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Foreword 

Biogas production is a key pillar of renewable energy supply, as it can be used to compensate 
for fluctuating feed-ins from wind and solar energy. In recent years, it became more and more 
evident that the production of biogas from specifically grown energy plants is neither 
economically nor ecologically sustainable. Biogas production from biogenic residues is 
therefore becoming increasingly important. In the agricultural sector, there is great potential, 
especially in the energetic utilisation of cattle and pig manure. In addition, numerous waste 
streams in the bioeconomy sector appear suitable in principle.  

The main challenges here are often very thin substrates with a low volume-specific energy 
content or very one-sided compositions that are suboptimal for biological conversion. Starting 
points for processing such materials include the targeted mixing of material flows and, in the 
case of very thin substrates, the use of anaerobic technologies with biomass retention. 

The aim of this thesis is to combine conventional fermenters with EGSB reactors for the most 
flexible possible processing of different substrates. Besides, the targeted mixing of different 
residues for synergistic improve of degradation and methane yield is investigated. In this way, 
the above-mentioned challenges could be technically mastered largely and a wide spectrum 
of previously unused biogenic residues could be utilised. The work goes beyond purely 
technological issues and carries out a well-founded economic comparison with classic 
fermenters. Even if the concept is not yet economically viable, this is a valuable contribution 
towards a more comprehensive energy utilisation of biogenic residues. 

The work was supervised in close co-operation with Prof. Wetter at Münster University of 
Applied Sciences. All experimental work was carried out there. We would like to thank him 
and his team for their active support and fruitful collaboration. 

 

Prof. Dr.-Ing. habil. Jens Tränckner 
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Abstract 

Biogas produced from anaerobic digestion is a renewable energy source with several advantages, such 

as the use of organic waste as a substrate, production of local power and heat, rural job creation, 

reduction of greenhouse gas emissions, and substitution of inorganic fertilizer. However, the develop-

ment of the biogas sector is highly dependent on the costs of gas, electricity, and heat, while produc-

tion costs are higher than for other energy sources. Furthermore, the biogas development in Germany 

was closely related to the bonus payments from the German government. With the disappearance of 

the bonuses and the cuts in crop cultivation for biogas production, the efficiency of biogas production 

needs to increase, and new technologies need to be developed or introduced in the biogas sector to 

increase the palette of wastes that are profitable to digest. 

Large unexploited potential rests in liquid manures, industrial wastewater, and other agro-industrial 

substrates. Nevertheless, with the employment of current reactor technology, slurry digestion is not 

competitive with other substrates. Therefore, reactors with biomass retention mechanisms, such as 

the fixed bed (FB), upflow anaerobic sludge blanket (UASB), or expanded granular sludge bed (EGSB), 

can provide a cost-effective solution by reducing the required reactor size to digest these substrates, 

thus decreasing investment costs. 

This study compared three different treatment concepts (TC) for the mono-digestion of cow manure 

(CWM) and pig manure (PM): a completely stirred tank reactor (CSTR) as the reference, an EGSB reac-

tor with upstream solid-liquid separation, and a combination of both. Data was collected via batch 

tests and continuous laboratory tests in an EGSB reactor following the German guideline. The results 

indicated that the integration of the EGSB in the typical biogas plant was better than substituting the 

typical continuous stirred-tank reactor. Nevertheless, the typical plant was still more profitable than 

the treatment concept with the EGSB included. Moreover, CWM mono-digestion was more profitable 

than PM mono-digestion for most of the treatment concepts. 

To improve the profitability of the integration of the EGSB, the former procedure was duplicated using 

anaerobic co-digestion (AcoD). First, batch tests were conducted within a mixture design optimization 

procedure, and mixtures composition that produced optimal methane yield (MY) and methane pro-

duction rate (MPR) were obtained by modeling the synergistic and anti-synergistic effects of the sub-

strates within the mixtures. 

These mixtures were fed to EGSB reactors in continuous laboratory experiments to obtain the optimal 

hydraulic retention time (HRT) at which the reactor performed the best in terms of MY and MPR. Once 

the whole data for co-digestion was collected, the economic analysis of the concept with co-digestion 

was repeated. The AcoD was found to significantly improve the profitability of the integration of the 

EGSB if the conditions were adequate. 



 

 

Abstract 

Durch anaerobe Vergärung erzeugtes Biogas aus organischen Reststoffen ist eine erneuerbare Ener-

giequelle, Strom und Wärme vor Ort erzeugt, Treibhausgasemissionen reduziert und helfen kann, 

Nährstoffkreisläufe durch fachgerechte Nutzung der Gärreste zu schließen. Allerdings sind die Produk-

tionskosten höher als bei anderen Energiequellen, und die Effizienz muss gesteigert werden, damit die 

Branche ohne staatliche Zuschüsse florieren kann. Um die Rentabilität zu steigern, müssen neue Tech-

nologien entwickelt werden. Der Festbett-, der UASB- oder der EGSB-Reaktor (Expanded Granular 

Sludge Bed) könnten die Investitionskosten senken, indem sie die erforderliche Reaktorgröße verrin-

gern, um Substrate wie Gülle und Industrieabwässer abzubauen. 

In dieser Studie wurden drei Behandlungskonzepte für die Monovergärung von Rinder- und Schweine-

gülle verglichen: ein vollständig gerührter Tankreaktor (CSTR) als Referenz, ein EGSB-Reaktor mit vor-

geschalteter Fest-Flüssig-Trennung und eine Kombination aus beiden. Die Daten wurden in Batch- und 

kontinuierlichen Labortests erhoben. Die Ergebnisse zeigten, dass die Behandlungskonzepte mit EGSB-

Reaktor und vorgeschalteter Trennung hinsichtlich Substratabbau und Biogasproduktion besser ab-

schnitten als der CSTR. Dennoch war die typische landwirtschaftliche Biogasanlage immer noch ren-

tabler., insbesondere aufgrund der erhöhten Betriebskosten des EGSB Die CWM-Monovergärung war 

bei den meisten Behandlungskonzepten rentabler als die PM-Monovergärung. 

Um die Rentabilität zu verbessern, wurde das Mischungsdesign in Batch-Versuchen für die anaerobe 

Co-Vergärung (AcoD) verwendet, um eine optimale Methanausbeute und Produktionsrate zu erzielen. 

Kontinuierliche Laborversuche mit EGSB-Reaktoren wurden durchgeführt, um die optimale hydrauli-

sche Verweilzeit zu ermitteln. Die wirtschaftliche Analyse ergab, dass AcoD die Rentabilität der EGSB-

Integration deutlich verbessert, wenn die Bedingungen angemessen sind. 

Zusammenfassend bietet die anaerobe Vergärung biogener Reststoffe zahlreiche Vorteile. Um mit an-

deren Energiequellen konkurrieren zu können, muss aber die Effizienz vor allem bei geringer kon-

zentrierten Substraten gesteigert werden. Technologien wie EGSB-Reaktoren und Co-Vergärung kön-

nen die Investitionskosten senken und die Rentabilität erhöhen.  
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1. INTRODUCTION 

1.1 Problem definition 

Anaerobic digestion (AD) is an efficient and suitable method for the sustainable management of bio-

wastes and biogas production. The attention paid to AD technology has increased owing to its envi-

ronmental and economic benefits (Pagés-Díaz et al., 2018). Due to the current high-energy prices in 

Germany (TttStrompreise, 2021), the need to substitute gas imports has risen rapidly. In Germany, the 

share of the total electrical generation from renewable sources for the public power supply was 

45.90%, with biomass representing approximately 16.77% of it. Furthermore, biogas plants play a sig-

nificant role in the energy mix because they can bridge short-term variations in the wind or solar power 

supply; they supply up to 7% of the total energy demand in Germany (Cramer et al., 2019) Due to the 

current amendment to the Renewable Energy Act, the biogas sector is once again facing a challenge 

(EEG, 2021). The cutdown in the remuneration for plants that do not process agriculture residues, 

especially manure, has a profound impact on investments in the sector, as Germany has the second-

largest amount of biogas plants in the world (German Biogas Association, 2021; A Perspective on the 

State of the Biogas Industry from Selected Member Countries of IEA Bioenergy Task 37 | Bioenergy, 

2022). Hence, to be able to operate the biogas process in an economically viable manner despite the 

cuts in remuneration, alternatives for the flexibilization of the biogas production concerning feed-

stocks, digester operation, microbial communities, and biogas output must be made available (Schie-

menz & Eichler-Löbermann, 2010; Theuerl et al., 2019). 

The agriculture sector accounted for 9% of total German emissions in 2020. In comparison to other 

industries, CO2 has a smaller role in greenhouse gas emissions in agriculture (13% in 2020). The bulk of 

emissions is methane and nitrous oxide (46 and 42 percent respectively in 2020). Agriculture alone was 

responsible for around 63% of all methane emissions and 81% of nitrous oxide emissions in Germany. 

Regarding emissions, methane is approximately 25 times more detrimental to the environment than 

CO2, whereas for nitrous oxide the damaging effect is around 300 times stronger. Methane is largely 

emitted during the digestive processes of ruminants, particularly beef and dairy cattle, as well as during 

the storage and dispersion of animal fertilizers such as liquid manure and solid dung. Many of the 

emissions cited are related to animal husbandry, which accounts for more than 60% of agricultural 

emissions and around 5% of total emissions in Germany (Guidehouse et al., 2021). 

The main feedstock for biogas production for several years was energy crops. However, to reach the 

climate goals within the agricultural sector, Germany has shifted toward the use of alternative sub-

strates, such as crop residues, livestock waste, and catch crops (Iglesias et al., 2021; Kougias & An-

gelidaki, 2018). Hence, agro-industrial wastes have gained importance due to their potential as raw 
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materials for obtaining energy (Cremonez et al., 2021). Their use could eventually reduce environmen-

tal liabilities and add value to already developed production chains because biogas accounts for AD 

allowing the establishment of a circular economy (Ghosh & Mukherjee, 2019). The case is especially 

important with animal manure since on average a German farm has 86 cattle heads, 1 175 pigs, 160 

sheep, 14 goats, 1 160 laying hen, and 28 166 broilers, with cattle and pigs generating the largest total 

manure quantities (Liebetrau et al., 2021). 

AD is widely used for waste treatment, but even at an industrial scale, risks of inhibition exist due to 

the accumulation of ammonia, volatile fatty acids (VFAs), or long-chain fatty acids (LCFAs). One possi-

ble solution to overcome these inhibitions is co-digestion, which provides a better supply of macro- 

and micronutrients, a balanced carbon-to-nitrogen ratio (C/N), and superior buffer capacity, dilutes 

inhibitors, and enhances biogas production (Di Maria et al., 2015; Salehiyoun et al., 2020). 

AD plants can co-digest a variety of waste substrates to increase biogas production and avoid inhibition 

(Xie et al., 2016). Moreover, anaerobic digesters often work under nominal capacity varying from 15% 

to 30%. This unexploited potential can be exploited to co-digest other substrates overcoming economic, 

operating, and environmental challenges by increasing the organic loading rate (OLR) at which they 

operate (Salehiyoun et al., 2020). 

AD technologies can be divided into two broad categories, based on the total solids (TS) content of the 

substrate: wet (TS: 0-15%) and dry (TS>15%). The limits between the two types of AD technologies are 

often unclear because they also depend on the employed reactor technology. Moreover, these two 

categories can be divided into subcategories by the reactor technology or the operation mode of the 

reactor. Therefore, most of the authors established wet high-rate AD between 2% and 8%, wet with 

suspended biomass 5%–15%, and solid-state depending on the operation mode (batch or continuous), 

with the latter being able to process up to 45% in plug flows reactors (Kougias & Angelidaki, 2018; Rabii 

et al., 2019b; Van et al., 2020). Conventional biogas technology includes a continuous stirred-tank re-

actor (CSTR), which partially flushes microorganisms out of the system, and usually operates around 

10%–13% TS (Weiland, 2010). 

High-rate reactor systems minimize biomass washout through different mechanisms (Eberl et al., 2006, 

pp. 148–150; Khanal, 2008, p. 11). This technological advantage over conventional fermenters allows 

efficient digestion of substrates with low solid contents (<5% TS) (Kougias & Angelidaki, 2018). A two-

stage system combining a wet high-rate system with a wet or solid CSTR can take advantage of the 

strength of both systems in a fully combined treatment concept (Van et al., 2020). Hence, a combined 

system could unlock the digestion of a larger diversity of substrates, granting plant flexibility across 

feedstocks, digester operation, and biogas output. To assure a low solid content, an upstream solid-

liquid phase separation step should be included (Wetter et al., 2017). This enables a higher OLR in the 



 

3 
 

CSTR by using solid manure, whereas the energy-rich, low TS substrate can be utilized in the high-rate 

reactor, resulting in a higher combined biogas output as the raw substrate (Hernández Regalado, 

Häner, Brügging, & Tränckner, 2022; Zhang et al., 2013). 

Implementing high-rate digestion as a single or multi-stage AD treatment concept can make the diges-

tion of low TS content manures profitable. Therefore, it can play a key role in helping to minimize 

methane and nitrous oxide emissions and aiding the recycling of critical minerals present in the ma-

nures. Hence, the establishment of sustainable circular economy operations within the agricultural 

sector. 

1.2 Goal setting 

The current biogas technology does not allow an efficient treatment of liquid agro-industrial sub-

strates, i.e., animal slurry, and wastewater. Thus, implementing anaerobic co-digestion in high-rate 

reactors provides a more efficient alternative for digesting low total TS substrates. This research aimed 

to increase the overall economic efficiency and the environmental sustainability of the AD agricultural 

biogas plant for manure treatment through an increase in reactor efficiency by using high-rate reactors 

in different treatment concepts.  

In the present work, a methodology comprehending three different scales and two operation modes 

is applied to analyze and optimize the digestion of liquid agro-industrial substrates or mixtures of them 

from an economic and environmental perspective. The methodology consists of the following logical 

steps: 

1. Performing batch and continuous experiments to determine the profitability of pig manure 

and cow manure as mono-substrates across three different treatment concepts. 

2. To conduct batch experiments to determine the optimal composition of manure-based mix-

tures to co-digest in the previously analyzed treatment concepts. 

3. To employ the optimal mixtures in continuous experiments to select optimal operating condi-

tions for their treatment in an EGSB reactor. 

4. To reassess the economic and environmental performance of the treatment concepts using 

the optimal co-digestion mixtures and to compare them with the use of mono-digestion of 

cow manure and pig manure. 

This work was developed as a cumulative dissertation, with three publications, and supplementary 

discussion. The specific parts developed in each part of this work are presented in Figure 1-1. 
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Figure 1-1: Structure of the cumulative dissertation 

Figure 1-1 summarizes the four aforementioned logical steps. This work aims to compare reactor tech-

nologies within different treatment concepts and substrates by using mono- or co-digestion. The main 

objectives of the logical steps can be seen at the bottom of the individual squares, while the two main 

components combined for achieving them are at the top. Hence, the economic assessment of the first 

paper (mono-digestion), will be economically compared with the combination of the results of the 

second and third papers (co-digestion) in the discussion section. 
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2. THE AD PROCESS 

AD is a suitable and efficient method for the sustainable management of biowastes and the production 

of biogas from them (Treichel & Fongaro, 2019, p. 1). AD is a biological degradation process where 

biomass is converted by the action of a microorganism consortium in the absence of oxygen into a 

mixture of gases called biogas (mainly methane and carbon dioxide) (Korres et al., 2013, p. 196). The 

benefits of AD across four categories, namely, energy system, environmental/climate benefits, eco-

nomic benefits, and other benefits, were summarized by Lauer et al. (2020). The summary is presented 

in Table 2-1. 

Table 2-1: A selection of benefits of biogas plants (Lauer et al., 2020). 

Energy system  
Environmental/ 
climate benefits 

Economic  
benefits 

Other benefits 

• Lower demand for 

power grid extension 

(Trommler et al., 2017) 

• Reduction of agricultural GHG 

emissions through the use of 

manure and other organic 

waste products (Cuéllar & 

Webber, 2008; Oehmichen & 

Thrän, 2017)  

• Additional in-

come for farm-

ers (Lauer et al., 

2018) 

• Source of carbon 

dioxide for BECCS 

(bioenergy with 

carbon capture 

and storage) (Li et 

al., 2017) 

• Source of carbon for the 

methanation of hydro-

gen (Dotzauer et al.) 

• Substitution of inorganic fer-

tilizer through the use of bio-

gas digestate (Arthurson, 

2009) 

• Additional jobs 

in rural areas 

(Guenther-Lüb-

bers et al., 

2016) 

• Reduction in odor 

and fewer patho-

gens when ma-

nure is used (Yiri-

doe et al., 2009) 

• Cost savings from con-

ventional power plants 

(e.g., a lower amount of 

start/stop operations) 

(Holzhammer, 2015) 

• Reduction of GHG emissions 

and air pollution in the heat-

ing sector (Bettina Kampman 

et al., 2017) 

• Positive effect 

on the added 

value in rural 

areas (Guen-

ther-Lübbers et 

al., 2016) 

 

• (Decentralized) heat 

supply and substitution 

of fossil fuels (Holm-

Nielsen et al., 2009) 

   

AD as a biological process can be divided into four main stages: hydrolysis, acidogenesis, acetogenesis, 

and methanogenesis (Rajendran, 2015b). The breakdown of the metabolic pathways is presented in 

Figure 2-1.  

The individual degradation steps are carried out by different consortia of microorganisms; in turn, the 

microbial consortia consist of several groups of microorganisms, and each performs a specific function. 

As a whole, they partly stand in syntrophic interrelation and place different requirements on the envi-

ronment (Abdelgadir et al., 2014; I. Angelidaki et al., 1993; Weiland, 2010). 
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Hydrolysis is the initial stage of the digestive process. Because polymers cannot be directly metabolized 

by fermentative microbes, this phase is critical for the AD process (Abdelgadir et al., 2014). As a result, 

complex components, such as lipids, polysaccharides, proteins, and nucleic acids, are transformed into 

soluble chemicals, such as amino acids, fatty acids, and short-chain sugar, during the hydrolysis pro-

cess. Extracellular hydrolytic exoenzymes released by the bacteria present in the medium, such as cel-

lulase, cellobiase, xylanase, amylase, lipase, and protease, are responsible for the catabolism of the 

more complex molecules (Li et al., 2019; Thiruselvi et al., 2021; Van et al., 2020). 

 

Figure 2-1: Schematics of the anaerobic digestion process based on Rosenwinkel et al. (2015, p. 30). 

Hydrolysis often corresponds with the rate-limiting stage of AD because the absorption of these com-

pounds by the bacteria depends on the speed at which the complex substrates are broken down by 

the enzyme (Cremonez et al., 2021). According to L. Yu and Wensel (2013), the hydrolytic process is 

described by two mechanisms: 

1. Microbes produce enzymes into bulk liquids, which adsorb onto a particle or react with a sol-

uble substrate (Jain et al., 1992). 
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2. The microorganisms adhere to a particle and degrade soluble chemicals generated by pro-

cesses catalyzed by enzymes produced locally (Vavilin et al., 1996). 

Nonetheless, a first-order kinetic model in terms of the degradable organic matter can usually model 

the AD properly when hydrolysis is the rate-limiting step (Vavilin et al., 2008). 

The second stage is called acidogenesis or fermentation. During acidogenesis, the fermentative bacte-

ria consortia degrade the available soluble hydrolysis products to produce short-chain organic acids, 

hydrogen, carbon dioxide, ethanol, ammonia, and hydrogen sulfide (Thiruselvi et al., 2021; Weinrich 

& Nelles, 2021a). Although around 20% acetate and 4% H₂ are directly produced by the acidogenic 

fermentation of sugars and amino acids, both products are primarily derived from the acetogenesis 

and dehydrogenation of higher VFAs (Korres et al., 2013, p. 33). 

Acidogenesis is carried out by a large and diverse group of fermentative bacteria. Usual species belong 

to the clostridia group, which comprises anaerobic species that form spores, able to survive in very 

adverse environments (Chernicharo, 2007, p. 7). Microorganism degradation occurs via several meta-

bolic pathways and is greatly controlled by environmental factors such as hydrogen partial pressure 

and temperature (Rosenwinkel et al., 2015, pp. 39–40). 

Acetogenesis is the subsequent step of acidogenesis. Acetogenic bacteria are responsible for convert-

ing the products of the acidogenic step into suitable substrates for methanogens. Acetic acid, hydro-

gen, and carbon dioxide are the byproducts of acetogenic bacteria (Chernicharo, 2007, pp. 7–8; Khanal, 

2008, pp. 31–32). 

Acetogenesis has a slower growth kinetic than acidogenesis, with a minimum doubling time of 1.5–4 

d. Acetogens are strict anaerobes; the presence of oxidants such as oxygen or nitrate is harmful, and 

they thrive in weak acidic environments (pH 6.0–6.2) (Kondusamy & Kalamdhad, 2014; Ramos-Suárez 

et al., 2015). 

Unless the hydrogen partial pressure is kept below 10−4 atm, acetogenesis is considered thermody-

namically unfavorable. For energy considerations, high hydrogen content hinders the conversion of 

acidogenesis intermediate products. Consequently, organic acids including propionic, isobutyric, iso-

valeric, and hexanoic acids accumulate and inhibit methane production. As a result, acetogenic bacte-

ria (hydrogen-forming bacteria) must coexist in a close biotic community (biocoenosis) with hydrogen-

consuming methanogenic archaea, which intake hydrogen along with carbon dioxide during methane 

formation (interspecies hydrogen transfer), ensuring a suitable environment for the acetogenic bacte-

ria (Friehe et al., 2012, pp. 21–22; Khanal, 2008, pp. 30–31). 

The fourth step (methanogenesis) is the most important in the production of methane gas by meth-

anogens. Acetoclastic and hydrogenotrophic methanogenesis are the two basic mechanisms for 
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methane production. Acetotrophic bacteria ferment acetic acid to CH4 and CO2. The second type, hy-

drogenotrophic methanogens, feeds on CO2 and H2 (Van et al., 2020). The ratio between both meta-

bolic pathways is around 70% acetotrophic methanogenesis and 30% hydrotrophic methanogenesis 

(Friehe et al., 2012; Madsen et al., 2011; Rajendran, 2015a; Weinrich & Nelles, 2021a). 

Methanogenesis is frequently viewed as the rate-limiting step in modeling efforts as methanogenic 

bacteria have higher sensitivity and slower growth rates than nonmethanogenic bacteria (L. Yu & Wen-

sel, 2013). Demirel et al. (2008) proposed that interspecies hydrogen transfer is plainly what deter-

mines the rate of methane formation. 

Methanogens should be kept in a stable environment owing to their poor adaptation to pH variations, 

and the optimum pH for them is 6.5–7.5. Using oxidation–reduction potential as the basis of judgment, 

an anaerobic environment is one of the basic conditions for the growth of strictly anaerobic methano-

gens (Li et al., 2019; Van et al., 2020). 

Methane production has been linked to the composition of the AD microbiome, and it is controlled by 

microbial metabolism, which is thermodynamically dependent on reactor environmental parameters 

(Campanaro et al., 2020). A summary of the major taxonomies identified in the AD is presented in 

Table 2-2. 

Table 2-2: Examples of different microorganisms shown to be involved in different stages of AD 
(Korres et al., 2013, p. 264). 

Stage of AD Major taxonomic entities identified 

• Hydrolysis and acido-

genesis 

• Fungi Trichoderma (e.g., T. reesei), Thermomonospora, Ralstonia, Shewanella, 

Penicillium, Aspergillus, and Humicola 

• Bacteria, e.g., Bacteroides, Butyrivibrio, Clostridium, Cellulomonas, Fusobacte-

rium, Selenomonas, Streptococcus, Peptococcus, and Campylobacter. Actino-

mycetes such as Streptomyces 

• Pseudomonas mendocina, Bacillus halodurans, Clostridium hastiforme, Gracili-

bacter thermotolerans, and Thermomonas haemolytica. Synergistetes  

• Acetogenesis 

• Most acetogens are in the phylum Firmicutes, e.g., Moorella thermoacetica. 

• Spirochaetes 

• δ-Proteobacteria, e.g., Desulfotignum phosphitoxidans 

• Acidobacteria, e.g., Holophaga foetida 

• Exclusively acetogenic bacteria, e.g., Acetobacterium and Sporomusa 

• Genera with acetogenic and non-acetogenic species, e.g., Clostridium, Rumino-

coccus, Eubacterium, Thermoanaerobacter, Treponema 

• Methanogenesis 

• Exclusively anaerobic, methane-producing Archaea from the phylum Eu-

ryarchaeota, with 

• 6 orders: Methanobacteriales, Methanococcales, Methanomicrobiales, Meth-

anosarcinales, Methanopyrales, Methanocellales, and 

• 31 genera, e.g., Methanosarcina, Methanobrevibacter/Methanobacterium, 

Methanosaeta 
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Sources: (Cirne et al., 2007; Ellis et al., 2012; Franke-Whittle et al., 2009; W. Kim et al., 2010; Nations, Food and Agriculture 

Organization of the United, 1997; Pobeheim et al., 2010; Rastogi et al., 2008; Sang et al., 2009; Schlüter et al., 2008; Singhania, 

2009; Song et al., 2010). 

