE accelerate microbial degradation (Mauky et al., 2015). 

Those characteristics are present especially in sugar beet silage, as well as in dried grains for 

example. Even maize silage might be suitable when the co-substrate is digested more slowly or 

not so high in volatile solids (VS) like cattle slurry (Mulat et al., 2016; Feng et al., 2018). 
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4. Biogas feedstocks  

 

In general biogas feedstocks are characterized according to their macronutrients (carbohy-

drates, lipids, and proteins) and concerning the kind of carbohydrates (rich in fibers like cellu-

lose, hemicellulose, and lignin or simple sugars). Depending on the different compositions, some 

feedstocks are easily degradable, like sugar beet silage and maize silage, or less suitable for 

anaerobic digestion (Lv et al., 2014). Compared to fats, carbohydrates and proteins show lower 

specific gas yields. Fats however are less bioavailable and therefore need longer retention times 

(Weiland, 2010). 

 

 

Figure 4: Mass-related feedstock input in biogas plants in Germany divided by renewable raw materials, 

municipal biowastes, industrial and agricultural residues and manure (based on FNR, 2018). 

 

Most biogas plants are attached to the agricultural sector; thus, the main feedstocks are waste 

products like manure and intermediates or energy crops. Almost 50 % of all feedstocks used for 

biogas production in Germany are renewable raw materials (Figure 4). With more than 60 %, 

maize silage accounts for the largest share, followed by grass silage (14 %) and whole-crop ce-

real silage (6 %) (FNR, 2019).  

In the years after the crop bonus was included in the EEG 2004, maize was established as the 

most commonly used source for biogas production. Maize can be grown in most locations of 

Germany and provides high methane yields of on average 340 L kgVS
-1 (KTBL, 2015). Especially 

adding maize silage to agricultural residues like animal manure can enhance the energy output 
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and reduce greenhouse gas emissions compared to traditional manure storage and spreading 

(Herrmann, 2013). However, since the cultivation of maize silage for biogas production in-

creased, also critical voices were expressed. Soil organic matter decline and changing visual 

landscape impressions due to maize monoculture, increasing land lease prices, and competition 

between areas for energy plants versus food cultivation were main points of criticism (Emmann, 

2013; Herrmann, 2013). As a consequence, the government in Germany initiated the maize cap 

starting with the EEG 2012, which regulated the share of maize to a maximum of 60 %. Step by 

step the percentage share of maize of total feedstock input was further reduced in the following 

EEG amendments and had now to be reduced to 40 % until the end of 2021. There are already 

various studies testing alternative energy plants to improve biodiversity and crop rotation while 

still considering resource efficiency (pesticides needed, water use, harvesting, or transport) and 

high methane yields (Mayer et al., 2014; Kintl et al., 2019, von Cossel et al., 2020). 

In contrast to maize, sugar beet needs better growing conditions, like humus-rich soils and a 

mild climate (FNR, 2010). At the moment it accounts for only about 3 % of renewable raw mate-

rials in biogas plants in Germany (FNR, 2019). However, the use of sugar beet can bring some 

advantages not only in the case of diversification of feedstocks. The sugar content in the dry 

substance of freshly harvested sugar beets is about 70 % (Weißbach and Strubelt, 2008). Add-

ing sugar beet silage intermittently into the reactor can double the amount of biogas (and me-

thane) within less than 10 minutes when the proportion of sugar beet silage from the total feed-

stocks is up to 25 % (Maurus et al., 2018). Another benefit is the so-called “priming effect”. Deg-

radation of feedstocks rich in fibers, like grass silage, can be enhanced as the microbial activity 

is boosted and thus a higher overall yield can be achieved (Ahmed et al., 2016, Maurus 

et al., 2020). On average, sugar beet silage can provide 360 L kgVS
-1 methane (KTBL, 2015). 