2.1 Influencing process parameters 

AD is known to have environmental and economic benefits, such as energy recovery from its organic 

components and a significant biomass reduction (M. Kim et al., 2017). The AD process can endure a 

wide range of pH, temperature, and mixing conditions while operating in different reactors, and reac-

tor configurations at different operation modes, using mixed inoculum or isolated cultures. In general, 

several factors may be considered in the context of a system used in the AD process (Mosquera et al., 

2020). Knowing the main parameters that affect the process is critical for decision-making (Ji & Sun, 

2022). Hence, an analysis of the main biotic and abiotic variables of the process as well as its interaction 

is fundamental for the in-depth comprehension of the process. 

2.1.1 Nutrient supply 

The proper development of anaerobic microorganisms depends on sufficient nutrients with suitable 

macro- and trace element (TE) composition, along with other factors, such as appropriate water con-

tent and a sufficiently large retention time, to allow the proliferation of even the most slowly growing 

process-relevant microbes (Friehe et al., 2012, pp. 24–26; Lebuhn et al., 2014). The different nutrients 

are divided into macro- and micronutrients based on their required concentration with a concentration 

boundary of normally 10−4 mol/L (Liu, 2020, p. 58). Nutrients needed in larger quantities are referred 

to as macronutrients, whereas elements that are only required in small concentrations are known as 

micronutrients or TEs (Debabrata Dastreiche & Debayan Das, 2019, p. 5). 

Various macronutrients and ions are crucially important for the growth and maintenance of microor-

ganisms. They are involved in several key cell metabolic activities such as the synthesis of ATP/NADP 

or significant enzymes. Different macro- and micronutrients, as well as important cations and their 

functions, are described in Table 2-3. Due to low growth rates and small biomass yields during AD, only 

a small amount of macronutrients is needed and is often already sufficiently supplied by the added 

substrate (Weinrich & Nelles, 2021a, pp. 29–30). However, the long-term mono-digestion operation 

usually leads to nutrient imbalance (Ganesh Saratale et al., 2018; Kougias & Angelidaki, 2018). Never-

theless, a macronutrient balance normally leads to a micronutrient balance; hence, most studies are 

focused on the optimization of at least one of the following ratios: C/N, C/N/P, and C/N/P/S (Cremonez 

et al., 2021; Mao et al., 2015; Neshat et al., 2017; Rabii et al., 2019b). 

However, the optimal ratios significantly differ from study to study. Khanal (2008) suggested that the 

needs of C, N, and P can be roughly calculated using the empirical formula for an anaerobic bacteria 
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cell as C5H7O2N under the following assumptions: 1) 10% of the removed organic matter is used for 

biomass synthesis 2) N represents 12% of the cell mass, and 3) P requests range [1/7-1/5] of N needs. 

The information on different optimal ratios by their respective sources is summarized in Table 2-3. 

Meanwhile, in Table 2-4, the essential nutrients and their functions are presented. 

Table 2- 3: Optimal mass ratios of C, N, P, and S by different sources 

Source C/N C/P C/S 
(Weiland, 2010) 20–40 60.1–120.1 200–298.5 

(Van et al., 2020) 15–30 75–150 - 

(Cremonez et al., 2021) 20–35 - - 

(Neshat et al., 2017) 15–30 - - 

(Lissens et al., 2001) 10 - - 

Table 2-4: Required essential nutrients for microbial growth (Debabrata Das & Debayan Das, 2019, 
pp. 6–7). 

Nutrients  Functions  

Macronutrients 

Carbon (C) 
Required for biomass, product, and  

energy provision 

Oxygen (O) 

An adequate amount of oxygen is 

needed for the growth of the organism 

if it is an aerobe 

Nitrogen (N)  Essential for protein synthesis 

Hydrogen (H) Contribute to the components of carbo-

hydrates, lipids, proteins, and nucleic 

acids. Also, they participate in the syn-

thesis of energy carriers ATP and NADP  

Sulfur (S) 

Phosphorus (P) 

Cations 

Calcium (Ca2+) 

Participates in cell activation, by sup-

porting the heat resistance of  

endospores, for the activity of several 

enzymes 

Potassium (K+) Serve as cofactors for many enzymes 

and stabilize membranes and ribosomes Magnesium (Mg2+) 

Iron (Fe2+, Fe3+) 
Part of cytochromes, cofactors for en-

zymes, and electron-carrying proteins 

Trace elements 

Manganese (Mn) 

Part of enzymes and cofactors, help in 

the catalysis of reactions, maintenance 

of protein structure, etc. 

Zinc (Zn) 

Copper (Cu) 

Molybdenum (Mo) 

Cobalt (Co) 

Nickel (Ni) 

Many micronutrients are involved in the synthesis and activation of important cofactors and enzymes 

of microorganisms (Weinrich & Nelles, 2021a, p. 31). In general, the need for micronutrients is satisfied 

in most agricultural biogas plants, particularly when the plant is fed with animal excrement, yet a de-

ficiency in trace elements is very common in the mono-fermentation of energy (Friehe et al., 2012, 

p. 24). Thus, a reasonable and sustainable alternative to the addition of TE supplements is the balanced 
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addition of manure or grass silage if these resources are easily available (Lebuhn et al., 2014). The 

recommended interval or optimal concentrations of TE are summarized in Table 2-5. 

Table 2-5: Favorable concentrations of trace elements according to various reference sources (Friehe 
et al., 2012; Rosenwinkel et al., 2015). 

Trace element  

Concentration [mg/L] 

As in (Sey-
fried, 1990) 

As in (Pre-
ißler, 2009) 

As in (Bis-
choff, 2009)a 

As in (M. Bischoff, per-
sonal communication, 

2009)b 

As in 
(Sahm, 
1981) 

Cobalt (Co) 0.003–0.06  0.003–10 0.06 0.12 0.06 

Nickel (Ni) 0.005–0.5  0.005–15 0.006 0.015 0.006 

Selenium (Se) 0.08 0.08–0.2 0.008 0.018 0.008 

Molybdenum (Mo) 0.005–0.05 0.005–0.2 0.05 0.15 0.05 

Manganese (Mn) n.s. 0.005–50 0.005–50 n.s. 0.005–50 

Iron (Fe)  1–10 0.1–10 1–10 n.s. n. s 

Nickel (Ni) n. s n. s n. s n. s 0.006 

Chromium (Cr) n. s n. s n. s n. s 0.005–50 
a: Absolute minimum concentration in biogas plants; b: recommended optimum concentration. 

The values presented in Table 2-5 have very high variance and no information about the process oper-

ating conditions to which they are applicable. Hence, Friehe et al. (2012) mentioned that these values 

are only partly applicable to agricultural biogas plants as in some cases, the studies described in these 

sources were conducted in the wastewater sector under different initial conditions and using different 

investigation methods. 

2.1.2 Temperature 

Chemical reactions, and thus also biochemical reactions, are strongly temperature dependent (Rosen-

winkel et al., 2015, pp. 82–83). Temperature is one of the most influential factors in AD as it regulates 

the growth and activity of the microorganisms involved in AD (Neshat et al., 2017). As the temperature 

rises, the chemical and enzymatic reactions within the cell occur at a high speed. Thus, the growth and 

metabolic processes of the species constantly increase until the maximum growth rate is reached and 

they start to decrease, and a parabolic profile of temperature is therefore found in the praxis (Doran, 

2013, p. 468). Hence, temperature influences AD by mainly affecting the thermodynamics of aceto-

genic and methanogenic reactions (Xie et al., 2016). 

The AcoD process is usually applied under either mesophilic (30 °C–40 °C) or thermophilic (50 °C–60 

°C) conditions, although psychrophilic conditions (10 °C–20 °C) have also been reported (Xie et al., 

2016). Rosenwinkel et al. (2015, pp. 83–84) reported that the growth rate can be almost double at the 

optimal temperature going from psychrophilic to mesophilic and further to thermophilic. Zoetemeyer 

et al. (1982) studied the influence of temperature on the maximum growth rate in the first reactor of 

a two-stage concept to treat glucose. They found that the maximum growth rate in the acidification 

stage (first reactor) was approximately 40% higher at a temperature of 51 °C than at 37 °C. 
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Nonetheless, an operation at a higher temperature is not intrinsically better. Table 2-6 presents the 

comparison of mesophilic and thermophilic AD. 

Table 2-6: Comparison of the performance of mesophilic and thermophilic anaerobic digestion 
(Korres et al., 2013, p. 209). 

Performance characteristics Mesophilic digestion Thermophilic digestion  
Gas production rate  Contradictory reports  Contradictory reports 

Pathogen reduction  Lower Higher 

Effluent VFAs  Lower Higher (contradictory) 

Process stability  Higher Lower (contradictory) 

Methane content  Higher Lower 

Energy requirement  Lower Higher 

Odor  Lower Higher 

Product/substrate inhibition  Lower Higher 

Furthermore, Mao et al. (2015) pointed out that other disadvantages of the thermophilic process may 

be low-quality effluent, increased toxicity, amplified susceptibility to environmental conditions, and 

large investment cost. On the other hand, it has a rate advantage over mesophilic digestion as a result 

of its faster reaction rates and higher load-bearing capacity and, consequently, exhibits higher produc-

tivity than mesophilic AD (Mao et al., 2015; Neshat et al., 2017). 

2.1.3 pH, buffer capacity, and organic acids 

pH value is defined as the negative logarithm of the hydrogen ion activity. It is used to indicate the 

hydrogen (H+)− or hydroxide (OH-) ion concentration in an aqueous solution and thus its basic or acidic 

behavior (Rosenwinkel et al., 2015, p. 85). pH is one of the most important control parameters of AD 

owing to its influence on the different steps of the process (Cremonez et al., 2021; Korres et al., 2013). 

pH relates to different enzymatic reactions. In addition, enzymes have their optimum pH; thus, de-

pending on the pH value, the metabolic activity of one or the other microorganism consortia may be 

favored (Neshat et al., 2017; Weinrich & Nelles, 2021a). 

The two main bacterial groups from the taxonomies presented in Table 2.2 in terms of pH distribution 

are acid-producing bacteria (acidogens) and methane-producing bacteria (methanogens. Khanal 

(2008) affirmed that acidogens prefer a pH of 5.5–6.5, whereas methanogens prefer 7.8–8.2. Weinrich 

and Nelles (2021a) reported that the pH values for acidogens range from 4.5 to 6.5, whereas those for 

methanogens range from 6 to 8.2. Nevertheless, the optimal intervals for single-stage operation are 

usually contained in an interval that serves all microorganism groups. The different values from the 

literature are presented in Table 2-7. 
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Table 2-7: Optimal pH intervals for single-stage anaerobic digestion. 

Optimal pH interval  Reference  
7–7.5 (Weinrich & Nelles, 2021a) 

6.8–7.4 (Khanal, 2008; Mao et al., 2015) 

6.8–7.2 (Neshat et al., 2017) 

7.0–7.2 (Ağdağ & Sponza, 2007) 

70.–7.2 (Ganesh Saratale et al., 2018) 

6.8–7.4 (Mao et al., 2015) 

6.8–7.5 (Rosenwinkel et al., 2015) 

The pH value during AD is established within the system by the alkaline and acid metabolic products 

formed during anaerobic decomposition (Friehe et al., 2012, p. 24). Hence, the pH value changes de-

pending on the strength (dissociation constant) and concentration of individual acids and bases as well 

as the existing buffer system, concentration, and activity of free hydrogen ions (Weinrich & Nelles, 

2021a, pp. 36–37). Consequently, keeping the pH within the narrow optimal interval sometimes poses 

significant problems in the practical operation of a plant because the value can significantly deviate 

from the theoretical one based on the substrate and sludge properties (Rosenwinkel et al., 2015, 

pp. 86–87). Changes in the pH values are often related to changes in the operational parameters. Thus, 

an accumulation of organic acids (acidification) will typically lower the pH, whereas increased ammonia 

concentrations or CO2 removal will lead to an increment in pH values (Kougias & Angelidaki, 2018). 

Buffer capacity 

A buffered solution resists a change in its pH even when a strong acid or base is added to it. Buffered 

solutions are important to living organisms whose cells can survive only in a very narrow pH range 

(Zumdahl et al., 2007, pp. 585–586). A buffer solution is composed of a weak base or weak acid and its 

corresponding salt (Chang, 2002, pp. 655–656). 

The buffer capacity of the medium in AD is usually mainly hydrogen carbonate and ammonium, with 

ammonium being the most important when treating substrates with high nitrogen content. The buffer 

capacity normally guarantees a stable pH value. If major changes occur and the pH value shifts out of 

its optimum range, this is usually a sign of serious disturbances, and action should be immediately 

taken. With high and diverse nutrient concentrations, such as liquid manure or kitchen waste, the buff-

ering capacity of anaerobic fermentation processes can be strengthened (Friehe et al., 2012; Rosen-

winkel et al., 2015; Weinrich & Nelles, 2021a). Hence, when such substrates are present, the accumu-

lation of VFA will not always result in a pH drop due to a surplus of alkalinity which stabilizes the pH 

value at such an accumulation (Hopfner-Sixt & Amon, 2007; Sommer et al., 2013; Weiland, 2010). 

The main buffering species in an anaerobic digester are the VFAs and bicarbonate. Total alkalinity (TA) 

measured via titration to a pH endpoint of 4.3 includes both these species (Association of German 
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Engineers [Verein Deutscher Ingenieure], 2016; Martín-González et al., 2013). The main buffer equilib-

ria of the AD process are presented in Table 2-8. 

Table 2- 8: Dissociation equilibrium of effective buffer systems during anaerobic digestion (Weinrich 
& Nelles, 2021a, p. 37). 

Organic acids 

VFAs are the intermediate products of the methane production pathway. The main byproducts of AD 

are acetic, propionic, and butyric acids; other byproducts include formic, valeric, and caproic acids. 

Acetic acid is the most concentrated carboxylic acid, but it hinders methanogens less than propionic 

and butyric acids (Marchaim & Krause, 1993), whereas high temperature and alkaline pH conditions 

facilitate propionic acid production (Li et al., 2019). The presence of formic and valeric acids at above 

certain concentrations indicates microbial ecosystem imbalances or potential problems in the AD pro-

cess as the said acids should not form under normal organic matter degradation conditions. These 

acids are indicators of how the organic matter is decomposed and can be used to assess the perfor-

mance of AD (Neshat et al., 2017; Rosato, 2018, p. 175). 

In general, the most sensitive parameter is the change in VFA concentration because the primary cause 

of digester failure is an imbalance between acidogenic, acetogenic, and methanogenic organisms (Sa-

kar et al., 2009). Changes in pH values are often related to changes in operational parameters. Thus, 

an accumulation of organic acids (acidification) will typically lower the pH, whereas increased ammonia 

concentrations or CO2 removal will lead to an increment in pH values (Kougias & Angelidaki, 2018). 

Many authors have suggested VFAs as control parameters as they are indicative of the activity of the 

methanogen’s consortia. VFA accumulation can be interpreted as either organic overload or inhibition 

of the methanogens due to the influence of process variables. In either case, action should be taken 

to avoid reactor failure. The relevance of specific VFAs is still unclear. However, simple short-chained 

VFAs have been the favorites of many researchers (Madsen et al., 2011). 

The complexity and analytical performance of VFA quantification methods vary. Several authors have 

proposed various titration methods for efficient and low-cost AD process monitoring. This methodol-

ogy is certainly worthwhile for AD plants seeking a measure of total acidity rather than detailed infor-

mation about the relative abundance of individual VFAs. However, due to the proximity of the pKa 

Buffer  Dissociation equilibrium pKa 

Carbonate buffer 
[CO2 + H2O ⇌ H2CO3] ⇌ H+ + HCO3

– 6.35 

HCO3
– ⇌ H+ + CO2 10.33 

Ammonium buffer NH4
+- ⇌ NH3 + H+ 9.25 

Sulfate buffer 
H2S ⇌ H+ + HS- 6.99 

HS ⇌ - H+ + S2- 12.89 
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values of the individual VFAs, titration methods cannot distinguish between them (Feitkenhauer et al., 

2002; Lahav & Morgan, 2004; Méndez-Acosta et al., 2010). 

The chromatographic methods used in industry and research laboratories can separate individual VFAs 

and provide quantitative measurements of their concentrations. Gas chromatography and high-per-

formance liquid chromatography are the two most commonly used methods (Brondz, 2002). 

The individual acids can be used as process indicators, and the extent to which they are produced is 

evidence of the thermodynamics and kinetics of the processes occurring within the reactor (Mortezaei 

et al., 2018). Korres et al. (2013, pp. 202–203) conducted a hierarchical cluster analysis to identify the 

similarity of various physicochemical characteristics of grass silages. They concluded that VFA, for ex-

ample, will most likely reveal the same information as acetic acid measurements, whereas any of these 

characteristics can be approximately estimated via propionic acid concentration measurements. Fur-

thermore, the propionic acid to acetic acid ratio can be used as a reliable indicator of digester imbal-

ance, and a ratio greater than 1.4 may indicate immediate digester failure (Xie et al., 2016) 

2.1.4 Inhibitors 

Due to the large number of variables involved in AD, various intermediates and compounds can act as 

inhibitors. Researchers have demonstrated the inhibitory effect of some agents, and many others are 

suspected of being AD inhibitors (Friehe et al., 2012, p. 25). Weinrich and Nelles (2021a, p. 31) defined 

inhibition as primarily a concentration-dependent effect. Hence, even essential components can in-

hibit AD (Figure 2-2). 

 

Figure 2-2: Influence of the nutrient concentration on microbial growth, modified from (MacCarty 

P.L., 1964; Oleszkiewicz & Sharma, 1990; Weinrich & Nelles, 2021a). 
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Friehe et al. (2012, p. 26) summarized the limit concentration (red line Figure 2-2) for several inhibitors. 

Nevertheless, many of the concentrations are dependent on the operating conditions and reactor 

types or configurations (Oleszkiewicz & Sharma, 1990). Therefore, large variations in the inhibi-

tion/toxicity levels have been reported due to the complexity of the AD process where mechanisms 

such as antagonism, synergism, acclimation, and complexing could significantly affect the phenome-

non of inhibition (Y. Chen et al., 2008). The summary of the inhibitors in AD is presented in Table 2-9. 

AD inhibitors are generally classified into two groups: substances introduced into the system via the 

feed stream and intermediate components that are inhibitory at high concentrations (Neshat et al., 

2017). Methanogens are commonly considered the most sensitive to the toxicity of microorganisms in 

AD. However, the process can acclimatize, and higher concentrations of the toxicant can be tolerated 

after a period of adaptation (Irini Angelidaki et al.). 

Table 2-9: Inhibitors in anaerobic decomposition processes and the concentrations at which they be-
come damaging (Friehe et al., 2012, p. 26). 

Inhibitor  Inhibitory concentration Comments 

Oxygen  >0.1 mg/l 
Inhibition of obligate anaerobic methanogenic ar-

chaea 

Hydrogen sulfide >50 mg/l H2S 
The inhibitory effect rises with a falling pH value 

Volatile fatty acids  2,000 mg/l Hac (pH = 7.0) 
The inhibitory effect rises with a falling pH value. 

High adaptability of the microorganisms 

Ammoniacal nitrogen >3,500 mg/l NH4
+ (pH = 7.0) 

The inhibitory effect rises with rising pH value and 

rising temperature. High adaptability of bacteria 

Heavy metals 
Cu > 50 mg/l. Zn > 150 mg/l, 

Cr > 100 mg/l 

Only dissolved metals have an inhibitory effect. De-

toxification by sulfide precipitation 

Disinfectants, antibiotics n.s. Product-specific inhibitory effect 

Ammonia 

Ammonia toxicity increases with increasing temperature, and washout of the microbial population can 

occur (Irini Angelidaki et al.). Especially the undissociated form of ammonia is considered responsible 

for process inhibition at concentrations above 80 mg/L (Weiland, 2010). Abdelgadir et al. (2014) re-

ported that the ammonia concentration must be maintained over 40–70 mg N∙L−1 to prevent biomass 

activity reduction. Contrarily, Khanal (2008) reported different intervals with their respective effects 

(Table 2-10). 
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Table 2- 10: Ammonia nitrogen concentration and its effect on anaerobic treatment (Khanal, 2008, 
pp. 56–58). 

Ammonia–N (mg/L) Effects  
50–100  Beneficial 

200–1,000  No adverse effect 

1,500–3,000  Inhibitory effect at higher pH values 

Above 3,000  Toxic 

The results for ammonia–N inhibitory levels are contradictory as they vary in parameters such as pH, 

temperature, and inoculum adaptation. It is widely accepted that the non-ionized form of ammonia is 

responsible for AD inhibition; however, pH has a significant impact on the level of ammonia inhibition 

as the pH value determines the degree of ionization. The equilibrium relation can be used to calculate 

the free ammonia ratio to the total ammonia/ammonium ratio (Irini Angelidaki et al.; Fotidis et al., 

2013). 

A decrease in pH reduces ammonia inhibition. Free ammonia inhibition causes VFA accumulation, 

which lowers pH and decreases the ratio of free ammonia, resulting in the relief of free ammonia inhi-

bition. Owing to this self-stabilizing mechanism, processes can be kept in a stable ammonia-inhibited 

state with a balance of VFA concentration and ammonia loading (Irini Angelidaki et al.; Y. Chen et al., 

2008; Yenigün & Demirel, 2013). 

I. Angelidaki and Ahring (1993) conducted experiments on the thermophilic digestion of cattle manure 

in different ammonia concentrations. The AD of cattle manure was inhibited by ammonia concentra-

tions of 4 g N/L or higher. After 6 months of operation, stable digestion of cattle manure with ammonia 

concentrations of up to 6 g N/L could be maintained. However, when compared with controls with an 

ammonia concentration of 2.5 g N/L, the methane yield (MY) was reduced, and the concentration of 

VFAs increased from 1 to 3 g/L as acetate. Hence, a gradual increase in ammonia concentration re-

duced the temporary strong inhibition caused by a one-step increase. Furthermore, ammonia toxicity 

tests on acetate- and hydrogen-using populations revealed that acetoclastic methanogens were more 

sensitive to ammonia than hydrogenotrophic methanogens. 

I. Angelidaki and Ahring (1994) investigated the combined effect of temperature and ammonia con-

centration in the intervals of 40 °C–64 °C and 2.5–6.0 g-N/L in continuously fed reactors. At the applied 

retention time of 15 days, poor process performance was observed when the combination of temper-

ature and ammonia loading resulted in a calculated concentration of unionized ammonia (NH3) ex-

ceeding 0.7 g-N/l. When the ammonia load was high, maintaining the temperature below 55 °C in-

creased the biogas yield and improved process stability, as asserted by the depletion of VFAs in the 

effluent. 
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One of the most effective ways to avoid ammonia inhibition is the adequate control of the C/N ratio 

(Irini Angelidaki et al.). A high C/N ratio causes low protein solubilization. On the other hand, a high 

C/N ratio provides insufficient nitrogen to maintain cell growth and results in rapid nitrogen degrada-

tion by microbes resulting in lower biogas production. Excessively low C/N ratio substrates increase 

the risk of ammonia inhibition, which is toxic to methanogens and results in insufficient utilization of 

carbon sources. The optimal C/N ratio for AD has been demonstrated to be between 20 and 30 or 20 

and 35, with a ratio of 25 being the most commonly used (Karki et al., 2021; Mao et al., 2015; J. Mata-

Alvarez et al., 2014). 

Organic acids 

VFAs act as a double edge blade; they are one of the indicators of the correct balance between hydrol-

ysis, acidogenesis, and methanogenesis. In an anaerobic reactor, instability usually results in VFA ac-

cumulation, which can cause a drop in pH (acidification). However, in some substrates with an excess 

of alkalinity, the VFA accumulation must exceed a certain threshold before it can be detected as a 

significant change in pH (Weiland, 2010). This means that when a drop in pH is eventually observed in 

the reactor, the concentration of VFAs is most likely very high, and the process may already be affected 

(Irini Angelidaki et al.; Verein Deutscher Ingenieure, 2016). Therefore, the VFA accumulation can be 

seen as a result of an already inhibited process and is not considered the actual reason (Kougias & 

Angelidaki, 2018). 

VFA accumulation can be interpreted as either organic overload or inhibition of the methanogenic 

microbial communities due to the influence of other factors (Madsen et al., 2011). In a stable anaerobic 

digester, the concentration of VFAs is about 50–250 mg/L (Khanal, 2008; Neshat et al., 2017). Acetic 

acid is normally the most concentrated among the carboxylic acids but is less inhibitory to methano-

gens than propionic and butyric acids (L. Yu & Wensel, 2013). A maximum concentration of 3000 mg/L 

is considered the stability limit for acetic acid and 1000 mg/L for propionic acid. A very rapid rise in 

acid concentration should be expected when the loading limit is reached (Verein Deutscher Ingenieure, 

2016). 

LCFAs are compounds often linked to toxicity in AD. High concentrations of LCFAs are frequently ob-

served in a variety of agro-industrial residues, including slaughterhouse wastes, food wastes, and olive 

mill wastewater. The inhibition caused by LCFA is due to the accumulation of compounds formed dur-

ing β-oxidation that cannot be further oxidized because the required reactions are thermodynamically 

unfavorable. As a result, LCFA inhibits the activity of hydrolytic, acidogenic, acetogenic, and methano-

genic bacteria (Kougias & Angelidaki, 2018; Lalman & Bagley, 2002; Pereira et al., 2005). 
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Sulfur 

Another byproduct of the digestion process is hydrogen sulfide (H2S), which can act as a cytotoxin in 

the undissociated, dissolved form at concentrations as low as 50 mg/L (Friehe et al., 2012, p. 26). Sul-

fide is produced by sulfate-reducing bacteria during the anaerobic treatment of sulfur-rich waste 

streams. The sulfide levels in industrial waste streams from tanneries, petrochemical refineries, coal 

gasification, and other sources are high. Sulfide is also produced during the breakdown of sulfur-con-

taining organic matter (proteins) in waste, such as swine manure. Unionized sulfide (H2S) is thought to 

be more toxic to methanogens than ionized sulfide (HS-) (Khanal, 2008, pp. 138–139). 

The concentration of sulfur species is a strong function of pH, as presented in Fig. 2-3 Lewis. As the pH 

value falls, the proportion of free H2S rises, increasing the risk of inhibition. One possible way to reduce 

the H2S concentration is via precipitation as sulfides with the aid of iron ions. H2S also reacts with other 

heavy metals and is bonded and precipitated out, along with the formation of sulfide ions (S2-) (J. L. 

Chen et al., 2014). However, sulfur is also an important macronutrient. Thus, an adequate concentra-

tion of sulfur is necessary for the formation of enzymes, but excessive precipitation in the form of 

sulfides can also be responsible for the inhibition of methanogenesis (Friehe et al., 2012, p. 106). Figure 

2-3 presents the behavior of the activity of the different species of sulfide. 

 

Figure 2-3: pH dependence of sulfide speciation. 

McCartney and Oleszkiewicz (1991) observed that sulfide toxicity increased with increasing pH. Other 

studies on sulfide inhibition indicated that more than one inhibition threshold might be present under 

different conditions (Y. Chen et al., 2008). Hence, Chernicharo (2007, pp. 37–38) reported that from a 

practical point of view, it is important to determine the sensitivity of biomass to sulfide. The quantity 

of sulfides produced in the anaerobic treatment depends on the following main factors: 
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• Chemical oxygen demand to sulfide ratio (COD/SO4
2−) in the influent (a low ratio results in a 

high sulfide production). 

• Composition of the organic substrate. 

• pH and temperature of the medium. 

• Competition between sulfate-reducing and methanogenic microorganisms 

Additionally, Chernicharo (2007, p. 38) proposed the following measures to counterattack a possible 

inhibition due to sulfide: 

• Increase pH in the reactor, so that the dissociation of H2S in the liquid phase favors the for-

mation of HS-. 

• Dilute the influent, aiming at reducing the concentration of sulfides in the reactor. 

• Precipitate sulfides by using iron salts. 

Furthermore, the composition of H2S in biogas normally ranges from 50 to 10,000 ppm depending on 

the feed material composition. At high concentrations, H2S can cause corrosion to the engine and 

metal parts via SO2 emissions from combustion, especially when the engine is not running continu-

ously. Users have shown little interest in using biogas for power generation because hydrogen sulfide 

is harmful to the cast iron and steel used in the equipment. Furthermore, many biogas applications 

have been hampered by the inability to eliminate the corrosive and toxic H2S in raw biogas. Thus, H2S 

needs to be removed before further use (Mamun & Torii, 2015; Nallamothu et al., 2013). 

2.1.5 Hydraulic retention time and OLR 

The hydraulic retention time (HRT) can be defined as the average time that a fluid element spends in 

the system, and it is the retention time for a fluid (Chernicharo, 2007, p. 39; Sperling, 2007, p. 100; 

Winterbottom & King, 1999, p. 268). A more precise definition is provided by Henze et al. (2008, 

pp. 56–57), in which the volume of the process per unit per volume of influent flow is defined as the 

nominal hydraulic retention time. To know the actual hydraulic retention time, the sludge underflow 

and the mixed liquor recycle ratios must be considered. 

The mathematical definition of HRT is shown in Equation 2.1. 

HRT =
V𝑅

Q
 (2-1) 

where HRT corresponds to HRT (d); VR, the volume of the bioreactor (m3); and Q, the influent flow rate 

(m3/d). 

When analyzing the performance of bioreactors without biomass retention mechanisms, one of the 

main criteria is that HRT should be larger than the cell doubling time to avoid the washout of the 
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microorganisms (Environmental Energy Company: Olympia, 2001, pp. 21–22; Kroiss, 1985, pp. 91–92). 

Hence, the HRT has a large influence on the operation stability of the reactor (Shen, Tian, et al., 2013; 

Singh et al., 2019). 

HRT controls the time the waste remains inside the reactor in contact with the biomass, but the solid 

retention time (SRT) controls the residence time of the biomass (Khanal, 2008, pp. 173–175). SRT can 

be expressed in terms of the average time length of microorganisms active in the system (Bui et al., 

2019, pp. 107–110). One of the main strategies for increasing the reactor’s performance is the decou-

pling of the HRT and SRT, which can be achieved via different retention mechanisms giving birth to 

different high-rate technologies, such as biofilms and bio-granules (Saravanan & Sreekrishnan, 2006). 

Hence, in reactors without biomass retention mechanisms, HRT equals SRT. 

The influence of HRT is mostly described in non-high-rate reactors, where the settling of an insuffi-

ciently large HRT may eventually lead to the acidification of the digester through the accumulation of 

VFAs (Nkuna et al., 2021). Hence, the establishment of HRT according to the substrate composition is 

an important part of the reactor’s performance optimization (Cremonez et al., 2021). The relationship 

between biodegradation rate, substrate macromolecule composition, and retention time was semi-

quantitatively described by Akunna (2018, p. 7) (Figure 2-4). As can be seen from the figure, the more 

complex the substrate, the longer it requires to achieve a high degradation rate. Therefore, a higher 

feed rate as a biodegradation rate will eventually lead to the acidification of the failure of the reactor; 

therefore, the control of HRT and/or SRT plays a major role in the reactor’s performance. 

 

Figure 2-4: Relationship between the rate of degradation and retention time for various types of or-

ganic compounds (Akunna, 2018, p. 7). 
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The organic feed rate per digester volume is known as the OLR (Mahmoud et al., 2003). OLR is also 

defined as a measure of the AD system’s biological conversion capacity (Rabii et al., 2019b). Therefore, 

it is often one of the main criteria employed in the design of bioreactors (Khanal, 2008, pp. 8–9). 

The mathematical definition of OLR is presented in Equation 2.2. 

OLR =
𝑄 ∙ 𝐶𝑂𝐷

𝑉𝑅
=

𝐶𝑂𝐷

𝐻𝑅𝑇
 (2-2) 

where OLR corresponds to the OLR (kgCOD/m3·d); Q, the flow rate (m3/d); COD, chemical oxygen de-

mand (kgCOD/m3); V, the volume of the bioreactor (m3); and HRT, hydraulic retention time (d). 

OLR can have a profound impact on microbial community diversity and structure. Microbial community 

diversity often decreases under high OLR (Bui et al., 2019, pp. 506–509). Low biogas yield is obtained 

when feeding the system above its sustainable OLR (Rabii et al., 2019b). The optimal OLR is determined 

by the complexity of each waste component rather than the proportion of different fractions (carbo-

hydrates, proteins, lipids) in it. As a result, the OLR affects all of the microbial communities in the re-

actor and, as a result, the VFA composition distribution (Vázquez-Fernández et al., 2022). The effect of 

OLR on AD performance is summarized in Figure 2-5. 

 

Figure 2- 5: Semiquantitative representation of anaerobic digestion performance based on the or-
ganic loading rate, modified from Nkuna et al. (2021). 
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The critical OLR point varies due to differences in substrate composition and the rate at which these 

components degrade. Therefore, it is important to identify the optimal OLR for individual substrates 

or a mixture of them at the targeted operating conditions through exploratory experiments by previ-

ously establishing the desired process efficiency and stability. 

2.1.6 Flow pattern in the expanded granular sludge reactor 

Continuously operated chemical reactors with idealized flow patterns have played a central conceptual 

role in the development of reactor engineering (Winterbottom & King, 1999, p. 252). There are two 

ideal flow patterns: plug flow (tubular) and complete mix (Gujer, 2008, pp. 129–130; Sperling, 2007, 

pp. 100–103). In plug flow, all fluid elements crossing a given plane move at the same speed and in the 

same direction, resulting in equal velocities. Detailed measurements of velocities in long straight pipes 

during turbulent flow have revealed a very close approximation to plug flow. Contrarily, in complete 

mix intensive properties within the vessel, i.e., temperature, composition, and other properties are 

spatially uniform. When applied to a continuously operated stirred tank, the tank’s contents are ho-

mogeneous, and the feed quickly mixes with these contents, thus losing its identity (Gujer, 2008, 

pp. 129–132; Levenspiel, 1999, pp. 258–261; Winterbottom & King, 1999, pp. 268–270). A schema of 

these two ideal flow patterns is presented in Figure 2-6. 

 

Figure 2-6: Ideal reactor types. Modified from (Gujer, 2008; Levenspiel, 1999). 

In a reactor, the design is often beneficial to reach one of these ideal patterns because they are simple 

to treat; therefore, it is easier to obtain a mathematical description of the optimal reaction path. But 

a piece of real equipment to a greater or lesser extent always deviates from these ideal flow patterns; 
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hence, a simplification in their modeling is not possible (Bhattacharyya & Singh, 2010; Monteith & 

Stephenson, 1978). Factors like the shape of the system, scale, hydraulic characteristics of the input 

and output structures, presence of biomass, and environmental conditions can produce unfavorable 

hydraulic circumstances, such as dead zones, inertial currents, and hydraulic short circuits, which re-

duce the HRT and decrease the efficiency of the system (Londoño et al., 2019). According to Levenspiel 

(1999), overall, three interrelated factors make up the contacting or flow pattern: 

1. The residence time distribution (RTD) of the material that is flowing through the vessel. 

2. The state of aggregation of the flowing material, its tendency to clump, and for a group of 

molecules to move about together. 

3. The earliness and lateness of mixing of material in the vessel. 

The mixing and internal transport processes in a reactor are characterized by using the distribution of 

the HRT in a reactor (RTD). The comparison of theoretically computed and experimentally determined 

RTDs facilitates the development of mathematical models of real-world reactors (Gujer, 2008, p. 129). 

The study of anaerobic reactor hydrodynamics plays an important role as it can influence the rates of 

biological reactions through changes in the rate of mass transfer and the distribution of reactions along 

the reactor affecting its performance (Brito & Melo, 1997; Gleyce et al., 2014). 

The EGSB reactors appeared as an improvement on the upflow anaerobic sludge blanket (UASB) reac-

tors where a high height–diameter relation allowed them to work at a higher superficial velocity (>4 

m/h EGSB per 1,5 m/h UASB). The main change consisted in the addition of an external recirculation 

that allows regulation of the mixing independently of the feeding rate, consequently, internal mixing 

problems of the UASB such as the occurrence of dead zones, preferential flow, and short circuits, 

among others are solved. In addition, due to the higher superficial velocity, an expansion of the sludge 

bed occurs, intensifying the hydraulic mixing and giving the EGSB the ability to generate a better sub-

strate–biomass contact within the treatment system (Gleyce et al., 2014; Treichel & Fongaro, 2019, 

pp. 76–77). Lou et al. (2006) conducted a tracer analysis in an UASB with and without recycling, which 

resembled a comparison between an EGSB and a UASB. As a result, the UASB with recycling exhibited 

a significant improvement in overall mixing within the reactor over the no-recycling option. 

A schematic operation of the EGSB reactor is presented in Figure 2-7. 

 Because of the complex nature of the EGSB reactor, its local hydrodynamic behavior is not well docu-

mented, even though most of the time, it is described in the literature as a completely mixed reactor. 

This description has no high deviation from reality when a relatively simple kinetic model can describe 

the reactor behavior, even when its hydrodynamics present minor flaws (Pérez-Pérez et al., 2017). 
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(1) Feed tank, (2) peristaltic pump, (3) influent, (4) EGSB bioreactor, (5) recirculation, (6) bell separation, (7) bio-
gas outlet, (8) gas flow meter, (9) effluent, (10) three-phase separator zone or settling zone, (11) transition zone, 
(12) digestion zone. 

Figure 2-7: Schematic diagram of an EGSB bioreactor (A. Cruz-Salomón et al., 2019). 

Usually, the consideration of a completely mixed tank comes together with neglecting the liquid mass 

transfer resistance. However, the exact mixing pattern cannot be generalized. Thus, it should be as-

sessed in each reactor (Fuentes et al., 2011). The hydrodynamic characteristics may be determined by 

using a tracer material to obtain an RTD curve or exit age distribution curve (E-curve for pulse input or 

F-curve for step input) (Bhattacharyya & Singh, 2010). Alternatively, computational fluid dynamics 

(CFD) models can be applied for this purpose. 

The amount of mixing in a reactor determines its performance; thus, for a description of a real reactor, 

the influence of mixing on the mass balance equation must be specified as accurately as possible (Gu-

jer, 2008, p. 129). Despite the complex hydrodynamics of the EGSB, there are some examples in the 
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literature on the integration of hydrodynamics and mass and balance equations. Fuentes et al. (2011) 

employed a bioparticle model under the assumption that the EGSB behaved as a CSTR due to the ef-

fects of a high recirculation rate. Nevertheless, the expansion of the bed was taken into account. Brito 

and Melo (1997) conducted tracer studies and found that the EGSB behaved as CSTR and as a conse-

quence of the hydrodynamics liquid film mass transfer resistance seemed negligible in the EGSB. The 

CSTR model was integrated with zero-order kinetics in the degradation of low-acetate conditions by 

the granular biomass. 

A. Cruz-Salomón et al. (2019) stated that to fully characterize the hydrodynamics of the EGSB bioreac-

tor the fluid dispersion, turbulence in the bioreactor, settling velocity of the sludge, expansion of the 

sludge bed, and shear rate on the granules should be taken into account in the hydraulic model of the 

reactor. Nonetheless, a model of a series of five CSTRs each one representing one section of the bio-

reactor was the most accurate model for Gleyce et al. (2014). 

An emerging alternative to tracer studies is CFD. The mixing effect in a digester can be numerically 

simulated using CFD simulation software. Based on the specified digester geometry, feed location, 

physical properties, and operating conditions, CFD can also be used to predict anaerobic digester ve-

locity profiles, rates of energy dissipation, concentrations, and flow streamlines. Over the last decade, 

CFD has been used to predict digester flow patterns in wastewater treatment units such as ponds, 

lagoons, and tanks (Xie et al., 2016; L. Yu & Wensel, 2013). Nevertheless, the integration of CFD in the 

mass and energy balance analysis of the reactors has been rather limited mainly due to the complexity 

of numerical simulation and model stability when biological rate equations are coupled (Xie et al., 

2016; L. Yu & Wensel, 2013). 

2.2 Choice of the appropriate reactor technology with a focus on the German 

agricultural biogas sector 

Reactor technology is one of the most influential factors in the AD outcome (Treichel & Fongaro, 2019, 

p. 75). Choosing the right bioreactor type and configuration is critical for maximizing metabolic, and 

nonoxidative bioenergy production. A reactor designed for bioenergy production may not be suitable 

for waste treatment (Chernicharo, 2007, pp. 70–71; Khanal, 2008, p. 93). 

Some other general considerations when choosing the right anaerobic technology are single-stage vs 

multistage, wet vs dry AD, batch vs continuous/semicontinuous, and low-rate vs high rate. The selec-

tion of one category over its counterpart is ultimately based on the situation by balancing the technical 

and economic criteria (Korres et al., 2013; Nielsen et al., 2004). 
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The type of reactor chosen for each application can be influenced by many factors, mainly HRT or 

organic loading; other specific criteria like hydraulic loading rate or sludge loading rate are not uncom-

mon (Chernicharo, 2007; Henze et al., 2008; Nkuna et al., 2021). 

Because anaerobes slowly grow during the metabolic generation of methane, biomass retention ca-

pacity is an important consideration when selecting a suitable bioreactor. High-rate reactors are those 

that can successfully separate HRT from the SRT via some retention mechanisms (Halalsheh et al., 

2005; Huang et al., 2013). Some of the most common retention mechanisms are biomass immobiliza-

tion in attached growth systems, granulation, and floc formation (Damien J. Batstone, 2006; Saravanan 

& Sreekrishnan, 2006). 

At present, high-rate technology is widely used in waste treatment owing to its capacity to decouple 

HRT and SRT. UASB and EGSB are two of the most widely used high-rate reactors due to their ability to 

form dense aggregates via auto-immobilization, which allows them to work at high OLRs, robustness, 

and market price (Abumalé Cruz-Salomón et al., 2018; Fuentes et al., 2011; López & Borzacconi, 2011; 

Ratanatamskul & Siritiewsri, 2015). 

The treatment of low TS substrates from agriculture like liquid poultry and swine manure is becoming 

increasingly popular nowadays in high-rate systems because they can be treated to high OLR, which is 

not profitable for conventional biogas plants due to the coupling of HRT and SRT in the reactor tech-

nology used (Häner et al., 2022; C. Rico et al., 2017; C. Rico et al., 2015; C. Rico et al., 2012). 

In Germany, agricultural biogas production technology was developed based on the technology used 

in anaerobic municipal wastewater and sewage sludge treatment plants (Lebuhn et al., 2014). Biogas 

production technologies are typically simple and robust. Wet fermentation using CSTR is the most 

common technology. In total, approximately 90% of biogas plants use wet fermentation, with the re-

maining 10% using solid-material fermentation. Approximately 1% of the plants are discontinuously 

operated (batch operation/box or garage fermenter). In Germany, 80–100 discontinuously operated 

dry fermentation plants (garage or box fermenter) were in operation at the end of 2016 (Daniel-

Gromke et al., 2018; Thrän, 2015, p. 76). 

Although the technological standard of biogas plants has significantly improved over the last decade, 

most agricultural biogas systems still lag behind industry standards in other branches, particularly in 

plant safety, automation, and quality control. One reason for this is that at least for farm-scale instal-

lations using animal manure as the primary input, construction costs are the most important economic 

factor for the investor, i.e., the farmer. As a result, except for “large” installations (equivalent electrical 

output of more than 1 MW) linked to a biogas upgrading and feed-in facility, the level of process con-

trol and automation of biogas systems is at best intermediate but frequently low (Lebuhn et al., 2014; 

Theuerl et al., 2019). 
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Hence, future agricultural biogas plants should be oriented to increase flexibility concerning feed-

stocks, digester operation, microbial communities, and biogas output while maintaining stability and 

reducing susceptibility to disturbances in the reactor operation (Theuerl et al., 2019). For substrates 

with low dry matter (DM) content, large fermenter volumes are required to guarantee a high degree 

of biodegradation. This can be avoided by using reactors with biomass retention, where SRT/HRT al-

lows decreasing many times the required reactor volume. However, these reactors do not tolerate 

high solid loads. Therefore, integration in a multistage treatment schema, with an upstream solid-liq-

uid separation, where the advantages of both reactor types are exploited, may be the best solution. 

Thus, integrating high-rate technology in conventional biogas plants may increase flexibility across sev-

eral of the aforementioned categories. A possible multistage process including an EGSB reactor was 

proposed by Regalado et al. (2021). The schema is presented in Figure 2-8.  

The different generations of digesters, their main features, and their relative OLR handling capacities 

were summarized by Nkuna et al. (2021) (Table 2-11). Other classifications based on their criteria like 

the amount of TS that the reactor is able to handle or based on the growth rate have been published 

by Damien J. Batstone et al. (2015) and Khanal (2008), respectively. 



 

29 
 

 

Figure 2-8: Schematic structure of a conventional biogas plant and a high-efficiency agricultural bio-

gas plant (Regalado et al., 2021). 
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Table 2- 11: Examples of first-, second-, and third-generation digesters and their organic loading rate 
handling capacities (Nkuna et al., 2021). 

Digester 
class and 
principle 

Examples of re-
actors 

Description OLRa recorded References 

First  

generation 

 

No micro-

bial entrap-

ment which 

results in 

high F/M 

ratios 

(PFR) Plug flow 

reactor. Like a 

red mud bal-

loon 

No agitation in digest-

ers 
1.3–5 kgVS/m3/d (Thorin et al., 2017) 

(CSTR) Contin-

uously stirred 

tank reactor 

Agitation improves the 

OLR handled 

5 kgVS/m3/d 

6 kgCOD/m3/d 
(Rincón et al., 2008; 

Sentürk, Ince, & 

Engin, 2010) 

(AC) Anaerobic 

contact 

Degassed exiting 

sludge is recycled back 

into the digester 

5 kgCOD/m3/d 

0.6–8 kgCOD/m3/d 

(Sentürk, Ince, & On-

kal Engin, 2010; 

Yousefi et al., 2018) 

Second  

generation 

 

Microbial 

recircula-

tion or re-

tention us-

ing support 

matri-

ces/sludge 

blanket 

Anaerobic baffled 

(ABR) and peri-

odic anaerobic 

baffled (PABR) 

Compartmentalization as-

sists in biomass retention 
10 kgCOD/m3/d 

12.5 kgCOD/m3/d 

(Stamatelatou et al., 

2003; Tang et al., 2007) 

(AF) Anaerobic fil-

ter 

Substrate fed from the 

bottom through a packed 

bed 
36 g TOC/L/d 

(Kennedy & van den 

Berg, 1982) 
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(DFFR) Downflow 

fixed film reactor 

An AF reactor with sub-

strate entering from the 

top 

94 kgCOD/m3/d overload 

could be successfully re-

versed 

(Rintala & LEPISTO, 

1992) 

(UASB) Upflow 

anaerobic sludge 

blanket 

Naturally forming dense 

active biomass granules. 

The granules replace the 

support material in AF 

80 kgCOD/m3/d (Jeris, 1983) 

(FLB/EB) Fluidized 

bed or expanded 

bed 

Biomass supporting media 

is kept suspended by the 

rapid upflow of 

wastewater 

38 kgCOD/m3/d 75.6 

kgCOD/m3/d produced se-

vere adverse biodigester 

response but could be 

reversed slowly to nor-

mal 

(Mathiot et al., 1992; 

Zheng et al., 2012) 

Third gener-

ation 

 

 

Additions 

and modifi-

cations to 

UASB 

(EGSB) Expanded 

granular sludge 

bed 

A UASB expanded by re-

circulation 

45 kgCOD/m3/d (Driessen & Yspeert, 
1999) 

(IC) Internal circu-

lation 

Essentially two-staged 

UASB with internal circu-

lation and double-phase 

separation 

42 kgCOD/m3/d 
(Angenent, 2001) 
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(AMBR) Anaero-

bic migrating 

blanket reactor 

Baffles arranged inter-

changeably vertically 

downward and upward in 

a rectangular vessel with 

intermittent mixing 

30 kgCOD/m3/d 
(Lens et al., 1998) 

Phase sepa-

ration of AD 

processes 

(USSB) Upflow 

staged sludge 

bed reactor 

Separate reaction 

zones are created by 

placing baffles along 

the UASB reactor 

length 

30 kgCOD/m3/d  
43 kgCOD/m3/d  

100 kgCOD/m3/d 

(Angenent, 2001; 

Onodera et al., 2012) 

(TPPFR) Two-

phase plug 

flow reactor 

and (GBABR) 

granular bed 

anaerobic baf-

fled reactor 

These are essentially 

PFR with baffles (hori-

zontal for TPPFR and 

vertical ones for 

GBABR) to facilitate 

10.93 kgVS/m3/d 
13.38 kgCOD/m3/d 

(Liu T., 1998; van 

Lier et al., 1994) 

Hybridiza-

tion of reac-

tor configu-

rations 

AF-UASB 

A train of reactors featur-

ing both AF and UASB is 

implemented 

45 kgCOD/m3/d 51 
kgCOD/m3/d 

(Baloch et al., 2007; 

Borja et al., 1995) 

(UASFF) Upflow 

anaerobic sludge 

bed fixed film 

Rope matrix (or other 

packing material) incorpo-

rated in a UASB reactor 

31 kgCOD/m3/d 35 
kgCOD/m3/d 

(Acharya et al., 2008; 

Guiot & van den Berg, 

1985) 

a : The organic loading rates (OLR) selected are a few high-end figures recorded in the literature cited. 
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2.3 AD versus AcoD 

2.3.1 The role of AcoD 

As a disadvantage, AD is a very complex, sensitive process involving numerous microorganisms with 

extreme operational and environmental conditions (Treichel & Fongaro, 2019, pp. 2–3). Substrate di-

gestibility and biogas production are influenced by substrate composition, loading rate, mineral and 

VFA compositions, carbon-to-nitrogen ratio, and pH, as well as reactor temperature and HRT (L. Yu & 

Wensel, 2013). 