In this doctoral thesis, it was found that the altering of feedstock supply can additionally result in 

a significant increase in the total amount of produced biogas. Maurus et al. (2020) investigated 

that methane production increased by 24 % when the same amount of sugar beet silage was 

given at once or in two portions with a one-hour gap in between compared to more portions. The 

least productive supply mode was to provide the feedstock continuously every hour. This was 

also found for reactors fed only once per day or every other day with an increase of methane 

yields by 15 % (Mulat et al., 2016). However, as confirmed by this thesis, sugar beet (silage) 

cannot be used in large quantities for biogas production to maintain a stable process.  
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Next to choosing an appropriate feedstock (mixture), flexibilization is also depending on various 

other parameters like temperature or the organic loading rate (OLR) before pulse feeding and 

the amount of OLR given at once (Feng et al., 2018). 

 

 5. Process monitoring parameters  

 

Monitoring of various process parameters is crucial for a stable biogas plant operation. Observ-

ing a decline in methane production often is the last link of a chain of indicators showing process 

instability. Thus, preemptive monitoring steps are important. The most common parameters to 

log regularly and those prioritized throughout all experiments for this doctoral thesis are the pH 

value, the VFA/TIC ratio (volatile fatty acids to total inorganic carbon), and the total and individu-

al VFA concentration. Also, biogas and methane production rates and their specific yields are 

key parameters for a holistic data valuation. 

 

5.1 pH value and VFA/TIC ratio 

The optimal pH for methane production is in a narrow range between pH 6.5 and 7.5. Especially 

the growth rate of methanogens is highly reduced below pH 6.0 (Weiland, 2010) or above 8.5 

due to degradation of microbial agglomerations (Sandberg and Ahring, 1992). The pH values in 

the reactor however are dependent on the given feedstocks and other parameters like tempera-

ture (Schnürer, 2016). During the experiments performed for this doctoral thesis and various 

tests in practical biogas plants, the common pH range was observed most often between 7.0 

and 8.0.  

The bicarbonate buffer system is crucial for securing the pH range for biogas production. De-

pending on the feedstocks provided, various other buffer systems can also be important, e.g., 

the nitrogen buffer system with ammonia as the electron acceptor. 

The bicarbonate buffer system with the equilibrium between carbon dioxide and bicarbonate ions 

(see (1)), can compensate for sudden changes in pH (Ward et al., 2008). Degradation kinetics 

play an important role in the load on buffer systems. With fast available feedstocks the first fer-

mentation steps can pass off within minutes and a high concentration of VFAs can be produced 

within a short time. Local slurry acidification can also be caused by acidic or already hydrolyzed 

feedstocks like sugar beet silage (Glabe and Rebhan, 1977).  
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                   CO2 (g) ↔ CO2 (l) 
+H2O
⇔   H2CO3 

+H2O
⇔   HCO3

- + H3O+        (1) 

 

Feedstocks high in buffer capacity, like pig and cow manure, qualify well for co-fermentation, 

especially if ensiled crops with pH values down to 3.5 are used (Weiland, 2003). When acids 

emerge or are brought into the reactor, the bicarbonate can neutralize the H3O+ ions, forming 

carbonic acid. Carbonic acid is not stable and immediately breaks down to CO2 and water. The 

CO2 can be further used by the microorganisms or degases into the gas phase. In this way, the 

pH value in anaerobic digestions is stabilized and thus not suitable for monitoring short-term 

effects. 

The alkalinity ratio between volatile fatty acids and total inorganic carbon reacts faster to an acid 

accumulation as it reflects the acid content as well as the buffer capacity, which declines before 

the pH is affected (Ward et al., 2008). Analyzing the VFA/TIC ratio is a cheap and fast method 

for estimating the process stability and enables targeted process intervention if done in high fre-

quency (Bensmann et al., 2016). Still, the method is (at the moment) not suitable for online 

monitoring and depends on taking and treating samples from the reactor (Voß et al., 2009). 