High efficiency in energy production is usually achieved under a high OLR; however, stability and ef-

fective methane production can be influenced by the system’s failure because of the imbalance be-

tween acidification and methanation, which may result in severe accumulation of VFAs and a sharp 

decrease in pH (Rabii et al., 2019b). 

Among the most recommended ways of improving AD are pretreatments, enzymes (biocatalysts), an-

aerobic co-digestion (AcoD), reactor engineering, coupling with dark fermentation, and microbial com-

munity (bioaugmentation) (Treichel & Fongaro, 2019). 

AcoD involves the simultaneous digestion of two or more substrates. It has been shown as a highly 

viable option for improving biogas production by alleviating the disadvantages of mono-digestion 

(Rabii et al., 2019b). It also increases the economic feasibility of the process in existing AD plants by 

increasing MYs (Rabii et al., 2019b). The advantages of AcoD include the abundant supply of macro- 

and micronutrients, a balanced C/N, the dilution of reaction inhibitors, a superior buffering capacity, 

and the enhancement of biogas production (Salehiyoun et al., 2020).  

Aside from the advantages, AcoD also presents some drawbacks like feedstock variability, which can 

affect the stability and performance of the anaerobic digestion process. Increase in cost of transport, 

handling, and logistic complexity due to the increment in the number of waste streams. Moreover, 

additional infrastructure, such as storage tanks and feed systems, may be required, which can further 

add to the overall cost and complexity of the process. 

Most of the AcoD's drawbacks can be eluded by the appropriate selection of co-substrates, co-sub-

strate composition within the mixture, and operating conditions of the reactor and selected pre-treat-

ments. Consequently, a poorly researched co-digestion process may result in instability, bringing with 

it a significant reduction in methane production. Therefore, it is necessary to have a profound compre-

hension of the co-digestion mixture(s) used at a lab and pilot plant to support full-scale design and 

operation decisions. All these drawbacks read as avoidable mistakes and not as general drawbacks (Xie 

et al., 2016; L. Yu & Wensel, 2013). 
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AcoD in the right proportions yields more biogas than the sum of the biogas produced from the mono-

digestion of each substrate (Aichinger et al., 2015). According to Rabii et al. (2019b), co-digestion of 

different feedstocks with animal manure can increase biogas production from 25% to 400% compared 

with the mono-digestion of the same substrates. (G. Wang, 2010) observed that wheat straw co-di-

gested with swine manure can increase methane production rate by up to 10% when 46% of wheat 

straw is added to the digester. 

Esposito et al. (2012) concluded that the highest specific MYs reached in the literature were reached 

by co-digesting organic fraction of municipal solid waste with animal fat (83/17 on dry weight) with a 

value of 686 LCH4/kgVS. The two highest values observed in the literature by the author were from co-

digesting CWM with fruit and vegetable waste (60/40 on wet weight) with values of 490 and 450 

LCH4/kgVS, respectively. 

The combination of substrates resulting in more biogas is known as the synergistic effect, whereas the 

opposite is also possible and is known as the anti-synergistic effect (Ebner et al., 2016). The synergistic 

effect more precisely is an increased specific biogas yield for a mixture of raw sludge and co-substrates 

over the specific biogas yield for individual substrates (Carucci et al., 2005). I. Angelidaki and Ahring 

(1997) first reported in lab-scale reactors the synergistic effect of co-digesting swine manure with oil 

mill waste; they observed more than a doubling of methane production. The synergistic effect was 

interpreted to occur due to the contribution of additional alkalinity by manure waste and the addition 

of trace elements, nutrients, and/or enzymes by oil-mill waste (Aichinger et al. 2015). Contrarily, Astals 

et al. (2014) found that the synergistic effects do not ultimately modify the biomethane potential 

(BMP). Instead, the synergistic effects were mainly improvement of process kinetics without a signifi-

cant change in biodegradability. Kinetics improvement was linked to the mitigation of inhibitory com-

pounds, particularly fats dilution. 

AcoD operation can be more complex than mono-digestion due to critical factors, such as co-substrate 

properties and mixture composition. Since co-digestion systems work to a higher OLR system over-

loading is also more likely if the mixture is not carefully chosen. Substrates proportions within the 

mixture that lead to antagonistic relationships are a good indication of potential inhibitions (Pagés-

Díaz et al., 2014b). Thus, the typical models of AcoD results are more complicated than AD models, 

and a larger amount of data, as well as more variables, need to be registered (Xie et al., 2016). Never-

theless, adding the substrate ratios can help overcome most of the difficulties (Joan Mata-Alvarez et 

al., 2011; Rahman et al., 2019). The same is presented in Figure 2-9. 
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COD: chemical oxygen demand; BOD5: 5-day biological oxygen demand; VFAs: volatile fatty acids; VS: volatile 

solids 

Figure 2-9: Qualitative model structure for co-digestion. 

2.3.2 Batch versus continuous operation implications in the methane yield 

The determination of biomethane potential (BMP) is the first stage in the evaluation of the feasibility 

of a substrate. BMP is frequently defined as the maximum volume of methane produced per gram of 

volatile solids (VS) of the substrate(s), which is sometimes also defined as specific methane production 

(SMP). BMP indicates the biodegradability of a substrate and its potential to produce methane via AD. 

The BMP test is a method of establishing a baseline for the performance of AD. The data gathered from 

these tests are useful for designing AD parameters to optimize methane production (Jingura & 

Kamusoko, 2017). 

This parameter offers valuable information about the operational details as well as the economic eval-

uation of new biogas plants. Usually, BMP is determined in a batch anaerobic fermentation assay, the 

so-called BMP test. This method is simple and reliable, avoiding inconsistencies in the collected data 

(Pagés-Díaz et al., 2018). It consists of adding a known quantity of organic substrate to an active an-

aerobic inoculum in an air-tight serum bottle (Ohemeng-Ntiamoah & Datta, 2019). 
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However, there is no standard procedure for BMP tests (Bridgewater, 2017; Koch et al., 2019) despite 

several guidelines (I. Angelidaki et al., 2009; Verein Deutscher Ingenieure, 2016; Holliger et al., 2016). 

Furthermore, (Holliger et al., 2016) suggested several criteria to validate BMP data, whereas (Koch et 

al., 2019) listed most of the critical problems that can be noticed by the use of the SMP curve caused 

by inoculum storage, inoculum dilution, and inoculum-to-substrate ratio (ISR). 

2.3.3 Evaluation of AcoD in batch test 

BMP optimization by selecting the optimal substrate ratios is the first step of AcoD optimization ac-

cording to the road map proposed by (Xie et al., 2016). Discontinuous batch tests are biological test 

systems that allow for the direct assessment of biogas yield that can be used to estimate the biogas 

potential and provide additional information on degradation kinetics (Weinrich, 2018). 

There are several influential factors mentioned in the literature, such as the test equipment used, 

blanks and control samples, ISR, inoculum storage, and inoculum dilution (Koch et al., 2019; Weinrich, 

2018). While these factors are more related to the correct execution of the test, there are other factors 

more related to the substrate performance, e.g., raw material composition total and VS, COD and bio-

logical oxygen demand (BOD), and C/N or inhibitory substances (Jingura & Kamusoko, 2017). 

Because the scope of the test is sometimes unclear, (Koch et al., 2020) pointed out the power and 

limitations of the batch test, as summarized in Table 2-12. 

Table 2- 12: Power and limitations of the batch test (Koch et al., 2020). 

Yes No 

✓ Biomethane methane potential (BMP) 

of a substrate or mixture 

x Synergistic or antagonistic effects in the co-diges-

tion of substrate mixtures, by the addition of trace 

elements, etc. 

✓ Anaerobic biodegradability (by divid-

ing the obtained BMP by a theoretical 

value) 

x Long-term effects of nutrients or trace elements 

due to monotonic feeding 

✓ Acute toxicity of a present inhibitor in 

the substrate or mutually added 

x Chronic toxicity of an inhibitor present in the sub-

strate or mutually added 

✓ Qualitatively describing the kinetic of 

the AD process 

x Methane yield, process stability, and achievable 

organic loading rate in a continuously operated 

system 

The influence on the variability of the BMP tests by many influential factors was analyzed (Ohemeng-

Ntiamoah & Datta, 2019), and some discrepancies between studies were observed due to the lack of 

a standard method (Koch et al., 2019, 2019; Ohemeng-Ntiamoah & Datta, 2019, 2019; Weinrich, 2018, 

2018). Some validation criteria can be found in (Verein Deutscher Ingenieure, 2016; Holliger et al., 
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2016), whereas (Ohemeng-Ntiamoah & Datta, 2019) also insisted on the necessity of reporting critical 

values in the validation of the test. 

 
2.3.4 Determination of substrate optimal mixture 

Response surface methodology (RSM) can be defined in several formal ways due to its multiple per-

spectives; one of the most classical is a set of tools for improving the investigation of a particular ex-

perimental region (Oliveira et al., 2019). A more accurate definition is a collection of mathematical and 

statistical techniques based on the fit of a polynomial equation to the experimental data, which must 

describe the behavior of a dataset to simultaneously optimize the levels of several variables to achieve 

the best system performance (Bezerra et al., 2008; Oliveira et al., 2019). Furthermore, RSM allows the 

sensitivity analysis of the optimum values of output variables to variations in operating conditions. In 

addition, it provides graphical information that allows a visual interpretation of the functional relations 

between the responses and operational parameters (Mortezaei et al., 2018). 

RSM is one of the most popular multivariate statistic techniques and allows the assessment of several 

parameters on the same duration with fewer experimental sets and offers quantitative and reliable 

results by using a design experiment; its disadvantage is that its results cannot be generalized 

(Kainthola et al., 2019). RSM has been broadly applied for optimizing the experimental variables within 

the AD research field. Mortezaei et al. (2018) used it to simultaneously optimize COD removal and 

biogas production rate (BPR) in a hybrid reactor composed of an EGSB and a fixed-bed (FB) reactor 

using yogurt effluent as substrate. The input variables were HRT, COD, and COD/N ratio. The best mod-

els for COD removal and BPR were the cubic and quadratic models, respectively. The optimum region 

of the hybrid EGSB-FB reactor was found at COD of 11,200 mg/L, HRT of 27 h, and COD/N ratio of 51. 

These variables resulted in a 90% COD removal efficiency and a 180-mL/h BPR. The COD/N ratio and 

influent COD were the most influential parameters on COD removal and BPR, respectively. 

Amani et al. (2015) used a central composite design combined with RSM to quantify the interactive 

influence of propionic (HPr), butyric (HBu), and acetic (HAc) acids, HRT, and methanogen to acetogen 

population ratios (M/A) on the response variables VFA removals and BPR. Experiments were con-

ducted in a UASB reactor at thermophilic temperature (55 °C) inoculated with enriched acetogenic and 

methanogenic cultures. The optimum conditions were found to be HPr = 1.9 g/L, HBu = 2.2 g/L, HAc = 

2.5 g/L, HRT = 22 h, and M/A = 2.5. The results of verification experiments and predicted values from 

fitted correlations were in close agreement at a 95% confidence interval. Analysis of the results of the 

thermophilic process revealed that the trends and interactive effects of different parameters as well 

as its optimum conditions were very similar and comparable with the previous study at mesophilic 

temperature (37 °C). 
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A special type of RSM is a mixture design (MD) in which the independent factors are proportions of 

different components of a blend and the proportions of the components must sum to 100% (Buruk 

Sahin et al., 2016; Kashi et al., 2017). The total amount of material must be held constant to only ana-

lyze the dependency on the relative proportions of the components and avoid variabilities in the re-

sponses due to the total amount of the mixture (Rahman et al., 2019). The MD analysis provides valu-

able information about the interactions between independent factors as well as a better understand-

ing of the responses (Cornell, 2002; Kashi et al., 2017; Rahman et al., 2019). 

MD has been used by several authors to optimize the BMP and/or the kinetics by determining the 

optimal proportion of the substrates in the mixture, usually using batch experiments. (Buruk Sahin et 

al., 2016) investigated the mono and AcoD of two municipal sludge wastes (A and C), grease trap waste 

(B), and meat processing waste (D) under mesophilic temperature conditions using data from BMP 

assays and kinetic modeling to perform a simplex-lattice MD. Statistical analyses were also conducted 

to elucidate the possible synergetic and antagonistic effects of waste interactions on the kinetics and 

ultimate methane potentials of waste co-digestion. Quadratic models were found to estimate the rate 

constants of the co-digestion process with good accuracy. Statistical analysis revealed that the inter-

actions among the substrates in co-digestion did not have a significant impact on the ultimate cumu-

lative MYs. Nevertheless, these interactions proved to have synergic and antagonistic effects on the 

reaction rates, leading to accelerated or hindered methane production rates. 

Rahman et al. (2019) researched the AcoD of two sets of mixtures, consisting of poultry droppings, 

with sugarcane bagasse, and press mud, for set A and poultry droppings with sugar beetroots and tops 

and press mud for set B. An augmented simplex centroid design was used to design the mixture com-

position for the AcoD using batch assays. The reactor performances were assessed under identical 

conditions using cumulative methane yield and percentage VS destruction as the criteria. Synergistic 

effects were observed by adding a greater proportion of press mud for both sets A and B. Antagonistic 

effects were obtained by adding a greater proportion of sugarcane bagasse for set A and a higher 

proportion of sugar beetroots and tops for set B. Response surface methods and modeling were em-

ployed to determine the optimum mixture combinations for maximizing methane production. From 

the optimization plots, the use of PD had antagonistic effects on both sets A and B. 

Pagés-Díaz et al. (2014a) investigated the effect of different mixture ratios of solid cattle slaughter-

house wastes, manure, various crops, and municipal solid wastes on MY and specific methane produc-

tion rate (rCH4). The performance of the process was assessed in thermophilic anaerobic batch co-di-

gestion assays using a four-factor MD, and a modified Gompertz model was employed to quantify both 

response variables. A MD model was fitted to data to appraise synergistic and antagonistic interac-

tions. Mixing all four substrates resulted in a 31% increase in the expected yield, which was calculated 
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from the methane potential of the individual fractions due to a more balanced nutrient composition 

enhancing the AD process. However, no significant antagonistic effects were observed. 

Although several studies have reported synergistic effects in batch tests (Aichinger et al., 2015; Ebner 

et al., 2016; Labatut et al., 2011; Pagés-Díaz et al., 2014b), it has been remarked by the Verein 

Deutscher Ingenieure (2016) that synergistic effects cannot be proven in a batch test as these tests are 

conducted under optimized conditions concerning buffering capacity, nutrient availability, and sub-

strate-related inhibitory effects. Hence, those results must be necessarily duplicated in continuous op-

eration mode. Furthermore, Astals et al. (2014), by using MD in terms of carbohydrates, lipids, and 

proteins, concluded that ultimately, the identified synergistic effects in batch tests are an increase in 

the degradation of the substrates by a better nutrient balance. 
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3. TECHNO-ECONOMIC ASSESSMENT OF SOLID–LIQUID BIOGAS TREATMENT PLANTS FOR THE 

AGRO-INDUSTRIAL SECTOR 

Abstract: The urgent need to meet climate goals provides unique opportunities to promote small-scale 

farm anaerobic digesters that valorize on-site wastes for producing renewable electricity and heat, 

thereby cushioning agribusinesses against energy perturbations. This study explored the economic vi-

ability of mono-digestion of cow manure (CWM) and piglet manure (PM) in small manured-based 99 

kWel plants using three treatment concepts (TC): (1) typical agricultural biogas plant, (2) a single-stage 

expanded granular sludge bed (EGSB) reactor, and (3) a multistage EGSB with a continuous stirred tank 

reactor. The economic evaluation attempted to take advantage of the financial incentives provided by 

The Renewable Energy Sources Act in Germany. To evaluate these systems, batch tests on raw and 

solid substrate fractions were conducted. For the liquid fraction, data from continuous tests obtained 

in a laboratory was employed. The economic evaluation was based on the dynamic indicators of net 

present value and internal return rate (IRR). Sensitivity analyses of the electricity and heat selling prices 

and hydraulic retention time were also performed. Furthermore, an incremental analysis of IRR was 

conducted to determine the most profitable alternative. The most influential variable was electricity 

selling price, and the most profitable alternatives were TC1 (CWM) > TC1 (PM) > TC3 (CWM). However, 

further studies on co-digestion using TC3 are recommended because this concept potentially provides 

the greatest technical flexibility and highest environmental sustainability. 

Keywords: cow manure; pig manure; biogas production; anaerobic digestion costs; economic viability 

3.1 Introduction 

At the end of 2019, global energy demand was projected to grow by 12% by 2030. The share of fossil 

fuels in the primary energy mix has remained above 80% since the 1950s (Organisation for Economic 

Co-operation and Development OECD, 2020). COP26 promised to kickstart the urgently needed tran-

sition from pledges to real-world actions (Smith et al., 2022). To lessen global warming and the impact 

of climate change, greenhouse gas (GHG) emissions must be reduced drastically (Arias et al., 2021). 

“Another important global challenge is the security of energy supply because most of the known con-

ventional oil and gas reserves are concentrated in politically unstable regions” (Weiland, 2010). 

In this context, biogas from wastes, residues, and energy crops is expected to play an important role 

in the future (Glivin et al., 2021; Iglesias et al., 2021; Weiland, 2010). Biogas contributes to the primary 

targets of the current energy transition by replacing fossil resources and reducing methane emissions 

related to the disposal of biodegradable waste, thereby reducing GHG emissions. In addition, the re-

sulting digestate can be used to enrich agricultural soils, which contributes to creating carbon sinks. 
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Methane-rich biogas can also replace natural gas as a feedstock in the production of chemicals and 

materials (Iglesias et al., 2021; Weiland, 2010). 

The Renewable Energy Sources Act (Gesetz für den Ausbau erneuerbarer Energie, EEG) stimulated an 

increase in biogas plants in Germany from approximately 1000 in 2000 to approximately 9632 operat-

ing plants in 2020 (German Biogas Association, 2021; Weinrich & Nelles, 2021a). However, due to 

changes in the EEG, only small liquid manure plants and waste digestion plants benefit from the origi-

nal remuneration system outlined in 2012. In addition, economical support for processing biogas that 

can be put into the natural gas grid (biomethane) has increased. Support for participating in direct 

marketing (market and flexibility premium) has also increased. Thus, the current funding conditions 

are directing biogas technology toward decentralized and flexible power generation from biogenic res-

idues and waste materials (Weinrich & Nelles, 2021a, p. 15). 

A commonly used criterion to assess the performance of the anaerobic digestion (AD) of a given sub-

strate is the biomethane potential (BMP) (Hernández Regalado et al., 2021). BMP tests are routinely 

performed in academia and industry to determine the methane potential of a given substrate (Koch et 

al., 2019). Determining the BMP is the first step in evaluating the digestibility or applicability of a sub-

strate because the BMP parameter provides valuable information about general degradability, expect-

able energy yield, and the economic evaluation of new biogas plants. Typically, BMP is determined by 

a BMP test procedure in a batch anaerobic fermentation assay, which is a reliable and straightforward 

method that avoids inconsistencies in the collected data (Hernández Regalado et al., 2021; Pagés-Díaz 

et al., 2014a; Raposo et al., 2011). 

Profitability is another challenge in the biogas industry (Y. Wang et al., 2019). Broader implementation 

of the biochemical conversion of biowaste, especially in rural areas, requires an intensive analysis of 

various technical aspects, e.g., biodigester design and its applications, pre-treatment, and co-digestion 

processes to enhance the biogas yield. In addition, economics plays a crucial role, and various cost 

factors, e.g., substrates, substrate collection, transport, biodigester, electricity, and heat selling prices, 

must be considered. In addition, current and future policies are essential to realizing the practical im-

plementation of new technologies. (Glivin et al., 2021; Y. Wang et al., 2019), and techno-economic 

models are used to identify the industrialization potential of a project (Rajendran et al., 2014). 

An important challenge in the implementation of AD from manure and wastes is selecting the most 

cost-effective combination of technologies (Vrieze et al., 2018). Two-stage or multistage reactors, in 

which the hydrolysis/acidogenesis and acetogenesis/methanogenesis steps occur in the same or sep-

arate digesters are becoming increasingly popular because they allow targeted control and optimiza-

tion of the operation, thereby obtaining higher rates and yields of biogas, by separating the steps in 

which AD occurs (Rabii et al., 2019b). Another two-stage process that has drawn attention is the dual 
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solid-liquid treatment system, as reported by Zhang et al. (2013), who compared the digestion of raw 

food waste versus the digestion of the liquid and solid phases of the food waste. They found that me-

thane production increased by 13.6% in the dual system compared to raw digestion. In addition, El-

Mashad and Zhang (2010) used batch tests to compare the co-digestion of a raw mixture of dairy ma-

nure and food waste, as well as its liquid and solid fractions. The mass balance showed that co-diges-

tion of the liquid phase yielded 32% less methane compared to the raw mixture. El-Mashad and Zhang 

(2010)stated that the yield of the solid phase should also be included in the balance to realize a more 

complete analysis. Although digestion of the solid phase presents some issues in a continuous stirred 

tank reactor (CSTR) due to high solid content, it should not be used directly as a fertilizer or as a com-

posting feedstock because this will produce GHG emissions (El-Mashad & Zhang, 2010)[19]. 

In this study, we attempt to determine the economic profitability of integrating an expanded granular 

sludge bed (EGSB) reactor and a solid-liquid separation process in a typical agricultural biogas plant to 

provide flexibility and increase the efficiency of treating raw, solid, and liquid manures (and other ag-

ricultural substrates). The assessment was conducted using batch tests to determine the methane yield 

and methane production rate of the raw, solid, and liquid phases. An economic analysis using the net 

present value (NPV) as a function of hydraulic retention time (HRT) for the solid and raw phases in a 

CSTR was conducted to compare the profitability of the dual solid-liquid system compared to raw di-

gestion. 

3.2 Materials and Methods 

3.2.1 Raw Materials 

Two substrates were considered in this study, i.e., piglet manure (PM) and cow manure (CWM). PM 

and CWM were chosen because the German government has implemented special incentives to ad-

dress GHG reduction in the agricultural sector and improve the circular use of nitrogen (Guidehouse 

et al., 2021). 

The PM and CWM were previously processed using screw press systems that separated the solid and 

liquid phases. Here, a separation process with a 100 µm sieve (Klass Wendelfilter, KLASS Filter GmbH, 

Eresing, Germany) was applied for the PM. The CWM was collected from farmers in a pre-separated 

form, which was then processed by a second separation using a screw press with a sieve size of 200 

µm (Hernández Regalado et al., 2021). 

The raw, solid, and liquid fractions of the substrates were characterized by the dry matter (DM) con-

tent, volatile solids (VS), macromolecules, and nutrients. The results of these analyses are given in 

Table 3-1. 
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Table 3- 1: Characterization of the liquid fraction of substrates. 

Variable 
Piglet Manure Cow Manure 

Solid Raw Liquid Solid Raw Liquid 
DM/FM (wt%) 17.50 3.80 1.80 26.70 7.30 5.30 

VS/FM (wt%) 90.13 67.90 58.33 89.03 78.50 69.81 

VS/DM (wt%) 15.77 2.58 1.05 23.77 5.73 3.70 

Crude protein/FM (wt%) 2.40 2.50 0.80 2.50 2.40 2.60 

Crude fat/FM (wt%) 0.40 0.30 0.25 0.30 0.30 0.30 

Crude fiber/FM (wt%) 5.70 0.00 0.00 9.30 1.40 0.00 

Free nitrogen extracts/FM (wt%) 7.50 0.00 0.00 11.70 1.60 0.80 

ash/FM (wt%) 1.50 1.00 0.75 2.90 1.60 1.60 
DM: dry matter; VS: volatile solids; FM: fresh matter. 