 

5.2 Volatile fatty acids (VFAs) 

Volatile fatty acids are important metabolic intermediates with a high influence on process stabil-

ity. The most commonly determined VFAs in biogas reactors are acetic acid (C2H4O2), propionic 

acid (C3H6O2), and butyric acid (C4H8O2). Other carboxylic acids that occur during anaerobic 

digestion, but are less important for stability evaluation, are valeric acid (C5H10O2) and lactic acid 

(C3H6O3). Especially acetic acid and propionic acid have been used for many years as indicators 

of AD process stability (Wang et al., 2009; Mayer et al., 2014). 

The concentration of VFA is reflecting the balance between acid-producing microorganisms (ac-

idogenic and acetogenic bacteria) and the VFA consuming bacteria and methanogens. High 

amounts of VFAs decrease the pH and cause a toxic environment. Already slightly increasing 

concentration of VFAs can stress the anaerobic digestion. Since incipient acidification in highly 

buffered systems like biogas plants is not or only little indicated by a pH decrease, VFA monitor-

ing is more reliable as a stability indicator (Ahring et al., 1995; Franke-Whittle et al., 2014).  
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It was already suggested by Hill et al. in 1987, that also the ratio of propionate to acetate can be 

used as a process indicator that should be below 1.4 in stable fermentations. There are different 

levels of VFAs reported in literature that are bearable for obtaining a stable process like 

2400 mg L-1 for acetic acid, 1800 mg L-1 for butyric acid, and 900 mg L-1 for propionic acid (Wang 

et al. 2009; Mayer et al., 2014). Still, there is a high dynamic range possible in biogas reactors, 

especially when feedstocks are provided intermittently. Every plant has different limit values as 

microbial communities can adapt and endure changes in VFA concentrations (Franke-Whittle et 

al., 2014; Mauky et al., 2017). 

Still, plant-specific monitoring of VFA is especially important during the intermittent supply of fast 

degradable carbohydrates. The fast degradability can cause instant VFA production by acido-

genic and acetogenic bacteria. This induces a kinetic imbalance between acid-producing and 

acid-consuming microorganisms and as a result the concentration of acids in the reactor slurry 

increases (Alavi-Borazjani et al., 2020). An increase in VFA can also originate from protein-rich 

feedstocks and a resulting increase in ammonium (NH4
+) and ammonia (NH3), respectively. The 

equilibria between NH4
+ and NH3 is shifting to the latter with increasing temperature and pH. NH3 

is especially toxic to the acetoclastic methanogens, inhibiting their metabolic activity and thus the 

degradation of VFA (Rajagopal et al., 2014; Schnürer, 2016). 

In this doctoral thesis, it could be shown through high-resolution monitoring, that the VFA in-

crease happens almost immediately after (intermittent) feedstock supply. The organic matter is 

instantly broken down and metabolized. In stable processes, the produced acids are further de-

graded and used for methane production until the next feeding event. If the balance between 

acid production and consumption is disturbed, the VFA can (steadily) increase, causing a vicious 

cycle. With increasing VFA accumulation, the buffer capacity of the reactor slurry gets lowered 

and the pH decreases. This additionally inhibits methane production, causing further acid accu-

mulation, pH decline and eventually resulting in process failure (Maurus et al., 2021).  

Especially propionic acid has to be closely monitored as this VFA can only be further degraded if 

the emerging products are directly used for methane production by acid-degrading methano-

gens. Important for the close and efficient syntrophic relation is the agglomeration of microorgan-

isms in biofilms. Thereby the assembled microorganisms can enhance the degradation efficien-

cy and increase the biogas yield. Cell density in biofilms can be one magnitude higher (1011 

compared to 1010 cells ml-1) compared to the biogas slurry. Next to short ways for processing of 

metabolites, biofilms also secure stable environmental conditions for the sensitive methanogens 

(Langer et al., 2014; Liu et al., 2017). 
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5.3 Further parameters 

Further biogas process parameters for holistic analyses include the monitoring of biogas yield 

and the percentage of methane in the produced biogas. For better subsumption and comparabil-

ity, the produced amount of gas should be calculated as the specific gas yield. Therefore, the 

gas volume per time unit (usually per day) gets divided by the amount of applied OLR in the 

same period. This results in specific biogas or methane yield per quantity of supplied volatile 

solids. The observation thus gets independent from duration and size of the tested reactor.   