3.2.2 Setup, Experimental Validation, and Mathematical Modeling of Batch Tests 

The batch assays of the organic substances were conducted according to the Verein Deutscher Inge-

nieure (2016). The setup is thoroughly described by Regalado et al. [10]. The data used to analyze the 

methane yield curves (MYCs) were the net daily methane cumulative production (inoculum contribu-

tion subtracted). Here, the following criteria based on recommendations from Holliger et al.; Holliger 

et al. (2016; 2021) were applied to confirm the validity of the experiments. 

• Stopping criterion. The test concluded when the relative increase in MY was less than 1% for 

three consecutive days. 

• Plausibility criterion. The existence of abrupt or nonmonotonic trends in the curves requires 

individual analysis of the affected test. 

• Reproducibility/accuracy criterion. After eliminating potential outlier(s) or outlier curve(s), a 

coefficient of variation (CV) of less than 6% between the curves was required. 

• The BMP of the positive control (cellulose) was between 85 and 100% of the theoretical BMP 

(between 352 and 414 NLCH4 kgVS). 

Once the MYCs of the raw and solid phases of the substrates satisfied these requirements, a first-order 

one-step model (Equation (3-1)) was fit using the average of the curves. Note that the liquid phases 

were characterized using the results from Hernández Regalado et al. (2021), who reported the root-

mean-square error s (RMSEs) of the fit. 

MY (t)  = BMP∞  ∙ (1 − e−kt) (3-1) 

Here, MY is the methane yield LCH4/kgVS, BMP∞ is the extrapolated MY at infinite retention time in 

LCH4/kgVS, and k is the first-order reaction constant (1/d). 
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The degradation fraction (fd) values were calculated by modifying the equations from Ebner et al.; 

Raposo et al. (2016; 2011), where rather than using a BMP∞ value calculated using data from Weender 

or Van Soest analysis, the BMP∞ value was taken from the fit from Equation (3-1). 

fd  =
MYtfinal

BMP∞
  (3-2) 

Here, MYtfinal is the methane yield LCH4/kgVS at the end of the tests and BMP∞ is the extrapolated MY at 

infinite retention time in LCH4/kgVS. 

3.2.3 Estimation of HRTs in Continuous Stage 

Substrate conversion is time- and process-dependent (Verein Deutscher Ingenieure, 2016; D. J. Bat-

stone et al., 2009). Weinrich (2018) presented a general relation of batch tests and CSTRs with different 

substrates in Equation (3-3), which assumes that the rate constant k is transferable from a batch to a 

continuous system. This assumption is based on the correct theoretical determination of biogas po-

tential via model-based extrapolation, as in Equation (3-1). 

MY (t)  = BMP∞  ∙ (
k ∙ HRT

1 + k ∙ HRT
) (3-3) 

Here, MY is the methane yield LCH4/kgVS, BMP∞ is the extrapolated MY at infinite retention time in 

LCH4/kgVS and k is the first-order reaction constant (1/d), and HRT is the hydraulic retention time (d). 

Note that an MY(t) must be selected to estimate the operational HRT in a CSTR; thus, 0.8 of the BMP∞ 

fit by Equation (3-1) was considered the standard if a quality adjustment was obtained. 

The HRTs in the EGSB reactors were assessed based on practical experiments conducted at a laboratory 

scale published by Häner et al. (2022). Häner et al. (2022)employed filtered pig slurry as a substrate in 

an EGSB reactor and a fixed-bed (FB) reactor. The author fitted linear regression models for both reac-

tors using the organic loading rate (OLR) measured in gCOD/L/d as the independent variable and me-

thane production rate (MPR) as the response variable. The smallest HRT considered efficient was 3 d 

for the EGSB reactor; however, an inverse relationship between MY and OLR has been described pre-

viously (Jafarzadeh et al., 2021; Verma et al., 2014; H. Yu et al., 1998). 

Hernández Regalado, Häner, Baumkötter, et al. (2022) performed experiments in the same laboratory 

using three EGSB reactors, each identical to the reactor used by Häner et al. (2022), to perform co-

digestion of the liquid fractions of PM, CWM, starch wastewater (SWW), and sugar beets (SBT) using 

three 30 L EGSB reactors. The author studied the synergistic effects of two three-substrate mixtures 

(i.e., PM + CWM + SWW and PM + CWM + SBT) using the PM + CWM mixture as a benchmark. Here, 
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Stover–Kincannon models for the MPR were combined with an inverse function for the MY to find the 

optimal operational HRT intervals. 

In addition, Damien J. Batstone et al. (2015) indicated a linear relationship between the log (HRT) vs. 

log (% DM) at low DM content values. However, this relationship is only valid up to a DM content of 

1%, and both mixtures were greater than this threshold. In the work of Hernández Regalado, Häner, 

Baumkötter, et al. (2022), the optimal HRTs of both three-substrate mixtures were proportional to the 

DM ratio between both mixtures. Cremonez et al. (2021) suggested an inverse relationship between 

the degradation rate and substrate complexity in the order of sugar (mono and disaccharides), starch, 

proteins, hemicellulose, lignin, waxes, and greases. 

Thus, the HRT for the PM liquid was selected in reference to the work of Häner et al. (2022). However, 

a constraint of 50% ± 5% of the maximal MPR was imposed because optimal intervals were identified 

by Hernández Regalado, Häner, Baumkötter, et al. (2022) close to this interval. For the CWM liquid, 

the HRT value of the PM liquid was adjusted by multiplying by DM (CWM)/DM(PM) because both 

substrates have similar complexity. 

3.2.4 Economic and Environmental Impact Assessment 

Three treatment concepts were analyzed in this study. As shown in Figure 3-1a, the first concept is a 

typical single-stage agricultural biogas plant using a CSTR. In the second concept, an EGSB replaces the 

CSTR of the single-stage plant, and a solid-liquid separation stage is included. Here, the liquid fraction 

is treated by the EGSB reactor, and the solid phase is transported to another plant (with assumed cost-

neutral transport), as shown in Figure 3-1b. In the third concept, substrates undergo solid-liquid sepa-

ration. Then, the liquid phase is treated by an EGSB reactor, and the solid phase is treated using a CSTR 

(Figure 3-1c).  

Economic performance is one of the most important factors affecting a project’s viability (Alfonso-

Cardero, Pagés-Díaz, Kalogirou, et al., 2021). The economic assessments of the treatment concepts 

shown in Figure 3-1 are based on special subsidies for biogas plants provided by the EEG, 2021 (2021) 

(EEG; acronym from untranslated German). Effective as of 2021, the EEG states that biogas plants using 

predominantly manure (>80 wt%) with an installed electrical capacity of less than 150 kWel are eligible 

to receive funding corresponding to 22, 23 EURct/kWhel. Note that this funding has a yearly degression 

of 0.5% depending on the year of commissioning, which is also shown in Figure 3-1. 
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Figure 3- 1: Pig and cow manure anaerobic digestion in (a) treatment concept 1, (b) treatment con-
cept 2, and (c) treatment concept 3. 

The economic performance of each concept was estimated based on the material and energy balances. 

Here, the HRTs were calculated as described in Section 2.3, and the electrical power outputs were fixed 

to satisfy the requirements for special funding as per the EEG. In addition, a yearly input flow of the 

respective raw substrate was calculated based on a fixed 99 kWel using the methane yield. The equip-

ment costs were obtained by direct quotations from German companies with respective cost versus 

scale, and the costs were validated according to the literature. 

Capital expenses (CAPEX) were calculated based on the reactor(s) and the combined heat and power 

(CHP) system costs. For each area, the direct cost and working capital were calculated as a function of 

the equipment costs (Alfonso-Cardero, Pagés-Díaz, Contino, et al., 2021; Brennan, 2020, pp. 87–90). 

In addition, operational expenditures (OPEX) were calculated according to the mass and energy bal-

ances. The OPEX calculations for each scenario included the energy costs for pumps, separation, heat-

ing, internal electricity, salary, as well as substrate transport costs. 

Note that this economic assessment is classified as a preliminary study (budget authorization) with a 

precision of –20% to +25% according to Don W. Green and Robert H. Perry (2008, pp. 988–989). The 
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general procedure is illustrated in Figure 3-2. The economic profitability of the three treatment con-

cepts was evaluated based on dynamic indicators, e.g., the NPV and internal rate of return (IRR). In 

addition, an incremental analysis of the IRR was performed to compare profitable alternatives. 

3.2.5 Economic Assessment Calculation Flow Diagram 

Sensitivity Analysis 

A sensitivity analysis was conducted to identify the most influential input parameters on the invest-

ment’s economic sustainability. Here, three parameters were varied, i.e., HRT, electricity, and heat 

selling price. These input parameters were varied by ±10%, ±20%, and ±30% compared to the baseline. 

In addition, the effect of the economy of scale was measured by varying the capacity of the plant for 

all scenarios because, in many biogas industries, the startup process requires more time, and the plant 

must occasionally operate at a reduced capacity due to the instability of the process (Rajendran et al., 

2014). Note that limiting conditions (NPV = 0) were also investigated for each concept. 
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Figure 3- 2: HRT: hydraulic retention time; CAPEX: capital expenditures; OPEX: operational expendi-
tures; NPV: the net present value; IRR: internal rate of return; PBP: payback period. 
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3.3 Results 

3.3.1 Batch Test Results 

The dispersion analysis of the MYCs identified the presence of one outlier curve for PM raw, PM liquid, 

and CWM raw, respectively. These individual MYCs were eliminated to maintain a CV of less than 6%. 

The curves are shown in Figures 3-3 and 3-4, where the numbers in the legends represent the valid 

number of replicates for each curve. 

The MYCs of the solid and raw phases of the substrates exhibited slow growth on the first days of the 

tests, which is in agreement with the liquid phase results reported by Hernández Regalado et al. (2021). 

Hernández Regalado et al. (2021) identified slow methane production at the beginning of the tests 

characterized by small lag phases. Consequently, the best fit of the three compared models was the 

modified Gompertz model, as shown in Figures 3-3b and 3-4b. Note that the lag phase was present in 

the raw substrate; thus, in the solid phase, an overestimation of the biogas production by the first-

order model is expected for the first days. Nevertheless, the application of the first-order model was 

in the interest of the research due to the simplicity and the ability to predict the HRT of a CSTR in the 

continuous phase using the parameters of the fit model using Equation (3-3) extracted from Weinrich 

(2018). 

 

Figure 3- 3: Methane yield curves of piglet manure: (a) raw, (b) liquid, and (c) solid. 
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Figure 3- 4: Methane yield curves of cow manure: (a) raw, (b) liquid, and (c) solid. 

The fits of the first model for the raw substrate and solid phase of both manure types are summarized 

in Table 3-2. As can be seen, the difference between the model and the CMW solid was the largest, 

which is primarily due to the step lag phase. Consequently, CWM solid also had the lowest fd and rela-

tively short termination of the test by the applied criteria. Despite having an equal k value to the solid 

PM, the BMP∞ value was much higher, which indicates overestimation by the first-order model. 

The raw PM obtained the best fit, and its k value was approximately three times that of the k value for 

the solid phase. Nevertheless, a higher value of k is expected in the raw phase than in the solid phase, 

given that the organic matter is more accessible due to solubilization (J. L. Rico et al., 2007). In addition, 

the test appeared to reach a degradation value of 0.99 in 27 days. However, the results reported by 

Hernández Regalado et al. (2021) for the liquid phase were 444.57 LCH4/kgVS, and a test duration of 17 

days if the same 1% criterion is followed. 

Thus, despite the encouraging results for the raw PM, a comparison between treatment systems using 

a combination of solid and liquid phases or only the raw substrate was considered necessary to deter-

mine the most profitable alternative.  
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Table 3- 2: Summary of batch test results. 

Parameter 
Piglet Manure  

Solid 
Piglet Manure  

Raw 
Cow Manure  

Solid 
Cow Manure  

Raw 
BMP∞ (LCH4/kgVS) 280.85 359.77 327.31 270.98 

k (1/d) 0.05 0.14 0.05 0.07 

RMSE (LCH4/kgVS) 12.74 3.17 18.16 13.31 

MYAVG (LCH4/kgVS) 229.80 356.24 224.49 227.30 

fd 0.82 0.99 0.68 0.84 

Time (d) 39 27 27 31 
BMP∞: biomethane potential; k: first-order reaction constant; RMSE: root-mean-square error; MYAVG: average methane yield; 

fd: degradation fraction; Time: test duration. 

3.3.2 Estimation of Hydraulic Retention Times in Continuous Stage 

The operational HRTs of the treatment of the solid and raw substrates in the CSTRs were estimated 

using Equation (3-3). Here, the target MY value was 0.8 of the BMP∞ value shown in Table 3-2. For the 

CWM solid, the target value was the average MY value because the BMP∞ was likely overestimated by 

the first-order model, as shown in Figure 3-3c. Nevertheless, the first-order constant of the model was 

employed in this case. The resulting MY and HRT values are summarized in Table 3-3. 

Table 3- 3: Estimation of operational hydraulic retention times in continuous stirred tank reactor. 

Parameter 
Piglet Manure 

Solid 
Piglet Manure 

Raw 
Cow Manure 

Solid 
Cow Manure  

Raw 
MY 224.68 287.81 224.49 216.78 

HRT 81.80 28.06 79.91 59.99 
MY: methane yield; HRT: hydraulic retention time. 

We found that the raw PM can be processed in less than 30 days, which represents a large time reduc-

tion compared to a typical agricultural biogas plant where representative HRT values are between 50 

and 150 days (Ruile et al., 2015; Weinrich & Nelles, 2021b). Biogas plants at an industrial scale are 

rarely operated using mono-digestion of manures. Typically, manures are co-digested with substrates 

with high DM content to increase OLR to take advantage of the co-digestion positive interactions (J. 

Mata-Alvarez et al., 2014; Neshat et al., 2017; Tallou et al., 2020). Nevertheless, several studies were 

conducted at the pilot plant scale or under mono-digestion of manures using CSTR technology. For 

example, Jurado et al. (2016) operated a CSTR at an HRT of 25 days, and through the AD model no. 1 

(ADM1), they found that the operating time was not sufficiently large to assure the disintegration and 

hydrolysis of the solid manure matter. Consequently, the organic particulate matter did not contribute 

significantly to methane production. Rodriguez-Verde et al. (2014) operated a CSTR with raw pig ma-

nure at an HRT value of 20 days. Damien J. Batstone et al. (2015) suggested a layout recommendation 

for the treatment by reactor type and DM content, being HRT 10 d the lowest achievable for CSTR 

(mixed reactors) but at DM content lower than 1%. Thus, the HRT is strongly influenced by substrate 

complexity and DM content. As a result, to ensure a similar substrate degradation in dry anaerobic to 
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the ones achieved in regular or wet AD, higher operational HRTs should be applied since the organic 

matter is usually less available (Cremonez et al., 2021; Neshat et al., 2017; Rocamora et al., 2020; Van 

et al., 2020). Therefore, the model’s predictions are consistent with results reported in the literature 

regarding the industrial use of biogas plants. Nevertheless, studies at lower operating scales suggest 

that lower HRT values can be realized. 

To estimate the HRT of the liquid phase, the model represented by Equation (3-4) was implemented 

to determine the HRTs interval for which MPR/MPRmax equal to 50% ± 5% is encountered. Given that 

the model is purely empirical, it was only valid for the liquid PM. Then, the HRTs of the liquid CWM 

were determined by multiplying the limits of the HRTs interval from the liquid PM by DM 

(CWM)/DM(PM). The determination of the HRT for CWM from PM corresponds to an extrapolation of 

the relationship between HRT and DM in the feed of the reactor for high-rate AD proposed by Damien 

J. Batstone et al. (2015). The results are shown in Table 3-4. 

MPR =  0.2527 ·  OLR +  0.1292  (3-4) 

Table 3- 4: Estimation of operational hydraulic retention time interval in expandable granular sludge 
bed reactors. 

Substrate  
DM/FM 
(wt%) 

CODaverage  
(gCOD/L) 

OLR Interval 
(gCOD/L/d) 

HRT Interval 
(d) 

Piglet manure liquid 1.80 25.48 [4.63–5.77] [4.41–5.50] 

Cow manure liquid  5.30 28.06 [1.73–2.15] [13.00–16.20] 
DM: dry matter; FM: fresh matter; COD: chemical oxygen demand; OLR: organic loading rate; HRT: hydraulic retention time. 

A large difference between the HRTs from the liquid PM and CWM was observed as calculated accord-

ing to the above criteria. Nevertheless, this difference also existed in the treatment of raw substrates 

using the CSTR reactors despite a critical difference in the underlying assumptions for the HRT esti-

mate. For the CSTR, the calculations were based on batch data, and for the EGSB, the calculations were 

based on an adjustment by the DM content of the continuous experimental data of the liquid PM 

obtained in our laboratory. However, large differences were observed between the results of the raw 

and liquid phases of both PM and CWM. In Table 3-5, the results of different studies using similar 

substrates and reactor technologies are presented. 
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Table 3- 5: Comparison of previous studies to the current research on the achievable hydraulic reten-

tion times of different manures. 

Substrate Reactor Type 
Temperature 

(°C) 
OLRmax 

(gCOD/L/d) 
HRTmin 

(d) 
Reference 

PM hydrolysates EGSB 35 21 1.5 (Rodriguez-Verde et al., 2014) 
Separated PM FB 40 1.82 18 (Wetter et al., 2017) 

LF of dairy manure UASB 25 0.65 34.8 (C. Rico et al., 2012) 
PS UASB 36 16.4 1.5 (C. Rico et al., 2017) 

Cattle manure UASB 55 5.06 7.3 (Castrillón Cano et al., 2019) 

Cattle manure UASB 37 8.63 5.3 (Marañón et al., 2001) 

PS 
ATAD + EGSB + 

SBR 
35 5.00 6.96 (Lee & Han, 2012) 

Filtered PS FB 40 13.5 1.7 (Häner et al., 2022) 

Filtered PS EGSB 40 8.1 3.0 (Häner et al., 2022) 

EGSB: expanded granular sludge bed; FB: fixed bed; UASB: up-flow anaerobic sludge blanket; ATAD: autothermal thermophilic 
aerobic digestion; SBR: sequencing batch reactor; LF: liquid fraction; PS: pig slurry; PM: pig manure. 

The calculated values are within the interval reviewed in the literature (Table 3-4). Lower HRT values 

and higher OLRs are likely achievable; however, given that MY and COD removal efficiency tends to 

diminish with lower HRT values  (Jafarzadeh et al., 2021; Verma et al., 2014; H. Yu et al., 1998), an HRT 

that assured a more balanced relationship between MPR and substrate usage efficiency was targeted. 

However, the values for the mono-digestion of liquid CMW in an EGSB reactor are rather large. 

3.3.3 Economic Assessment and Sensitivity Analysis 

Capital Expenditures 

The economic analysis was performed based on quoted cost curves received for the main equipment. 

The CAPEX of all treatment concepts at a rated capacity of 99 kWhel is shown in Table 3-6.  

Peters and Timmerhaus (1991) recommended Lang factors for the chemical industry with values of 

4.13 and 4.83 for plants handling liquids and solids–liquids, respectively. Nevertheless, smaller values 

are typically used for biogas plants (Amigun & Blottnitz, 2009; Kenneth Ndyabawe & William S. 

Kisaalita, 2014; Vo et al., 2018). Amigun and Blottnitz (2009) found that a factor of 2.63 can be used to 

accurately predict the costs of medium or small biogas plants in Africa, and a smaller value of 1.79 is a 

better predictor for large plants. Vo et al. (2018) employed a factor of 1.79 for a biogas plant with 

biogas upgrading technology included. Nevertheless, the accuracy of those values was questioned by 

Kenneth Ndyabawe and William S. Kisaalita (2014), who found that the Lang factor should be 2.40–

2.98 depending on the location of the plant. Thus, a factor of 2.69 was selected because it is the aver-

age of the values reported by Kenneth Ndyabawe and William S. Kisaalita (2014).  
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Table 3- 6: Capital expenditures by substrate and treatment concept. 

Capital Expenditure 
(EUR/Year) 

Treatment Concept  
1 

Treatment Concept 
2 

Treatment Concept 
3 

Piglet  
Manure 

Cow  
Manure 

Piglet  
Manure 

Cow  
Manure 

Piglet  
Manure 

Cow  
Manure 

EGSB reactor and associated 

costs 
- - 241,153 361,016 213,157 232,913 

CSTR and associated costs 181,644 204,927 - - 74,190 87,583 

Separator - - 10,378 17,368 8596 11,200 

Combined heat and power unit 175,000 175,000 175,000 175,000 175,000 175,000 

Lang factor for  

the fixed plant cost  
2.69 2.69 2.69 2.69 2.69 2.69 

Total Invest 959,372 1,022,004 1,147,368 1,488,603 1,266,837 1,363,012 

The total capital investment of the plants was compared to the values reported by Balussou et al. 

(2012). The comparison was established between treatment concept 1 and business case A from the 

work of Balussou et al. (2012), which evaluated a typical biogas plant without a biogas upgrading unit 

with an output of two 380 kWel CHP units for a total value of 760 kWel from Balussou et al. (2012). All 

purchase costs were adjusted by capacity in consideration of the inflation factor employing the six-

tenths rule and the chemical engineering plant cost index (Sinnott & Towler, 2020, p. 285). The ob-

tained value was 1.11 million euros, which has a relative difference of approximately 13.5% from that 

estimated for treatment concept 1 in Table 3-6. Thus, the Lang factor values employed were consid-

ered valid for the specific case of Germany. 

For both substrates, the costs of investment for all treatment concepts were similar, and those from 

CWM were consistently slightly more expensive than those from the PM. This difference existed due 

to the substrate properties because CWM requires higher HRT for all treatment concepts. The OPEX 

values are shown in Table 3-7. 

Table 3- 7: Operational expenditures by substrate and treatment concept. 

Operational Expenditures 
(EUR/Year) 

Treatment Concept  
1 

Treatment Concept 
2 

Treatment Concept 
3 

Piglet  
Manure 

Cow  
Manure 

Piglet  
Manure 

Cow  
Manure 

Piglet  
Manure 

Cow  
Manure 

Electricity costs 24,974 13,279 90,353 65,682 66,002 28,076 

Wage rate 5475 5475 5475 5475 5475 5475 

Transport costs raw manure 13,875 6221 21,083 17,231 15,401 5524 

Internal power consumption 10,193 10,944 10,927 10,927 10,193 10,944 

Total operational costs 54,516 35,919 127,837 99,314 97,071 50,019 

As can be seen, the largest operating cost was electricity, which increases with the amount of required 

substrate. Thus, the costs associated with PM are always higher than those for CWM because the DM 

content of PM is significantly lower than in CWM. The operation costs were significantly higher in 



 

55 
 

treatment concept number 2 because only the liquid fraction of the substrate is employed in this con-

cept. 

Introducing the EGSB reactor appreciably increases the electricity consumption of the system due to 

the high-power consumption of the recirculation pump. Possible alternatives to reduce costs are re-

ducing the upflow velocity (Vup) or completely replacing the EGSB with a UASB reactor, which is a very 

similar high-rate reactor (Castrillón Cano et al., 2019; Abumalé Cruz-Salomón et al., 2018; Gleyce et al., 

2014). 

The NPV calculations for the base case for each substrate by treatment concept are shown in Figures 

3-5a and b.  

In both cases, the more profitable concept is the typical agricultural biogas plant, i.e., treatment con-

cept 1. For both substrates, the investment is recovered between years seven and eight. The other 

profitable alternative under the basic case involves adding an EGSB reactor to treatment concept 1, 

i.e., treatment concept 3 should be employed to treat CWM. However, the investment is not recovered 

until after year 13 in this case. 

We found that treatment concept 2 is not profitable under the current conditions, being slightly more 

profitable for PM than for CWM. The main cause for this lack of profitability was the high operational 

costs, primarily electricity costs. 

The NPVs and IRRs for all alternatives are given in Table 3-8. 
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Figure 3- 5: Cumulative discounted cashflow diagrams by treatment concepts for (a) piglet and (b) 

cow manure. 

Table 3- 8: Net present values and internal rate of return of the different treatment concepts. 

Dynamic Economic 
Indicator 

Treatment Concept  
1 

Treatment Concept  
2 

Treatment Concept  
3 

Piglet 
Manure 

Cow  
Manure 

Piglet  
Manure 

Cow  
Manure 

Piglet  
Manure 

Cow  
Manure 

Net present value (EUR) 622,383 718,084 −189,836 −288,237 −47,373 257,034 

Internal return rate (%) 18.70 19.40 7.49 7.00 9.44 12.67 

The IRRs of the two alternatives in treatment concept 1 were appreciably better than the others. How-

ever, the alternative with the highest IRR is not always the best option; thus, an incremental analysis 
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of IRR was performed. The results demonstrated that the order among profitable alternatives is TC 1 

(CWM) > TC 1 (PM) > TC 3 (CWM). Thus, treatment concepts involving high-rate reactors should only 

be used if special financial support for treating very low DM content is applied. 

3.3.3.1 Sensitivity Analysis 

To evaluate the profitability of the treatment concepts, a sensitivity analysis of the electricity and heat 

selling price was conducted for each substrate, where the NPV at year 20 was calculated. The results 

are summarized in Figures 3-6a and b.  

In both cases, the electricity selling price had a larger influence on the profitability of the concepts than 

the heat selling price, as shown by the slope in Figures 3-6a and b. Treatment concept 1 was profitable 

under all analyzed conditions, which demonstrates the robustness of the system. In contrast, treat-

ment concept 2 required an increase in the electricity selling price of 12.06% for PM and 18.31% for 

CWM to reach the break-even point.  

Treatment concept 3 reached the break-even point at 3.01% for PM and –16.32% in the electricity 

selling price. Thus, treatment concept 3 is likely to be profitable based on the recent increments in 

electricity prices in Europe and specifically in Germany given that the kWh price has risen to 42 

cents/kWh for renewable energies (TttStrompreise, 2021). This represents a price increment of 200% 

of the electricity compared to the reference price used in this study. At such a high price, all treatment 

concepts are profitable. As a reference, treatment concept 2 for CWM was the least profitable system, 

and its IRR changed from 7.00% to 21.44%. 

The most significant change due to the heat selling price is realizing the break-even point at approxi-

mately 10.05% for PM. Thus, including the EGSB in the typical treatment concept for both substrates 

is very close to being profitable. 

In addition, sensitivity analysis of the HRT was conducted under the assumption that the MY value 

remained constant in the interval of ±30% variation in the HRT. The results are shown in Figures 3-7a 

and b. 
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Figure 3- 6: Sensitivity analysis of NPV by electricity and selling price for different treatment concepts 
for (a) piglet manure and (b) cow manure. 

The difference in the slope from the different costs is explained by the difference in electricity costs, 

which depends on equipment sizing. The high operational costs of the EGSB, particularly electricity 

costs, are significantly hindered by the applied OLR; hence, the slope of treatment concept 2 diverges 

between both substrates. In addition, the break-even point for PM is reached when the HRT value of 

both reactors in treatment concept 3 is reduced by 9.12%. 

Of the three variables employed in the sensitivity analysis (electricity selling price, heat selling price, 

and HRT), the most influential variable was the electricity selling price, which currently has reached a 

price above the highest one analyzed by the sensitivity analysis. 
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Figure 3- 7: Sensitivity analysis of NPV by hydraulic retention time for different treatment concepts 
for (a) piglet manure and (b) cow manure. 

3.4 Discussion 

Biogas plants are much more than energy producers. They are a central piece of sustainable agricul-

ture, especially for livestock farms where optimal use of all resources, including manure, supports in-

creased productivity of grass, forage, and arable land. In addition, the optimal use of livestock manure 

is a stepping stone on the path to net-zero emissions (Bywater & Kusch-Brandt, 2022; Liebetrau et al., 

2021). However, AD involving manure is typically performed using energy crops as a co-substrate, and, 

in the case of Germany, their mass-specific use is 48% of manures (primarily cattle manure) and 47% 

of renewable resources (primarily grass silage) (Weinrich & Nelles, 2021a, p. 13). Due to the relatively 

low fresh mass-specific yields of manures, less than 20% of the energy-related output is attributed to 

manures (Liebetrau et al., 2021). The German government looks forward to encouraging the use of 

large quantities of manure in biogas plants by providing incentives to plants that digest at least 80% of 

manure. However, as of 2019, the total number of plants that take advantage of this incentive was less 
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than 15% of all plants (Majer et al., 2019). Liebetrau et al. (2021) pointed out that the reason for this 

was that the incentive as written in law for small manure plants only worked for plants with optimal 

locations with the available substrate to fulfill the installed power of the plant and that the success 

was hindered by farm size and their distribution in Germany. In addition, less than 20% of the available 

PM and 33% of available CWM are currently used in German biogas plants. Thus, although economical 

profitability is an important indicator of project development, it should not be the only factor because 

the digestion of all available manure could save 3.6 million tons of CO2 (Liebetrau et al., 2021). There-

fore, using an EGSB reactor as an alternative in the mono-digestion of liquid PM and CWM provides an 

alternative to realize effective digestion (C. Rico et al., 2012; J. L. Rico et al., 2007). 

However, the relatively high operational costs of EGSB reactors compared to CSTR reactors represent 

a barrier to their implementation. Despite the advantages of reducing the operating HRTs the associ-

ated costs of the substrate and the energy requirement of the recirculation pump mitigate or even 

negate the advantages afforded by implementing the EGSB reactors. One possible way to address this 

issue is to reduce the Vup of the reactor; however, this may negatively impact the reactor’s flow pat-

tern, which may in turn impact reactor performance (A. Cruz-Salomón et al., 2019; Mahmoud et al., 

2003). Thus, an assessment of the most effective Vup is required since Vup involves a tradeoff relation-

ship, i.e., a higher Vup increases the rate of collisions between suspended particles and sludge, which 

can improve the reactor’s efficiency. In contrast, increasing Vup can also increase the hydraulic shearing 

force, which hinders the effectiveness of the removal mechanism by exceeding the settling velocity of 

a larger number of particles and breaking up or reducing the size of the biomass granules, thereby 

reducing efficiency (Ratanatamskul & Siritiewsri, 2015). Thus, experiments can be conducted to deter-

mine the optimal recirculation rate in the EGSB reactor to enhance reactor effectiveness while poten-

tially reducing OPEX (Fuentes et al., 2011; van der Last & Lettinga, 1992). 

Another possible solution could be to replace the EGSB reactor with a UASB reactor, which is the pre-

cursor of the EGSB, but without recirculation (Bhattacharyya & Singh, 2010; López & Borzacconi, 2011), 

which would reduce operational costs. However, the second solution only makes sense if the reduction 

in power consumption can mitigate the difference in reactor performance. With the UASB, problems 

occur more frequently in the flow pattern, e.g., short circuits or dead zones (Khanal, 2008; Pérez-Pérez 

et al., 2017); thus, it is not easy to predict if the overall economic efficiency of the UASB reactor will be 

better than that of the EGSB. Note that other types of high-rate reactors can be also employed, e.g., 

anaerobic filters, anaerobic membrane bioreactors (AnMBR), and anaerobic sequential batch reactors 

or fixed bed reactors (Kougias & Angelidaki, 2018). However, UASB and EGSB reactors have been 

proven effective in the treatment of liquid manures (Prapaspongsa et al., 2010). 
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In this study, we found that treatment concept 1 was the most profitable; however, as mentioned 

previously, only a small fraction of plants in Germany uses large volumes of manures. The flexibility 

provided by treatment concept 3 can be exploited by taking advantage of incentives afforded by treat-

ing substrates (or mixtures of substrates) that are otherwise not profitable due to low OLR, e.g., PM or 

wastewaters (Liebetrau et al., 2021). Accordingly, Hernández Regalado et al. (2021) selected optimal 

mixtures with greater than 80% mass-specific content of manure that demonstrated a possible syner-

gistic effect. This was validated by Hernández Regalado, Häner, Baumkötter, et al. (2022) in continuous 

operation mode, thereby proving synergistic effects between triple mixtures of PM, CWM, and either 

sugar beets or starch wastewater. Therefore, the treatment of liquid agro-industrial mixtures with 80% 

manure and an optimal C/N ratio in EGSB reactors represents an opportunity that would typically not 

be realized in a CSTR (Liebetrau et al., 2021). In addition, the life cycle assessment by Rodriguez-Verde 

et al. (2014) demonstrated the importance of energy recovery to improve the environmental and eco-

nomic feasibility of the PM treatment, as well as the improvement in both variables by co-digesting 

agro-industrial wastes. Prapaspongsa et al. (2010) also stated that AD of manure is the most effective 

technology for energy recovery while retaining good economic viability. 

As a substrate, CWM is known to be difficult to manage in mono-digestion due to its low degradability 

because it has already been partially degraded by the microorganisms in the cows and its high nitrogen 

content (Theuerl et al., 2019). Thus, it is typically either mixed for its treatment with carbon-rich sub-

strates or treated in multistage systems (Theuerl et al., 2019; Weinrich & Nelles, 2021a). Thus, the 

increased flexibility of plants that employ treatment concept 3 would also increase the environmental 

and economical profitability of the system while avoiding negative effects. Furthermore, it has been 

found that the use of slurry or manure as a single substrate or co-substrate in AD improves both the 

performance and environmental sustainability of the process (Bywater & Kusch-Brandt, 2022; Liebe-

trau et al., 2021; Rodriguez-Verde et al., 2014; Schievano et al., 2012). 

Single-stage digesting systems have a wide range of applications due to their low operational complex-

ity and affordability (Cremonez et al., 2021). Nevertheless, AD in multiple stages allows for manipulat-

ing the operating variables in each stage in a way that results in optimal conditions for the whole pro-

cess (Theuerl et al., 2019). Nonetheless, two stages are usually employed for mono- or co-digestion of 

readily degradable substrates given that the rapidly degradable substrates promote the production of 

VFAs at a higher rate than those consumed by methanogens, resulting in sudden pH drops and, as a 

result, process inhibition (Damien J. Batstone et al., 2015; Rabii et al., 2019b; Theuerl et al., 2019). 

Therefore, multiple-stage systems are arranged with one first stage for the hydrolysis/acidogenesis 

and the second tank optimizes the acetogenesis/methanogenesis or hydrolysis/acidogenesis/aceto-

genesis, and the last reactor only with methanogenesis does not seem to be very economically 
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effective, given that manures are relatively complex substrates. Nevertheless, some examples of tech-

nologically successful applications of two stages systems for manures can be found in Demirer and 

Chen; Panichnumsin et al.; Schievano et al. (2005; 2012; 2012). 

Furthermore, a different approach for a multistage approach is the treatment of substrate(s) with very 

different DM content, as pointed out by Van et al. (2020). Van et al. (2020) stated that two-stage sys-

tems can be better combined as two wet stages or one dry and wet stage, respectively. Hence, the 

possibility to combine the output of the EGSB with the input of the CSTR will be investigated to opti-

mize the TC3. 

Overall, we believe that breakthroughs in the deployment of AD will depend on various technical as-

pects and incentives provided by the government (Bywater & Kusch-Brandt, 2022). 

3.5 Conclusions 

The typical agricultural biogas proved to be more profitable than the alternative of using either a sin-

gle-stage EGSB or a multistage EGSB-CSTR to treat the liquid and the solid phase, respectively. Never-

theless, a multistage treatment concept involving a high-rate reactor offers a possible solution for es-

tablishing a better-rounded circular economy. In addition, a multistage system allows for treating large 

quantities of manure that otherwise would not be treated, thereby increasing the amount of carbon-

neutral energy output, which is beneficial because energy security is currently a major concern. 

In addition, reductions in the OPEX of the EGSB reactor through Vup will make multistage treatment 

more competitive from an economical perspective. Furthermore, co-digestion of manure-based mix-

tures up to 80% FM of manure can potentially make better use of the EEG incentives for small manure-

based AD plants. Thus, further research into the life cycle assessment of the co-digestion of agricultural 

manure-based mixtures is required. 
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4. OPTIMIZATION AND ANALYSIS OF LIQUID ANAEROBIC CO-DIGESTION OF AGRO-INDUSTRIAL 

WASTES VIA MIXTURE DESIGN  

Abstract: Anaerobic co-digestion (AcoD) is a widely employed technique to produce biogas from the 

simultaneous digestion of various biomasses. However, the selection of the optimal proportions of the 

substrates in the mixtures presents a challenge. This research used a mixture design to investigate the 

interactions between the liquid fraction of piglet manure (PM), cow manure (CWM), and starch 

wastewater (SWW). A modified Gompertz model was used to identify the statistically significant pa-

rameters of the methane production curves. The optimal compositions of the mixtures were identified 

based on multi-objective optimization of methane yield (MY) and specific methane production rate 

(rCH4) parameters. The study was validated using a double mixture of PM and CWM and a triple mixture. 

The estimated degradation rates for both mixtures were faster than the predicted ones. The absolute 

relative errors of rCH4 were 27.41% for the double mixture and 5.59% for the triple mixture, while the 

relative errors of MY were 4.64% for the double mixture and 10.05% for the triple mixture. These rel-

ative errors are within the normal limits of a process with high variability like AD. Thus, the mixture 

design supported by the tested models is suitable for the definition of practically advisable mixtures 

of substrates. 

Keywords: anaerobic co-digestion; anaerobic batch-tests; mixture design; statistical optimization 

4.1 Introduction 

The enhancement of anaerobic digestion (AD) is a commonly researched topic. The improvement can 

be achieved by several methods. Among the most popular and recommended methods for improving 

AD, one can find pretreatments or enzymes (i.e., biocatalysts), reactor engineering, coupling AD with 

dark fermentation, and genetically improving the microbial community (bio-augmentation), and an-

aerobic co-digestion (AcoD) (Treichel & Fongaro, 2019). 

AcoD involves the simultaneous AD of two or more substrates. It has proved to be a viable option for 

improving biogas production because it alleviates the disadvantages of mono-digestion while increas-

ing the economic feasibility of the process (Rabii et al., 2019b). Distinct advantages of AcoD include 

the supply of macro and micronutrients, balanced carbon-nitrogen ratio, superior buffer capacity, di-

lution of inhibitors, and potentially enhanced biogas production (Esposito et al., 2012). 

There exist different criteria to assess the performance of AD processes, however, the most well-ac-

cepted and commonly used is the biomethane potential (BMP) procedure. BMP is defined as the ca-

pacity of a substrate to be converted into methane and carbon dioxide. Determination of BMP is the 

first step in evaluating the digestibility or applicability of a substrate. The BMP parameter provides 

valuable information about general degradability, expectable energy yield, and the economic 
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evaluation of new biogas plants. BMP is usually determined by employing a BMP test procedure in a 

batch anaerobic fermentation assay. This method is reliable, straightforward, and avoids inconsisten-

cies in collected data (Pagés-Díaz et al., 2018; Raposo et al., 2011). The BMP test consists of adding a 

known quantity of an organic substrate to an active anaerobic inoculum in an air-tight serum bottle (I. 

Angelidaki et al., 2009; Ohemeng-Ntiamoah & Datta, 2019). 

BMP optimization is the first step in AcoD optimization. BMP optimization for a substrate mixture is 

usually conducted based on statistical methods and variables. Substrate ratios and the inoculum/sub-

strate ratio are the most important experimental factors. However, additional process variables may 

be included (Pagés-Díaz et al., 2018; Xie et al., 2016). 

A popular statistical optimization method is response surface methodology (RSM). RSM is a group of 

mathematical and statistical techniques that identify process improvements based on the fit of empir-

ical models to measured experimental data (Bezerra et al., 2008). A special type of RSM is the mixture 

design. Mixture design is an effective method for determining the optimal proportions of ingredients 

in a mixture (Buruk Sahin et al., 2016). 

In mixture design experiments, the independent variables are the proportions of the investigated com-

ponents. The total amount of material must be held constant in a mixture design experiment. This 

allows for analysis of the dependency of the component proportions without confounding variability 

due to changes in the total amount of the mixture. The mixture design analysis provides valuable in-

formation about the interactions between independent factors. It also provides a better understanding 

of the response variables (Cornell, 2002).  

Mixture design has been previously used to understand how substrates interact during AcoD. Pagés-

Díaz et al. (2014a) used a four-factor mixture simplex-centroid design, which employed solid cattle 

slaughterhouse wastes, manure, various crops, and municipal solid wastes. Methane yield (MY) and 

specific methane production rate (rCH4) were the response variables. Rahman et al. (2019) used two 

sets of mixtures. The first set consisted of poultry droppings with sugarcane bagasse. The second set 

consisted of press mud and poultry droppings with roots, tops, and press mud from sugar beets. An 

augmented simplex-centroid design was applied to describe the interactions. 

This paper generated experimental data for the integration of high-rate anaerobic reactors in conven-

tional agricultural biogas plants. The objective was to find the optimal compositions of mixtures of 

three substrates that are usually found in great quantity in the agro-industrial sector, especially in the 

region of North Rhine-Westphalia, Germany. AD plants’ profitability and flexibility can be improved by 

using information about the interactions between these substrates. The substrates used in this study 

were piglet manure (PM), cow manure (CWM), and starch wastewater (SWW). A three-factor mixture 

design was employed to analyze and describe the interactions between the substrate BMP tests. The 
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BMP tests were only conducted using the liquid fraction of the selected substrates. This was necessary 

because the study used expanded granular sludge bed (EGSB) reactors that operated in a continuous 

mode with a dry matter (DM) content of less than 8 wt%.  

4.2 Materials and Methods 

4.2.1 Raw Materials 

In this study, the three selected substrates were PM, CWM, and SWW. In NRW, animal manure man-

agement is a topic of interest due to the large livestock population (Heinrich-Böll-Stiftung, 2020). PM 

and CWM were selected to address this issue. Both PM and CWM provide a strong buffer capacity that 

supports pH balance in livestock management operations. SWW was selected due to its low DM con-

tent. Low DM content avoids clogging in the reactors of a long-term operation. Also, the high content 

of readily degradable carbohydrates in SWW may increase the biogas yield and the co-digestion deg-

radation rate of the mixture (L. Yu & Wensel, 2013). In Germany, SWW is highly available because it is 

obtained from crops that have already been treated by AD, including potatoes, corn, and wheat 

(Rosenwinkel et al., 2015, pp. 419–423). 

Previously, PM and CWM were processed using screw press systems that separated the solid and liquid 

phases. For PM, a dual screw press (i.e., Vakusep from BETEBE GmbH) with a sieve filter size of 100 µm 

was applied. CWM was collected from farmers in a pre-separated form which was then processed by 

a second separation using o a screw press with a sieve size of 200 µm. 

The liquid fractions of the substrates were used to characterize the content of DM, volatile solids (VS), 

macromolecules, and nutrients. The results of these analyses are shown in Table 4-1.  

Table 4- 1: Characterization of the liquid fraction of the substrates. 

Variable Piglet Manure Cow Manure Starch Wastewater 
DM/FM (wt%) 1.80 5.30 1.70 
VS/DM (wt%) 58.33 69.81 82.35 
VS/FM (wt%) 1.05 3.70 1.40 

Crude protein/FM (wt%) 0.80 2.60 0.40 
Crude fat/FM (wt%) 0.25 0.30 0.20 

Crude fiber/FM (wt%) 0.00 0.00 0.00 
Free nitrogen extracts/FM (wt%) 0.00 0.80 0.80 

ash/FM (wt%) 0.75 1.60 0.30 
Total nitrogen/FM (wt%) 0.36 0.36 0.07 

Ammonium nitrogen /FM (wt%) 0.29 0.19 0.01 
DM: dry matter; VS: volatile solids; FM: fresh matter. 

4.2.2 Batch-Test Setup 

Batch assays were conducted on fermentation tests of the organic substances, based on the VDI 4630 

guidelines. Each test was performed using a 1000 mL glass vessel. Five grams of VS were added to the 
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vessel of each test. A defined amount of substrate and a previously calculated quantity of inoculum 

were weighed into the reaction vessel. When necessary, the reaction vessel was carefully filled with 

warm water to reach a reaction volume of 800 mL. To prevent inhibition, the substrate inoculum rate 

VSsubstrate/VSinoculum was kept constant at 0.5. Each bottle was vigorously agitated, sealed with a rubber 

stopper, and clamped down with a plastic screw cap connected to a eudiometer tube (as shown in 

Figure 4-1). The produced gases were transferred through PVC hoses into 1000 mL eudiometer tubes. 

This process enabled daily measurements of gas volume and quality. The eudiometers were sealed 

with a barrier fluid comprised of water and 5 wt% sulfuric acid. The acidification of the barrier liquid 

prevented carbon dioxide (CO2) from dissolving in the gas mixture. Additionally, 7.5 wt% sodium sul-

fate (Na2SO4) was added to prevent the entry of CO2 into the barrier fluid (Verein Deutscher Ingenieure, 

2016). The batch assays were developed over 42 days. 

A test vessel with cellulose, as the reference substrate, was carried out to compare and ensure ade-

quate biological activity by the inoculum. The biogas potential of cellulose is known. Thus, cellulose 

can be used as a reference for evaluating the reliability of an experiment. Also, an inoculum-only batch 

fermentation test or zero-test was conducted. In the zero-test, the gas production value from the in-

oculum was subtracted from the gas production value from the substrate inoculum. Each fermentation 

test was performed at least three times, including the cellulose reference sample and the zero-test 

sample (Verein Deutscher Ingenieure, 2016; Holliger et al., 2016). The pH was measured at the begin-

ning and the end of every batch test because changes in pH are usually correlated with other opera-

tional parameters. The accumulation of organic acids (acidification) typically lowers the pH, while in-

creased ammonia concentrations or CO2 removal increases the pH (Kougias & Angelidaki, 2018; Weide, 

Baquero, et al., 2020).  
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Figure 4- 1: The schematic diagram of the test stands. 

4.2.3 Mathematical Modeling 

Before modeling the methane yield curves (MYC), pre-processing of the measured data was necessary. 

The pre-processing of the measured data involved the application of three criteria: 

1. Stopping criterion: The test was concluded when the relative increase of MY was less than 1% for three 

consecutive days. 

2. Plausibility criterion: The existence of abrupt or non-monotonic trends in the curves requires individual 

analysis of the affected test. 

3. Reproducibility/accuracy criterion: After deleting possible outliers, a coefficient of variation (CV) smaller 

than 5% between the curves was required. 

If any of the above criteria were not met, the sample from all three batch tests was eliminated from 

the study. The three criteria are based on the recommendations by Holliger et al. (2016). 

For validation, BMP results from the experimental tests were compared to reported BMP values from 

the literature and calculated theoretical BMP values. The theoretical BMP values and the degradation 

fraction (fd) values were calculated using the equations from Ebner et al.; Raposo et al. (2016; 2011), 

shown in Equations (4-1) and (4-2), respectively. 
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𝐵𝑀𝑃𝑡ℎ𝑒𝑜 = 415 ∙ 𝑋𝐶𝑎𝑟𝑏𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑠 + 496 ∙ 𝑋𝑃𝑟𝑜𝑡𝑒𝑖𝑛𝑠 + 1014 ∙ 𝑋𝐿𝑖𝑝𝑖𝑑𝑠 (4-1) 

𝑓𝑑 =
𝐵𝑀𝑃𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝐵𝑀𝑃𝑡ℎ𝑒𝑜
 (4-2) 

Where: 

Xi: fraction of the macromolecule expressed in g of macromolecule per g of total so-lids 

BMPtheol: theoretical BMP calculated using Equation (4-1) (LCH4/kgVS) 

BMPmeasured: measured BMP obtained as a result of the practical tests (LCH4/kgVS) 

The most appropriate models to simulate MYCs include quantification of important parameters like 

maximal MY, rCH4, and, if it exists, lag phase time (λ). The most commonly used of these models are the 

first-order one-step model (I. Angelidaki et al., 2009), the first-order two-step model (Brulé et al., 

2014), and the modified Gompertz model (Pagés-Díaz et al., 2014b). All three models were fitted to 

the measured data. Goodness-of-fit statistics were compared to identify the model with the best fit. 

The non-linear regression tool of the software Minitab 19 was used to fit the models to the measured 

data. The root-mean-square error (RMSE) statistic was used to evaluate goodness-of-fit. An RMSE 

value less than 10 LCH4/kgVS was designated as acceptable goodness of fit. The first-order one-step 

model, the first-order two-step model, and the modified Gompertz models are shown in Equation (4-

3), Equation (4-4), and Equation (4-5), respectively (Table 4-2). 

Table 4- 2: Models employed to describe the methane yield curves. 

Model Equation Reference 

First-order one-step 𝐵𝑀𝑃(𝑡) = 𝐵𝑀𝑃∞ ∙ (1 − 𝑒−𝑘∙𝑡) (4-3) 
(I. Angelidaki 
et al., 2009) 

First-order two-step B𝑀𝑃(𝑡) = 𝐵𝑀𝑃∞ ∙ (1 +
𝑘𝑣𝑓𝑎∙𝑒

−𝑘ℎ𝑦𝑑∙𝑡
−𝑘ℎ𝑦𝑑∙𝑒

−𝑘𝑣𝑓𝑎∙𝑡

𝑘ℎ𝑦𝑑−𝑘𝑣𝑓𝑎
) (4-4) 

(Brulé et al., 
2014) 

Modified Gompertz 𝐵𝑀𝑃(𝑡) = 𝐵𝑀𝑃∞ ∙ (𝑒
−𝑒∙(

𝑅𝑚𝑎𝑥
𝐵𝑀𝑃∞

∙(𝜆−𝑡)+1)
) (4-5) 

(Pagés-Díaz et 
al., 2014b) 

BMP∞: Extrapolated BMP at infinite retention time in LCH4/kgVS. k: First-order reaction constant (1/d). khyd: First-order reaction 

constant of the first step (hydrolysis/acidification) (1/d). kvfa: First-order reaction constant of the second step (volatile fatty 

acids degradation) (1/d). Rmax: Maximum biomethane production rate (LCH4/kgVS/d). λ: Lag time (d). t: Time (d). 