The OLR used for this calculation is also an important process parameter. An increase in OLR 

results in potentially increasing gas production as more feedstock is available. For on-demand 

biogas production, the amount of organic biomass supplied into the reactor at once far exceeds 

previous recommendations. The daily amount is not distributed consistently and thus punctual 

overloading is part of the plant management.  

A key question, that was attended throughout this doctoral thesis, was to find the optimal OLR 

for using fast degradable feedstocks in co-digestion for intermittent gas production. Dependent 

on the feedstock and other process parameters like temperature, the OLR in continuous fermen-

tation can be up to 6.0 or even 8.0 kgVS m-3 d-1 as reported in literature (Liu et al., 2012; Li et al., 

2015). Still, at a certain (plant-dependent) point the process fails either due to acidification (kinet-

ic imbalance between the four stages of anaerobic digestion) or technically through the increas-

ing total solids (TS) and thus thickening of the reactor slurry. Most biogas plants are operated as 

wet digestions in continuously stirred tank reactors. The TS content in these plants should be 

kept below 10 % to assure problem-free stirring and to prevent floating feedstock layers that 

cause reduced degassing of produced biogas (Weiland, 2010). 

With high OLR attention has to also be paid to the hydraulic retention time (HRT). If the OLR is 

high, the time that feedstock (components) stay in the reactor is shortened. This results in undi-

gested organic matter leaving the reactor too early and with that also microorganisms. Especially 

archaea that have a longer generation time, are washed out if the HRT falls below 10 days 

(Menardo et al., 2011; Mao et al., 2015). HRT is dependent on the characteristics of available 

feedstocks and also practical decisions like how often the feeding system can be operated or 

seasonal availability and composition of implemented substrates. It is commonly set to 15-40 

days for the first AD reactor (Schnürer et al., 2016).  

The temperature used for anaerobic digestion for biogas production is classified into two tem-

perature ranges. The distinction is made between a temperature range of around 35-42 °C 
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(mesophilic) and 45-60 °C (thermophilic). It is important to keep temperature fluctuations low, as 

the tolerance of methanogenic archaea can only withstand temperature changes of about 

+/- 3 °C, and a higher difference results in decreasing methane yields (Weiland, 2010). Thermo-

philic reactors can be loaded with higher OLR as degradation proceeds faster and a higher me-

thane output can be achieved. Nevertheless, the process with higher temperatures requires 

more energy and gets less stable. This is mostly caused by reduced biodiversity of the bacterial 

and archaeal communities (Levén et al., 2007; Weiss et al, 2008). Ahring (1995) also stated that 

propionate degradation gets inhibited with higher temperatures. As intermittent feedstock supply 

can also stress the anaerobic degradation process and decent VFA degradation is crucial, the 

mesophilic temperature range was chosen for this doctoral thesis to exclude possible problems 

caused by high temperatures. 

The tolerance to different parameter variations is always dependent on the specific AD process, 

the feedstock composition, the temperature, and the microorganisms present. The values found 

in literature, therefore, function as a guideline. Measured values have to be observed plant-

specific and in comparison to former measurements in the same reactor (Montag and Schink, 

2016).  
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6. The future of biogas production 

 

Throughout the last years, biogas became one of the backbones of renewable energy produc-

tion in Germany. Growth and development in the sector were and still are influenced by govern-

mental decisions. Important regulations defined in the EEG amendments since 2012, that are 

influencing the biogas sector to date, are the maize cap, limitations in annual newly installed 

electrical capacity and the premium for flexible biogas production. Furthermore, the guaranteed 

feed-in tariffs are going to expire for more and more biogas plants. It brings the need for a soon 

decision on further investments in plant infrastructure and replacements of technical equipment 

or termination of the biogas production (Himanshu and Wolf, 2018; Theuerl et al., 2019). 