4.2.4 Mixtures Characterization 

The synergistic and antagonistic effects of the individual mixtures on the BMP and reaction rate were 

characterized by two indices: (1) the co-digestion index (CI) (Equation (4-7)) and (2) the kinetic index 

(KI) (Equation (4-8)). In these two equations, the parameter values for the BMP and reaction rates were 

estimated from the three selected models that describe the MYCs. 

𝐵𝑀𝑃𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒 = ∑ (𝐵𝑀𝑃𝑖 ∙ 𝑥𝑖)𝑛
𝑖=1  (4-6) 

𝐶𝐼(%) = (
𝐵𝑀𝑃𝑓𝑖𝑡𝑡𝑒𝑑

𝐵𝑀𝑃𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒
− 1) ∙ 100% (4-7) 
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𝐾𝐼(%) = (
𝑅𝑚𝑎𝑥𝑚𝑖𝑥𝑡𝑢𝑟𝑒

𝑅𝑚𝑎𝑥𝑓𝑎𝑠𝑡𝑒𝑠𝑡

− 1) ∙100% (4-8) 

Where: 

BMPadditive: Calculated BMP based on substrates individuals' BMP (LCH4/kgVS) 

BMPfitted: The fitted value of BMP during the batch-test by the selected model (LCH4/kgVS) 

CI (%): Co-digestion index (%) 

Rmax: Fitted maximum biomethane production rate by the selected model (LCH4/kgVS/d)  

Rmaxfastest
: Fitted maximum biomethane production rate of the fastest substrates in the mix-

ture by the selected model (LCH4/kgVS/d) 

KI (%): Kinetic index (%)  

The CI (%) expresses the relative increase in MY compared to the sum of the individual substrates in 

the mixture. Thus, it detects if the interaction between the substrates is positive or negative. The pos-

itive interactions are interpreted as synergistic effects. However, this term should be used with caution 

since batch tests are inoculum-biased. Instead, the term “acute effects” is suggested to describe the 

positive interactions in batch tests (Verein Deutscher Ingenieure, 2016; Koch et al., 2020). 

The KI (%) expresses the relative increase in the degradation rate compared to the fastest substrate in 

the mixture. A positive KI (%) is likely related to an improvement in continuous operation mode (Brulé 

et al., 2014). 

4.2.5 Experimental Design 

A three-factor simplex-centroid mixture design with seven design points was used to evaluate the in-

teraction between the substrates for the response variables. Based on the procedure described in Sec-

tion 2.2, the seven design points were replicated three times for a total of 21 data points. The response 

variables were MY and rCH4. The mixture design’s experimental points employed in this study are de-

tailed in Table 4-3. 

The compositions of the mixtures are expressed in VS ratios (% VS) since the total VS in each batch test 

was held constant at 5 g to avoid confounding variability from the response variables. Based on Equa-

tion (4-9), each component’s proportion varied between 0 and 1, and the variable xi represents the 

proportion of its constituent in the mixture.  
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Table 4- 3: Summary of the experimental design points. 

Mixture Number Ratio (% VS) 
Pure component 3 100 % 
Double mixture 3 50 % + 50 % 
Triple mixture 1 33 % + 33 % + 33 % 

VS: volatile solids. 

∑ 𝑥𝑖 =3
𝑖=1 𝑥1+𝑥2 + 𝑥3 = 1 (4-9) 

The effect of the mixtures on the response variables was modeled by a special cubic model shown in 

Equation (10) (Buruk Sahin et al., 2016; Cornell, 2002; Rahman et al., 2019): 

𝑌̂ = ∑ 𝛽𝑖 ∙ 𝑥𝑖
𝑛
𝑖=1 + ∑ 𝛽𝑖 ∙ 𝑥𝑖

𝑛
𝑖=1𝑗=1

∙ 𝑥𝑗 + ∑ 𝛽𝑖 ∙ 𝑥𝑖
𝑛
𝑖=1𝑗=1𝑘=1

∙ 𝑥𝑗 ∙ 𝑥𝑘 (4-10) 

The βij and βijk coefficient values indicate the strength of the interaction between the substrates. The 

sign of the βij and βijk coefficients indicates whether the interaction is positive or negative. An analysis 

of variance (ANOVA) was used to identify the terms in the model. In an ANOVA, the p-value associated 

with the statistical confidence level determines if a term should be included in the model (Kashi et al., 

2017). The response optimization method was employed to identify the combination of substrate pro-

portions that simultaneously optimize both responses. A desirability function was applied in the opti-

mization procedure. Desirability is an objective function that ranges from zero outside of the limits to 

one at the goal. The desirability function approach is one of the most widely used methods for opti-

mizing multiple response processes. This method identifies the operating conditions that provide the 

most desirable response values given the specified assumptions. The characteristics of a goal may be 

altered by adjusting the weight or importance of each variable or the ranges within the optimization 

performance (Kashi et al., 2017). 

4.3 Results 

4.3.1 Analysis of the Curves 

The MYCs were predominantly smooth with a slight leaning toward the logistic growth and signs of 

small lag phases. Subsequently, the dispersion analysis of the batches identified an outlier in one of 

the three PM replicate runs. This run was eliminated, to keep a CV of less than 5%. Furthermore, to 

make symmetrical the mixture experimental design the outlier curve was replaced during the mixture 

design analysis by the average of the two remaining curves. The rest of the CVs were approximately 

≤5%, which is the validation criteria recommended by Holliger et al. (2016). The curves of the single 

digestions are presented in Figure 4-2, the numbers in the legend represent the valid number of repli-

cates of each curve. 
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Figure 4- 2: Single degradations of piglet manure, cow manure, and starch wastewater. 

Both PM and CWM had reasonably small lag phases. This was attributed to the relatively large pres-

ence of nitrogen-associated compounds, which are common in these substrates (Kougias & Angelidaki, 
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2018). Nevertheless, the ammonia concentrations were very different from the inhibition values re-

ported by (Fotidis et al., 2013). Thus, the lag phases were probably related to an adaptation phase 

rather than inhibition. SWW was the only readily degradable substrate because of the relatively large 

presence of nitrogen-free extracts. Consequently, no lag phase was detected for SWW. Instead, a sharp 

change in slope occurred after the second day, indicating slight diauxic behavior. Thus, it was assumed 

that a second substrate was consumed after the second day. However, no plateau phase was observed, 

and the MYC was considered monotonic. 

Most of the batch tests had small lag phases. However, none of the lag phases were long enough to 

cause inhibition. Similarly, the MY values were compared to the theoretical and literature values 

(shown in Table 4-4). 

Table 4- 4: Validation through literature and theoretical values of the measured methane yield val-
ues. 

Substrates 
Theoretical Methane 

Yield (LCH4/kgVS) 
Measured Methane 

Yield (LCH4/kgVS) 
Degradation 
Fraction (%) 

Literature Methane 
Yield (LCH4/kgVS) 

Piglet manure 
(PM) 

577.79 489.90 84.79 
[400–443.60] (Cu et al., 
2015; M. et al., 2013) 

Cow manure 
(CWM) 

520.49 190.12 36.53 
[175–212.00] (Garcia et 
al., 2019; Kouas et al., 

2017) 
Starch wastewater 

(SWW) 
523.71 456.15 87.1 

466.87 (from previous 
laboratory experiments) 

For each substrate, the measured values were smaller than the calculated theoretical values but rela-

tively close to the values reported in the literature. The MY of PM was above the interval reported by 

the literature. However, it has been reported that different factors like age, sex, type of feeding, and 

separation processes of the manure can cause significant variations in MY results (Cu et al., 2015; Gar-

cia et al., 2019; Kouas et al., 2017; M. et al., 2013).  

The measured MY of CWM was significantly different from the calculated theoretical value, though it 

was within the interval reported by the literature. Since the three batch tests behaved similarly with a 

CV of 2.34%, this finding was attributed to cows being ruminants. Thus, the organic matter was partially 

degraded before AD. Furthermore, the presence of microorganisms provided high VS values in the 

analysis of the macromolecules. Despite part of those VS not being available for the production of 

biogas. However, VS are included in the calculation of the BMPtheo in Equation (4-1). 

The fd was approximately 85% in PM and SWW. This result was expected because the AD occurred in 

the liquid phase, and no fiber content was measured in the substrates. Thus, hydrolysis was probably 

not a rate-limiting step. Next, the batch-test data were processed for compatibility with the model 

fitting procedures. 
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4.3.2 Model Fitting  

The three models to describe MYCs were fitted to the measured data from the 20 batch tests, which 

met the three data pre-processing criteria. Table 4-5 shows the average RMSE results of the fit for each 

substrate and mixture. The modified Gompertz model had the best fit in all cases. According to Koch 

et al. (2019), the modified Gompertz model is a better fit when a lag phase is necessary to describe a 

curve. However, the lag phases detected were rather small.  

Table 4- 5: The root-mean-square error (RMSE) for each model by substrate and mixture. 

RMSE (LCH4/kgVS) 
             Substrates 

Modified Gompertz 
Model 

First-Order One-Step 
Model 

First-Order Two Steps 
Model 

 

PM 8.29 32.39 15.68  
CWM 2.87 13.48 5.98  
SWW 16.20 23.38 21.44  

PM: piglet manure; CWM: cow manure; SWW: starch wastewater; RMSE: root-mean-square error  

The fit to the first-order one-step model was not acceptable, based on the RMSE value of 10 LCH4/kgVS. 

This poor fit is due to small lag phases in all MYCs and hydrolysis being unlikely the rate-limiting step. 

A similar explanation applies to the poor fit from the first-order two-step model. However, the first-

order two-step model accounts for a second degradation constant of VFAs. Thus, the first-order two-

step model fit to the MYC was better than the first-order one-step model fit. However, the first-order 

two-step model did not meet the RMSE criteria for four of the seven substrate or mixture cases. More-

over, the values of the constants were predominantly the same, indicating that the process had only 

one rate-limiting step. 

None of the three models adequately fit the MYCs of the SWW. Thus, a two-substrate model would 

provide a better fit, despite lacking a visually observed plateau phase in the SWW curve. However, for 

consistency in the mixture experimental design, all substrates must be described using the same 

model. Table 4-6 summarizes the average values from the fitted modified Gompertz model along with 

the measured pH before and after the AD. 

Table 4- 6: Modified Gompertz model fitting summary. 

Substrate 
Maximum Specific 

Methane Production 
(LCH4/kgVS) 

Specific Methane 
Production Rate 

(LCH4/kgVS/d) 

Lag Time 
(d) 

pH at the 
Beginning 

pH at the 
End 

PM 476.38 47.05 2.19 8.26 7.55 
CWM 187.81 18.66 2.09 8.10 7.36 
SWW 506.75 32.13 1.06 8.05 7.43 

PM + CWM 328.48 34.39 2.27 8.30 7.48 
PM + SWW 438.67 43.91 0.95 7.88 7.48 

CWM + SWW 311.16 28.80 0.98 8.02 7.45 
PM + CWM + SWW 511.07 50.54 1.27 7.15 7.52 
PM: piglet manure; CWM: cow manure; SWW: starch wastewater. 
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The adjusted lag times were relatively short. The lag times from the samples containing SWW were 

approximately one day slower than those without it. This was due to better C/N in the mixtures from 

the supply of carbohydrates readily degraded by the SWW. It was also due to high nitrogen content in 

substrates, like manures. Also, substrates with an initial pH of ≥ 8.10 corresponded to a lag phase of at 

least two days. Substrates with initial pH values < 8.10 had a maximum lag phase of 1.27 days. This 

drop in performance was associated with a shift in the NH4+-NH3 equilibria. This was because a higher 

pH moves the equilibria to NH3 production. It was reported that ammonia inhibition is commonly 

found in protein-rich substrates like the digestions of the manures and their double mixtures (Kougias 

& Angelidaki, 2018). The pH was always in the optimal recommended interval of 7.4 to 7.6 (Khanal, 

2008, pp. 14–15) at the end of the AD. This indicated that the manures provided adequate buffer ca-

pacity.  

Continuous surveying of the operational parameters during the batch tests was not feasible. However, 

the measured initial and final pH values combined with the continuous gas production indicate that 

the process was kept in stable operating conditions. 

The adjusted BMP∞ of PM and CWM were smaller than the measured BMP. This was assumed to be 

due to the cancellation of noise from the measured data by the model, associated with the 10% meas-

urement uncertainty of the eudiometers. 

4.3.3 Mixture Characterization  

The mixtures were further analyzed based on the CI and KI parameters; the results are shown in Table 

4-7. No positive interactions were found for either the MY or rCH4 of the double mixtures. However, 

Ebner et al. (2016) used CI to characterize nine double mixtures of manure and a second substrate. 

The CIs ranged from −32% to 21% for a mixture proportion of 70:30% w/w. The mixtures of manures 

and carbon-rich substrates showed statistically significant positive effects. This was attributed to the 

buffering of the VFAs by the manure when it is digested together with carbon-rich substrates, as ex-

plained in Joan Mata-Alvarez et al. (2011). The mixture from CWM + SWW carries this assertion since 

despite having both negative CI and KI, an increase in both the methane yield and the rate was ob-

served when compared to the individual digestion of CWM. This suggests that the augmentation of 

the design could find optimal double mixtures PM + SWW and CWM + SWW by providing new data 

and improving the interpolating capacity of the model.  
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Table 4- 7: Comparison of the constructive/destructive effects of the mixtures. 

Type of Mixture Mixture CI (%) KI (%) Prot/VS (%) 
Fat/VS 

(%) 
FNE/VS (%) 

Double mixture PM + SWW −10.76 −6.68 0.49 0.18 0.33 
Double mixture CWM + SWW −10.40 −10.32 0.47 0.28 0.25 
Double mixture PM + CWM −1.09 −26.89 0.73 0.10 0.17 
Triple mixture PM + CWM + SWW 32.26 7.42 0.62 0.12 0.26 

Double mixture PM + SWW −10.76 −6.68 0.49 0.18 0.33 
Double mixture CWM + SWW −10.40 −10.32 0.47 0.28 0.25 
Double mixture PM + CWM −1.09 −26.89 0.73 0.10 0.17 

PM: Piglet Manure; CWM: Cow manure; SWW: Starch Wastewater; VS: Volatile Solids; Prot: crude Protein; Fat: crude 
Fat; FNE: Free Nitrogen Extracts; CI: Co-digestion Index; KI Kinetic Index. 

For the triple mixture, both parameters showed a positive effect with a CI value of 32.26% and a KI 

value of 7.42%. The triple mixture was the only mixture with a pH close to neutral at the beginning and 

a constructive effect for both CI and KI, which in batch processes benefits the acidogenic microorgan-

isms (Khanal, 2008). Also, Astals et al. (2014) found that ‘‘mixing a carbohydrate and/or protein source 

to lipids is a feasible option to reduce long-chain fatty acids (LCFA) inhibition, mainly due to the dilu-

tion’’. Furthermore, he concluded that AcoD leads to an enhancement of AD kinetics, but rarely to a 

methane yield increase. However, in the triple mixture, both are observed. Thus, the superior perfor-

mance of the triple mixture was attributed to better macro and micronutrient balance. 

4.3.4 Mixture Design 

An extra batch test was manually added to the twenty measured batch tests. The added test resulted 

from the average between the two fitted PM curves. Consequently, all substrates had three tests in 

the mixture design. The response variables were MY and 𝑟𝐶𝐻4 and the input data were the parameters 

resulting from the fitted curves by the modified Gompertz model. 

Special cubic models were fitted for each variable. Model selection was made using a stepwise proce-

dure with a 90% confidence interval for the parameters. The goodness-of-fit statistics for the models 

are detailed in Table 4-8. 

Table 4- 8: Goodness-of-fit statistics for the special cubic models by response variable. 

Variable R2 Adjusted R2 Predicted R2 
Methane yield (LCH4/kgVS) 0.99 0.99 0.99 

Specific methane production rate (LCH4/kgVS/d) 0.97 0.96 0.93 

The statistics indicated very good goodness-of-fit. Thus, the model was deemed acceptable for predic-

tion purposes. The predicted model equations for the response variables were as follows: 

𝑀𝑌̂ = 476.27 ∙ 𝑃𝑀 + 187.70 ∙ 𝐶𝑊𝑀 + 506.64 ∙ 𝑆𝑊𝑊 − 14.47 ∙ 𝑃𝑀 ∙ 𝐶𝑊𝑀 − 2  10.72 ∙ 𝑃𝑀
∙ 𝑆𝑊𝑊 − 143.61 ∙ 𝐶𝑊𝑀 ∙ 𝑆𝑊𝑊 + 4372.78 ∙ 𝑃𝑀 ∙ 𝐶𝑊𝑀 ∙ 𝑆𝑊𝑊 

(4-11) 
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𝑟𝐶𝐻4
̂ = 47.03 ∙ 𝑃𝑀 + 18.63 ∙ 𝐶𝑊𝑀 + 32.11 ∙ 𝑆𝑊𝑊 + 6.16 ∙ 𝑃𝑀 ∙ 𝐶𝑊𝑀 + 17.39 ∙ 𝑃𝑀

∙ 𝑆𝑊𝑊 + 13.74 ∙ 𝐶𝑊𝑀 ∙ 𝑆𝑊𝑊 + 373.08 ∙ 𝑃𝑀 ∙ 𝐶𝑊𝑀 ∙ 𝑆𝑊𝑊 
(4-12) 

 
Where: 

PM: Piglet Manure 
CWM: Cow Manure 
SWW: Starch Wastewater 

The predicted model includes all the mixtures that participated in the design since all terms were sta-

tistically significant in the equations. The response equation for MY indicated a very negative interac-

tion between two double mixtures: (1) PM and SWW and (2) CWM and SWW. A slight negative inter-

action was observed between PM and CWM. Additionally, the strength of the negative effect in the 

double mixtures negatively correlated with the protein ratio in the mixture. The triple mixture interac-

tion was very positive, as previously detected in the characterization. Furthermore, Pagés-Díaz et al. 

(2014b) found qualitatively similar results having the highest positive effects among triple, while Kashi 

et al. (2017) found the best results in a mixture of four substrates, as well that the mixture was very 

sensitive to changes in their composition. Moreover, the interactions between the variables in the 

equation were consistent with the characterization of the mixtures by the KI and CI parameters. There-

fore, it served as a practical validation of the model. 

The equation that described rCH4 showed positive interactions for all terms. The positive interactions 

did not necessarily contradict the characterization by KI. Unlike CI, KI only compares the fastest com-

ponent of the mixture and not the mixture’s predicted rate from the combination of individual sub-

strates. The finding that all rate equation influences are positive is promising for further development 

in this research area. This finding indicates that it is more likely that the kinetics interaction transfers 

to the continuous stage rather than to the yield (Verein Deutscher Ingenieure, 2016; Koch et al., 2020). 

Therefore, the equation for rCH4 provided a better description of the interactions than the equation for 

KI. 

Based on the rCH4 equation, the weakest positive interaction occurred in the PM + CWM mixture. Also, 

the magnitude of the positive interaction between double mixtures positively correlated with the per-

centage of readily degradable carbohydrates. It should be noted that the model was calibrated based 

solely on the seven mixtures but interpolated for the entire VS fraction range of 0 to 1 for each sub-

strate. Thus, the positive interactions in the double mixtures that were outside the range of measured 

ratios indicated a need to improve the model by recalibration with additional runs. 

The multi-objective optimization was performed after the constructed models were validated by ac-

ceptable matching with the practical values obtained from the characterization of the curves. 
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4.3.5 Optimization 

The optimization was conducted with three constraints to treat a significant fraction of the piglet ma-

nure and to increase the chance of success in a continuous long-term operation. The three constraints 

were as follows: 

1. Maximize the specific methane production rate. 

2. Bound the BMP with a minimum value of 450 LCH4/kgVS. 

3. Require a minimal fraction of 0.4 of volatile solids in the piglet manure. 

The optimization goal was to detect the optimal region(s) where coupled strong positive kinetics inter-

acted with high MY quantities. The constraint that the minimum VS fraction was at least 0.4 guaran-

teed that most of the PM was treated due to its low VS content in terms of FM. The CWM content was 

indirectly restricted by giving a higher weight in the optimization to the rCH4 rather than the MY. This 

was due to the CWM deceleration effect on the degradation. However, it was advantageous to limit 

the DM content in the subsequent high-rate continuous operation. 

A single common optimal region was found. Contour plots display the optimal region in Figure 4-3.  

The red colored zone indicates the most powerful interaction, while the blue indicates the least pow-

erful interaction. Figure 4-3c resulted from the superposition of Figures 4-3a and b. The rate (Figure 4-

3b) had its maximal values in the region close to the center point of the mixture design. The model 

predicted a zone of higher rates compared to the center point of the mixture design because it was 

near the exterior border of the optimal rate region.  

The optimal region in the contour plot of MY (Figure 4-3a) was bigger than the optimal rate region, but 

both were similarly located. Consequently, the yield region contained most of the rate region. How-

ever, the third imposed constraint bounded the optimal range to the section between the PM vertex 

and its inferior bound on 0.4 PM. This resulted in an optimal area that did not contain most of the high 

MY area. Nevertheless, the relatively large size of the optimal zone represents a practical advantage 

since it can provide some resilience to measurement errors in VS content and still be able to operate 

inside the optimal region. 
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Figure 4- 3: Contour plots of the optimal region for piglet manure (PM), cow manure (CWM), and 
starch wastewater (SWW). 

The three best solutions found in the optimal desirability region are shown in Table 4-9. 

Table 4- 9: Goodness-of-fit statistics for the special cubic models by response variable. 

Number PM CWM SWW 
Methane Yield 

(LCH4/kgVS) 
Specific Methane Production Rate 

(LCH4/kgVS/d) 
Desirability 

1 0.53 0.20 0.27 513.07 51.93 0.91 
2 0.40 0.31 0.29 513.03 51.29 0.89 
3 0.40 0.14 0.46 513.05 50.16 0.86 

PM: Piglet Manure; CWM: Cow Manure; SWW: Starch Wastewater. 

The three optimal solutions were triple mixtures with high predicted values for both CI and KI. In the 

first two mixtures, at least 71% of the VS in the mixtures were formed by the manures. Consequently, 

large quantities of manure can be treated by AcoD. Also, due to the buffer capacity of the three mix-

tures and their low VS values, the mixtures provide an opportunity to reach a stable operation in con-

tinuous high-rate reactors. The mixtures are composed of macro and micronutrients that provide high 

yields. No significant differences were found in the response variables’ values between the three mix-

tures. This provides practical flexibility for continuous operation since the substrate’s availability is 

sometimes a limiting factor. (Kougias & Angelidaki, 2018). Additionally, other constraints can be im-

posed to find optimal solutions for the double mixture, but alternative approaches were not investi-

gated in this study. 
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4.3.6 Validation of the Models 

Two mixtures were selected to validate the models, namely, PM + CWM and PM + CWM + SWW. This 

allowed evaluation of the effect of adding SWW to a base mixture of PM + CWM. The constraints were 

as follows: 

1. The mixture had to remain within the optimum zone. 

2. The PM composition had to be the same in both mixtures. 

The validation used fresh substrates that were collected during a different time of year than the sub-

strates used in the modeling. The mixtures selected after optimization are detailed in Table 4-10. 

Table 4- 10: Mixtures selected after Optimization. 

%Volatile Solids 
 

                      Mixture 
Piglet Manure Cow Manure Starch Wastewater 

1 0.53 0.20 0.27 
2 0.40 0.31 0.29 
3 0.40 0.14 0.46 

One batch test from the co-digestion of PM + CWM had to be eliminated to keep the CV value under 

5%. Furthermore, the curves showed a smooth trend, and the lag phase was barely noticeable. This is 

a good sign for the practical application, despite affecting the fit of the modified Gompertz model. 

Moreover, as predicted by the model, the addition of SWW to the mixture of both manures produced 

a significant increase in performance. The comparison of the methane yield of the double and the triple 

mixture is shown in Figure 4-4.  