A further area of application that should be considered when producing electricity in CHP units is 

the use of simultaneously produced heat. The efficiency of a biogas plant can be increased to up 

to 90 % when both electrical and thermal energy are utilized (Hakawati et al., 2017). Reactor 

heating, heat supply for the farm and the feed into a local heating network are important sinks. 

Further research has to also been done on exploiting new and sustainable organic materials. 

The utilization of municipal and agricultural waste treatment plants can uncover much more of 

available feedstocks, even for on-demand biogas production. Liu et al. (2020) for example could 

already provide promising results in lab-scale reactors on the flexible biogas production from 

food waste in co-digestion with sewage sludge. It was possible to adjust the biogas production to 

the course of energy demand. Furthermore, the capacity for storing produced biogas could be 

reduced by over 40 % compared to a continuous operation mode.  

The important characteristic of biogas is the possibility to produce energy on demand and the 

ability to store energy in the form of gas or feedstock biomass. To optimize (on-demand) biogas 

production we still need to fully understand the microbial degradation, feedstock kinetics, and 

overall process parameters. It is particularly important to further test the operation mode of on-

demand feedstock management in full-scale biogas plants. As the last decades were mainly 

designed for continuous biogas production, there is a need for further research in feeding tech-

nologies, improved process monitoring, feedstock analysis and gas production potentials. Like-

wise, the adaptability of microorganisms and an overall improvement of process prediction mod-

els for short-term changes caused by alternating feedstock supply have to be further investigat-

ed (Theuerl et al., 2019). The developments in the biogas sector have to aim for the most flexi-

ble way of biogas production as this will be needed to secure the future residual load electricity 

curve and to reduce storage costs for already produced gas (Lauer and Thrän, 2018).
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7. Structure of the doctoral thesis and chapters overview 

 

This doctoral thesis aimed to deeply investigate the parameters and possibilities of on-demand 

biogas production by altering the feedstock supply and using easily degradable carbohydrates. 

Therefore, sugar beet silage was used for pulse feeding in experiments with maize silage as the 

base substrate. The first hypothesis was that the share of fast degradable feedstocks in total 

OLR can only be increased to a certain extent. The microorganisms cannot handle large 

amounts of readily available metabolites like sugars and alcohols. The following accumulation of 

volatile fatty acids within the first steps of anaerobic digestion leads to process instabilities. To 

test the hypothesis, different ratios of maize silage to sugar beet silage were investigated and 

process parameters were monitored throughout the fermentation until eventually, process failure 

occurred (Manuscript 1). 

Furthermore, the motivation of this thesis was to observe different feedstock supply modes and 

their influence on the total yield. The second hypothesis was that intermittent feedstock man-

agement not only affects the temporal production and availability of biogas for on-demand com-

bustion but also has an impact on microbiological activity and thus the overall biogas and me-

thane yield. To focus on this aspect in particular, an experiment was performed with four identi-

cal reactors differing in the distribution of sugar beet silage pulses throughout the day whilst con-

tinuously monitoring the process stability and performance with high-resolution (Manuscript 2). 

A very important aspect of on-demand biogas production is close monitoring and constant anal-

ysis of the process performance. To understand the influence of pulses with fast degradable 

carbohydrates on the steps of anaerobic digestion, further work was done on process parame-

ters, especially on volatile fatty acids. The third hypothesis was, that the high-resolution monitor-

ing of VFAs reveals deeper insights into AD kinetics and provides more information on keeping 

the biogas process stable. Intermittent feedstock supply for on-demand biogas production can 

only be stable if VFAs are not accumulating and inhibiting the later AD steps (Manuscript 3).  

The foundation for all questions posed during this doctoral thesis was the need for new ap-

proaches to renewable energy generation. The strategic transformation of energy production 

from fossil fuels to renewable sources is long overdue. This results in an overall hypothesis for 

all experiments and analyses performed for this doctoral thesis: The implementation of inter-

mittent biogas production through feedstock management, with close process control, 

can be used as an important setscrew for future sustainable energy production. The de-
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centralized provision of electricity, heat, and gas results in a holistic source of sustainable ener-

gy.  

The flexible mode of operation is an essential part of the future renewable energy market. Feed-

stock management can provide predictable and higher gas yields and thus improve the econom-

ic efficiency of biogas plants. However, in conclusion, there is a strong need for process monitor-

ing as a key tool to make these goals implementable. The potential is set for evolving biogas 

plants to new levels and for taking the next steps towards future energy production. 
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Summary Chapter 1 

 

 

Personal contribution:  

Experimental procedure 80 % 

Data evaluation 100 % 

Writing (original draft, review & editing) 90 % 

 

 

The implementation of fast degradable feedstocks for highly flexible energy production through 

feedstock management is a relatively new approach in the history of biogas. With a high share of 

readily available sugars for anaerobic digestion, this operation mode provides the ability to pro-

duce methane directly when it is needed. As biogas plants normally are operated in a continuous 

mode, this study was performed to get insights into process performance under intermittent input 

of sugar beet silage.  

Four continuously stirred tank reactors were operated with maize silage as base feedstock sup-

plied every hour and intermittent use of sugar beet silage. The sugar beet silage was provided 

twice a day with a twelve-hour gap in between. The reactors differed in the given feedstock ratio 

of M:S (1:0, 6:1, 3:1 and 1:3 based on VS). Next to high-resolution stability assessment, the 

study gained insights into anaerobic digestion kinetics and the rapidity of biogas and methane 

production after intermittent feedstock supply.  

Within 10 minutes after the intermittent sugar beet silage supply biogas and methane production 

rates increased up to 50 %. Peak height was always according to the amount of supplied sugar 

beet silage. The production peaks lasted for about 3-4 hours in stable fermentations and re-

turned to normal until the next feeding event. After 54 days the process in reactor CSTR4 with 

the highest share of sugar beet silage collapsed and methane yields dropped significantly.  

For stable intermittent biogas production, the share of fast degradable carbohydrates should not 

exceed 25 % (based on VS). With keeping this threshold and applying close monitoring, intermit-

tent biogas production holds great potential for broad implementation in biogas plants.  
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Summary Chapter 2 

 

 

Personal contribution:  

Experimental procedure 80 % 

Data evaluation 100 % 

Writing (original draft, review & editing) 90 % 

 

 

The established operation of biogas plants is to continuously provide feedstocks throughout the 

day unconnected to a possible acquired surplus at the energy market or the general electricity 

demand. By adapting the feedstock supply biogas can be produced right when it is needed to 

reduce expensive investments in safety requirements or plant adaptations for storing already 

produced biogas. 

Based on the results of chapter 1, the feedstock ratio of 3:1 was chosen for a stable process 

operation under intermittent feedstock supply. While assuring stable anaerobic digestion, the 

focus was set on gas production potential and optimizing the biogas and methane output 

through varying the distribution of implemented feedstocks.  

Four continuously stirred tank reactors were supplied with the chosen ratio and the same 

amount of sugar beet silage and maize silage. Maize silage was again provided as baseload 

feedstock and was supplied hourly in every reactor. The daily amount of sugar beet silage was 

split into 24 portions, i.e., a continuous supply every hour for reactor CSTR1. The other reactors 

were provided with intermittent feedstock input split into one, two, or three portions every twelve 

hours, respectively.  

Confirming the results from Chapter 1, the production rates increased within 10 minutes after 

each intermittent supply. Although providing the same amount of feedstocks and thus the same 

amount of degradable organic matter, the biogas and methane yields differed significantly ac-

cording to the supply mode. The specific methane yields increased by 24 % (one or two intermit-

tent portions every twelve hours) and 15 % (three portions), respectively, compared to a contin-

uous supply. The significant surplus was produced within the first six hours after the first intermit-

tent feedstock input. 
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Despite the widespread recommendation of a constant feedstock input, the results of this study 

prompt to rethink biogas plant operation. Biogas plants would be more economically profitable 

and best adapted to future energy markets merely through the reorganization of feedstock sup-

ply. 
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Summary Chapter 3 

 

 

Personal contribution:  

Experimental procedure 50 % 

Data evaluation 60 % 

Writing (original draft, review & editing) 80 % 

 

 

Chapter 3 of this doctoral thesis focused on high-resolution stability monitoring. Volatile fatty 

acids are an important intermediate during anaerobic digestion. The application of fast degrada-

ble feedstocks can cause a kinetic uncoupling of the degradation steps and VFA to accumulate. 

Without appropriate process control, this results in a reduction of gas yields or total process fail-

ure with subsequent slow recovery phase. 

The dynamics of volatile fatty acid production and degradation during intermittent feedstock sup-

ply were observed with high-resolution. Additionally, the effects of increasing fast degradable 

carbohydrates on process stability and gas production were closely monitored to gain a holistic 

insight.  

Four continuously stirred tank reactors were tested with maize silage (base substrate) and in-

creasing shares and organic loading rates of sugar beet silage. The high-resolution monitoring of 

volatile fatty acids (acetate, propionate and butyrate) revealed that the VFA production likewise 

to biogas and methane production rates increases within a few minutes after the intermittent 

feedstock supply. In stable reactors, the peaks in VFA concentration went then back to starting 

values observed before the intermittent supply. The base values were reached through metabol-

ic activity and buffer capacity in the reactor slurry. 

An increasing amount of sugar beet silage (M:S – 3:4 and total OLR 3.5 kgVS m-3 d-1) resulted in 

process failure in reactor CSTR4. Within two weeks the concentration of propionate severely 

increased, followed by a significant exponential drop in biogas and methane yields. It is indis-

pensable to closely monitor the biogas process, especially with intermittent feedstock supply to 

react as fast as possible to early indicators of process imbalances. The observation of VFA con-

centrations is thereby an important parameter to prepare biogas plants for the future. 
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Supplementary Information Chapter 3 

 

The online version contains supplementary material available at: 

https://doi.org/10.1007/s13399-021-02043-2 

Supplementary Figures S1-S3: 

Volumetric biogas and methane production rates for CSTR1-CSTR3 for the same experimental 

days (244, 253, 260) as for CSTR4 that is shown and described in the paper. 

 

 

Fig. S1 Volumetric biogas (vBPR) and methane (vMPR) production rates for CSTR1 on experimental days 

244 (a), 253 (b) and 260 (c). Arrows indicate sampling points for VFA analysis. CSTR = continuously 

stirred tank reactor. 

 

https://doi.org/10.1007/s13399-021-02043-2
https://doi.org/10.1007/s13399-021-02043-2
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Fig. S2 Volumetric biogas (vBPR) and methane (vMPR) production rates for CSTR2 on experimental days 

244 (a), 253 (b) and 260 (c). Arrows indicate sampling points for VFA analysis. CSTR = continuously 

stirred tank reactor 
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Fig. S3 Volumetric biogas (vBPR) and methane (vMPR) production rates for CSTR3 on experimental days 

244 (a), 253 (b) and 260 (c). Arrows indicate sampling points for VFA analysis. CSTR = continuously 

stirred tank reactor 
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