 

Figure 4- 4: Comparison of the methane yields of the mixtures employed in the validation. PM: piglet 
manure; CWM: cow manure; SWW: starch wastewater 
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The average MYCs were fitted by the modified Gompertz model. The fitted rates were superior to the 

predicted rates by the resulting mixtures’ design model due to the lack of a lag phase. Thus, an increase 

in the rate was observed, and the modified Gompertz model was not the best possible fit. However, 

the modified Gompertz model was employed to establish a direct comparison between the predicted 

and the measured results from the validation. Still, this model was a good fit with an RMSE value of 

less than 10 LCH4/kgVS. The results of the predicted and measured values are detailed in Table 4-11. 

Table 4- 11: Mixtures selected after Optimization. 

Mixtures 
Obtained MY 

(LCH4/kgVS) 
Predicted MY 

(LCH4/kgVS) 
Obtained rCH4 

(LCH4/kgVS/d) 
Predicted rCH4 
(LCH4/kgVS/d) 

Relative 
Error 

MY (%) 

Relative 
Error  

rCH4 (%) 
PM + CWM 326.94 342.83 45.58 35.77 4.64 −27.41 

PM + CWM + 
SWW 

480.54 534.21 54.59 51.7 10.05 −5.59 

PM: piglet manure; CWM: cow manure; SWW: starch wastewater; MY: methane yield (LCH4/kgVS); rCH4: Specific methane 
production rate. 

The predicted values were used as references in the relative error calculations. The relative errors in 

MY were relatively small considering the multiple sources of error, including the age of the inoculum, 

differences in the VS content between the substrates used for modeling, and human error in the prep-

aration of the batch tests. 

The relative error for rCH4 in the PM + CWM mixture was quite large, but it was encouraging because 

the measured value was superior to the predicted one. This occurred because the deceleration of the 

CWM decreased compared to the CWM used in the model fitting. The average rate of the single diges-

tion of CWM was 22.40 to a previous value of 18.66 LCH4/kgVS/d. 

Thus, it was concluded that the models were valid for practical application and can be used for predic-

tion. However, smaller values of MY and larger values of rCH4 should be expected. These two mixtures 

are currently being continuously tested in two separate high-rate reactors. 

The developed mixture design model provided a reliable prediction and description of the interaction 

of the substrates at a macro scale, although it does not present profound insights into the biochemical 

interactions of the substrates in the mixture. This issue can be overcome by the development of a more 

complex mechanistic model. However, it usually requires the estimation of several non-measurable 

parameters, which is time-consuming and often does not assure the same level of precision as the 

empirical models. 

4.4 Conclusions 

The simultaneous anaerobic digestion of two or more substrates presents the challenge of selecting 

the correct proportions of substrates in the mixture. Mixture design describes a solid approach to 
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finding the optimal proportions and understanding the interaction between the substrates in a mix-

ture. The statistical models obtained in this experimental design presented physical meaning, also they 

seemed to describe accurately the constructive and destructive interactions between the substrates 

observed in the experimental data. The same models predicted the existence of an optimal zone where 

several triple mixtures presented many advantages for future continuous operation, and this existence 

was properly validated. 

Thus, mixture design is advisable as the first step of a substrate-specific methodology for optimizing 

and understanding the co-digestion of a specific group of substrates. 
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5. CONTINUOUS CO-DIGESTION OF AGRO-INDUSTRIAL MIXTURES IN LABORATORY SCALE EX-

PANDED GRANULAR SLUDGE BED REACTORS 

The results of this study will be used in the construction and operation of a state-of-the-art biogas 

pilot plant in the Bioenergy Park of Saerbeck in Germany. This study was relevant to the product 

development activities of PlanET GmbH. 

Abstract: Anaerobic co-digestion often improves the yields and stability of single anaerobic digestion. 

However, finding the right substrate proportions within mixtures and corresponding optimal operating 

conditions using a particular reactor technology often presents a challenge. This research investigated 

the anaerobic digestion of three mixtures from the liquid fractions of piglet manure (PM), cow manure 

(CWM), starch wastewater (SWW), and sugar beets (SBT) using three 30 L expanded granular sludge 

bed (EGSB) reactors. The synergistic effects of 2 three-substrate mixtures (i.e., PM+CWM+SWW and 

PM+CWM+SBT) using the PM+CWM mixture as a benchmark were studied. These were used to detect 

the predicted synergistic interactions found in previous batch tests. The methane productivity of both 

three-substrate mixtures (~1.20 LCH4/Lreact/d) was 2x the productivity of the benchmark mixture (0.64 

LCH4/Lreact/d). Furthermore, strong indications of the predicted synergistic effects were found in the 

three-substrate mixtures, which were also stable due to their appropriate carbon-to-nitrogen ratio 

values. Moreover, the lowest averaged solid-to-hydraulic retention times ratio calculated for samples 

obtained from the top of the reactors was > 1. This confirmed the superior biomass retention capacity 

of the studied EGSB reactors over typical reactors that have been used in agricultural biogas plants 

with a continuously stirred tank reactor. 

Keywords: Anaerobic co-digestion; Synergistic effects; Expanded granular sludge bed reactor; Agro-

industrial substrates 

5.1 Introduction 

Anaerobic digestion (AD) is an efficient and suitable method for the sustainable management of bio-

wastes as well as the production of biofuel (Treichel & Fongaro, 2019). It is a biological degradation 

process where biomass is converted into a mixture of gases called biogas, which consists mainly of 

methane and carbon dioxide, by the action of a microorganism consortium in the absence of oxygen. 

It is typically divided into four main stages hydrolysis, acidogenesis, acetogenesis, and methanogenesis 

(Rajendran, 2015b). 

However, AD is a very complex and sensitive process, which involves diverse microorganism groups 

that require different environmental and operational conditions (Treichel & Fongaro, 2019, pp. 2–3). 

For example, biomass substrate digestibility and biogas production are significantly affected by 



 

83 
 

substrate composition and chemistry such as carbon-to-nitrogen ratio (C/N), mineral and volatile fatty 

acid composition, and pH (L. Yu & Wensel, 2013). These are also affected by the operational conditions 

including hydraulic retention time (HRT), substrate loading rate, reactor temperature, and so on. 

High-efficiency energy production by AD has been commonly achieved through the use of a high or-

ganic substrate loading rate. However, the high loading rate affects the stability and efficiency of me-

thane production due to the imbalance between acidification and methanation, which typically results 

in a significant accumulation of volatile fatty acids and a sharp decrease in pH leading to system failure 

(Rabii et al., 2019a). 

The most popular approaches to improve AD for biogas production include anaerobic co-digestion 

(AcoD), coupling with dark fermentation, microbial community bioaugmentation, reactor engineering, 

substrate pretreatments, and use of enzymes as biocatalysts (Treichel & Fongaro, 2019). 

AcoD in particular involves the simultaneous digestion of two or more substrates. It has been shown 

to be a highly viable option to improve biogas production by alleviating the disadvantages of mono-

digestion (Rabii et al., 2019a). It also increases the economic feasibility of the process in existing AD 

plants by increasing the methane yields (Rabii et al., 2019b). The advantages of AcoD include the ample 

supply of macro and micronutrients, balanced C/N, dilution of reaction inhibitors, superior buffering 

capacity, and enhancement of biogas production (Salehiyoun et al., 2020). Although AcoD has its ben-

efits, it also has some downsides that can arise from poor choices regarding co-substrates, their com-

position, and operating conditions. Consequently, a poorly researched co-digestion process may end 

up in process instability bringing along a significant reduction in methane production. Therefore, it is 

first necessary for a profound comprehension of co-digestion mixture(s) employed at lab and pilot 

plant to support full-scale design and operation decisions (Xie et al., 2016; L. Yu & Wensel, 2013). 

Germany with 9,632 operating and 9,692 forecasted biogas plants in 2020 and 2021, respectively is 

the largest producer of biogas in Europe (German Biogas Association, 2021). Its main feedstock for 

biogas production was initially energy crops. However, due to the current policy framework, Germany 

has shifted toward the use of alternative substrates such as crop residues, livestock waste, and catch 

crops (Iglesias et al., 2021; Kougias & Angelidaki, 2018). Hence, agro-industrial wastes have gained 

importance due to their potential as raw materials for obtaining energy (Cremonez et al., 2021). Their 

use could eventually reduce environmental liabilities and add value to already-developed production 

chains. In 2018, 95% of Germany’s mass-specific substrates came from animal excrements (48%) and 

renewable resources (47%) such as maize or grass silage (Weinrich & Nelles, 2021a, p. 13). AD has been 

carried out either as a single or co-digestion system. Production plants have been equipped with a gas-

tight storage tank and a minimum of two digesters that are connected in series (Ruile et al., 2015). 
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However, optimization of HRTs is still required to reach high degradation values (Ruile et al., 2015; 

Weinrich & Nelles, 2021a). 

A large share of the studies on anaerobic co-digestion are concerned with the enhancement of biogas 

production while increasing methane content and shortening the retention time. Nevertheless, the 

typical anaerobic digestion systems are not sufficiently efficient for today's demand (Neshat et al., 

2017). The alternative may be a combination of modern reactors with enhanced biomass retention 

capacity and optimized digestion conditions (pH, Temperature, HRT, among others) to obtain higher 

methane yields and productivities (Kougias & Angelidaki, 2018; J. Mata-Alvarez et al., 2014; Neshat et 

al., 2017). 

In the selection of a suitable bioreactor, the biomass retention capacity is an important consideration, 

because anaerobes grow slowly during the metabolic generation of butanol, ethanol, hydrogen, and 

methane (Khanal, 2008, pp. 14–15). This is particularly important in a bioreactor configuration that 

decouples HRT from solids retention times (SRT). These reactors which are usually named high-rate 

reactors were initially developed in the late 1970s, with the introduction of the up-flow anaerobic 

sludge blanket (UASB) reactor (Abdelgadir et al., 2014). 

The decoupling of HRT and SRT enables the maintenance of a significantly higher SRT/HRT ratio than 

in a continuous stirred tank reactor (CSTR) and prevents the washout of slow-growing anaerobes. 

Therefore, high-rate anaerobic systems are maintained at a sufficiently high biomass level inside the 

bioreactor (Environmental Energy Company: Olympia, 2001). In addition, environmental conditions 

are well preserved under optimal bioreactor performance parameters. The organic loading rates in 

these systems typically vary from 5 to 30 kgCOD/(m3·d) although higher rates have been reported 

(Fuentes et al., 2011; Khanal, 2008). 

The two main types of high-rate systems include suspended and attached growth. The expanded gran-

ular sludge bed (EGSB) reactor is a suspended high-rate system, which has been used in industrial 

wastewater treatment. The implementation of EGSB reactors for biogas production has grown very 

fast in the last two decades (A. Cruz-Salomón et al., 2019). Interestingly, EGSB reactors appeared as an 

improvement of UASB reactors, which allow high height-diameter relations for achieving high superfi-

cial velocities of >4 m/h EGSB per 1.5 m/h UASB (Gleyce et al., 2014; Seghezzo et al., 1998). The EGSB 

reactor technology was developed to optimize internal mixing and solve problems, which are typically 

found in the practical operation of UASB reactors such as the occurrence of dead zones, preferential 

flows, and short circuits, among others. Consequently, EGSB reactors provide better substrate–bio-

mass contacts within the treatment system by expanding and intensifying the sludge bed and hydraulic 

mixing, respectively (Gleyce et al., 2014; Treichel & Fongaro, 2019, pp. 77–78). 
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This study aimed to assess the performance of the AcoD of three manure-based agro-industrial mix-

tures in three different EGSB reactors in continuous operation mode. The AcoD of manure-based mix-

tures has acquired more relevance due to changes in the German Renewable Energy Sources Act (EEG), 

provoking that only small liquid manure plants and waste digestion plants continue to benefit from the 

original remuneration system outlined in 2012 (Weinrich & Nelles, 2021a, p. 14). Furthermore, the 

German government encourages the use of natural fertilizers to reduce greenhouse gas emissions by 

recycling nitrogen (Guidehouse et al., 2021). The substrates were collected in the federal state of Nord-

rhein-Westfalen, Germany. In particular, the optimal compositions of two of the considered agro-in-

dustrial mixtures were determined using an approach initially designed by our group. The optimal com-

position of the third mixture was determined using another approach by Hernández Regalado et al. 

(2021), which was an extension of our previous study. The observed performance characteristics of 

the laboratory-scale reactors will be the basis for operation optimization and scale-up to pilot plant 

scale. 

5.2 Materials and Methods 

5.2.1 Mixtures and inoculum characterization 

Mixture 1 was a combination of piglet manure (PM) and cow manure (CWM). It served as the bench-

mark to measure the change in the performance by the addition of a third substrate, which was found 

in mixtures 2 and 3. The information on the mixtures and their inoculums is summarized in Table 5-1. 

Table 5- 1: Characterization of the mixtures and their inoculums. 

Reactor Substrates 
Dry matter 

(wt.%) 
Organic dry matter 

(wt.%) 
Carbon-to-nitrogen ratio (%) 

1 
Pellets 1 7.79 ∓ 0.16 87.59 ∓ 0.06  

PM+CWM 2.92∓ 1.40 60.08∓9.32 13.70 

2 
Pellets 2 8.84 ∓ 1.75 89.47 ∓ 1.45  

PM+CWM+SWW 1.76 ∓ 0.94 58.33∓9.07 16.32 

3 
Pellets 3 7.93 ∓ 0.29 87.56 ∓ 0.10  

PM+CWM+SBT 3.14 ∓ 0.99 64.55 ∓ 8.52 18.87 
piglet manure (PM); cow manure (CWM); sugar beets (SBT); starch wastewater (SWW) 

5.2.2 Bioreactor setup and operation 

Three EGSB reactors with a height-diameter ratio of 3 units were employed in a continuous operation 

mode. The reactors were inoculated with 20 L of mesophilic inoculum with a spherical shape and dark 

green color. The EGSB reactors were operated at 6 different HRTs for 15, 10, 7, 5, 3, and 1 day(s). The 

HRTs were automatically altered by changing the feeding time of the pump to a constant flow. The 

HRT was calculated by equation (5-1) (A. Cruz-Salomón et al., 2019; Abumalé Cruz-Salomón et al., 

2018). 
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𝐻𝑅𝑇 =
𝑉𝑅

𝑄
 (5-1) 

Where, the HRT, the volume of the reactor (VR), and influent volumetric flow are in day(s), m3, and 

m3/day units, respectively. 

The recirculation pump was continuously working at an upflow velocity of 5 m/h. Each reactor was 

connected to a 100 L tank that was kept under a nitrogen atmosphere and temperature of 4 °C to 

prevent premature aerobic degradation. The concept for a single reactor is shown in Figure 5-1. 

All three reactors were operated under mesophilic conditions with temperatures between 37 and 40°C 

and pH values close to 8 by regulating the feed of the reactor which is mainly possible due to the buffer 

capacity of the manures (Joan Mata-Alvarez et al., 2011; Weide, Hernández Regalado, et al., 2020). 

The procedure for the setting and monitoring of the continuous operation was as described in the 

reference (Verein Deutscher Ingenieure, 2016). The measured and set variables are summarized in 

Table 5-2. Other relevant values were calculated from registered variables such as organic loading rate 

(OLR) (kgCOD/m3/d), methane production rate (MPR) (LCH4/Lreactor/d)), methane yield (MY) (LCH4/kgVS), 

removal efficiencies of chemical oxygen demand (ŋCOD) (%), and biological oxygen demand on the fifth 

day (ŋBOD5) (%). 

 

The parts are (1) feed tank, (2), three-way sampling valve, (3) eccentric screw pumps,  (4) mixer for influent and 
recirculation, (5) bioreactor, (6) recirculation, (7) bell separator, (8) biogas outlet, (9) foam trap, (10) gas flow-
meter, (11) three-phase separator or settling zone, (12) transition zone, and (13) digestion zone, (14) effluent, 
(15) siphon, (16) digestate storage. 

Figure 5- 1: Schematic diagram of the reactor. 
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Table 5- 2: Registered variables in the monitoring of reactor operations. 

Variable Input Inside the reactor Output 
temperature (°C)  x  

dry matter (%) x x x 

organic dry matter (%) x x x 

C/N (%) x   

chemical oxygen demand (mgO2/L) x  x 

biochemical oxygen demand on the 5th day (mgO2/L) x  x 

loading rate per unit volume (kgCOD/m3·d) x   

hydraulic residence time (d) x   

pH value (-) x   

gas composition in volume fractions (%, ppm)   x 
the ratio of volatile organic acids to total inorganic carbon (-)  x  

 

5.2.3 Data cleaning and analysis 

Data cleaning was aimed to obtain a data set, which will not contain obvious failures, start-up periods, 

or clear mistakes in an operation. The data cleaning was performed using the three main criteria as 

described below. 

1. The HRT is ≤ 30 d. 

2. The MY < biomethane potential of the mixture at HRT∞ (BMP∞). BMP∞ was taken from 

Hernández Regalado et al. (2021). 

3. The chemical oxygen demand removal is ≥ 0. 

5.2.3.1 Overview of each reactor’s operation 

A comparison of the different operation points of a reactor was made using the variables of MY, MPR, 

ŋCOD, and biological oxygen demand removal (ŋBOD5). An analysis of the practical operation of each re-

actor was completed using these pieces of information and the complementary information on the 

mixtures involved. Box and scatter plots were employed to visualize a reactor's operation. 

5.2.3.2 Principal component analysis 

PCA has been an adaptive exploratory method, which can be used on numerical data of various types. 

From a mathematical point of view, principal components are linear combinations of original variables 

so that they are orthogonal to each other (Jolliffe & Cadima, 2016; L.E. López de la Maza et al., 2019). 

This method increases the interpretability of the data and at the same time minimizes information 

loss. For each reactor, a new data set was created using the average values of all the operation points 

for the above for all four response variables. The new datasets were used in a principal component 

analysis (PCA) to compare the reactors by operation points as a part of a multivariate analysis. Up to 

five components were acceptable and three components were desirable. The goal of the PCA was to 
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rotate the data into an axis system where the greatest amount of variance was captured in a small 

number of dimensions (Aggarwal, 2015). 

The PCA involved the calculation of eigenvectors and eigenvalues of a sample covariance or correlation 

matrix. Furthermore, the calculation of the principal components was carried out using a singular value 

decomposition (SVD) (Møller et al., 2005). As a plus, the PCA was employed for outlier detection due 

to its robustness (Dempster, 1971; Møller et al., 2005) 

5.2.4 Solids retention time to hydraulic retention time ratio (SRT/HRT) 

A high-rate reactor such as an ESGB reactor can decouple HRT and SRT, thereby increasing the resi-

dence time of a biomass element within the reactor (Chernicharo, 2007, pp. 65–66; Eberl et al., 2006, 

p. 148; Khanal, 2008, pp. 93–95). One of the main selection criteria for a reactor is a high SRT/HRT 

ratio, which prevents the washout of slow-growing methanogens (Khanal, 2008, pp. 92–97). 

The sludge age (SRT) in d is given by equation (5-2). 

𝑆𝑅𝑇 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑠𝑙𝑢𝑑𝑔𝑒 𝑖𝑛 𝑟𝑒𝑎𝑐𝑡𝑜𝑟

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑠𝑙𝑢𝑑𝑔𝑒 𝑤𝑎𝑠𝑡𝑒𝑑 𝑝𝑒𝑟 𝑑𝑎𝑦
 (𝑑)  (5-2) 

If a steady-state was assumed, equation 2 can be written as equation (5-3). 

𝑆𝑅𝑇 =
𝑥𝑖∙𝑉𝑅

𝑄𝑒𝑓𝑓 ∙𝑋𝑒𝑓𝑓
 (𝑑)  (5-3) 

Where, 𝑥𝑖, 𝑉𝑅, 𝑄𝑒𝑓𝑓, and 𝑋𝑒𝑓𝑓 are the viable biomass concentration inside the reactor (kgVS/kgFM), the 

volume of the bioreactor (m3), the effluent flows out (L/d) of the reactor, and viable biomass concen-

tration in the effluent (kgVS/kgFM), respectively. Since the input and output flows were equal (steady-

state condition), equation (5-3) was transformed to (5-4). 

𝑆𝑅𝑇

𝐻𝑅𝑇
=

𝑥𝑖

𝑋𝑒𝑓𝑓
 (𝑑)  (5-4) 

The ratio SRT/HRT values were calculated in all three reactors using biomass, which was sampled from 

the top of each reactor where biomass concentration was lowest. The ideal SRT/HRT ratio should be > 

3 (A. Cruz-Salomón et al., 2019; Environmental Energy Company: Olympia, 2001; Khanal, 2008) 

5.2.5 Characterization of synergistic effects 

The synergistic effects of the three-substrate mixtures (PM+CWM+SWW and PM+CWM+SBT) were 

compared using the two-substrate mixture (PM + CWM) as a benchmark. Since it was not possible to 

operate a single digestion of each substrate, the hypothesis employed used equation (5) to validate 

the synergistic effects. 

(
𝑀𝑌𝑀𝐴𝑋_𝑇𝑀

𝑀𝑌𝑀𝐴𝑋_𝐷𝑀
)

𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠

≅ (
𝑀𝑌𝑀𝐴𝑋_𝑇𝑀

𝑀𝑌𝑀𝐴𝑋_𝐷𝑀
)

𝑏𝑎𝑡𝑐ℎ

 (5-5) 
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Where, 𝑀𝑌𝑀𝐴𝑋_𝑇𝑀 and 𝑀𝑌𝑀𝐴𝑋_𝐷𝑀 are the maximum MY of the three- and two-substrate mix-
tures, respectively. 

Since calculated ratios were based on the yield of the two-substrate benchmark mixture, the ratio for 

the PM + CWM mixture was equal to 1. As for the batch data results from Hernández Regalado et al. 

(2021) and some complementary unpublished data, the MYMAX value corresponding to the maximum 

value of each operating point was used. In addition, a comparison between the MYMAX in the continu-

ous and batch operation processes was made for each mixture. 

5.2.6 Characterization of hydraulic behaviors 

Anaerobic reactor hydrodynamics was studied because they significantly influence the rates of biolog-

ical reactions. They particularly affect the rates of mass transfer and distribution of reactions along a 

reactor, which determine a reactor’s overall performance (Brito & Melo, 1997; Gleyce et al., 2014). 

The amount of mixing in a reactor also determines the performance of a reactor; therefore, to describe 

the real behavior of a reactor, the influence of mixing on the mass balance equation must be specified 

correctly (Gujer, 2008, pp. 129–130). In this study, hydrodynamics were characterized by the non-di-

mensional numbers given by Peclet and Reynolds. 

The mixing intensity of the fluid within a reactor is well described by the axial Peclet number (Peaxial) 

(see equation (5-6)). 

𝑃𝑒𝑎𝑥𝑖𝑎𝑙 =
𝑉𝑢𝑝 ∙ 𝐻

𝐷𝐴
 (5-6) 

Where Vup, H, and DA are the upflow velocity (m/h), bioreactor height (m), and axial dispersion coeffi-

cient (m2/h), respectively. When DA → ∞, the value of Peaxial becomes 0 since Peaxial is an inverse func-

tion of DA. Consequently, the system will operate as a plug-flow reactor since there is no mixing in the 

axial direction. On the other hand, when DA → 0, the system will behave as a complete mixture reactor 

(A. Cruz-Salomón et al., 2019). Various transfer functions have been proposed to estimate the disper-

sion from either the Reynolds number or a flow velocity (Inglezakis & Poulopoulos, 2006; Levenspiel, 

1999; Rapp, 2017; Rodríguez-Reinoso, 2002; Šolcová & Schneider, 2002). Here, we used an approach 

described by equations (5-7) and (5-8), which assessed DA as a function of flow distance. 

𝐷𝐴 = 1.03 ∙ 𝑉𝑢𝑝
1.11 ∙ 0.009𝑛𝑗  (5-7) 

𝑛𝑗 =
𝑧

𝐻
 (5-8) 

Where, nj, z, and H are the values of the normalized height, axial position (m), and height (m), respec-

tively of the bioreactor. 
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The amount of turbulence is characterized by the Reynolds number (Re) and is given by equation (9) 

(A. Cruz-Salomón et al., 2019; Raju, 2010, pp. 21–26). Where, Vup, d, µw, ρw, and Vup are the upflow 

velocity (m/h), bioreactor diameter (m), dynamic viscosity (Pa∙s), density (kg/m3), and kinematic vis-

cosity (m2/s), respectively Reynolds describes a relationship between inertial to viscous forces (Rapp, 

2017). It should be noted that despite the prevalence of Equation 5-9, there exist alternative forms of 

the Reynolds number that are specifically applicable to noncircular conduits, packed beds, and mixing 

impellers.  

𝑅𝑒 =
𝑉𝑢𝑝 ∙ 𝑑

𝜗𝑤
=

𝜌𝑤 ∙ 𝑉𝑢𝑝 ∙ 𝑑

𝜇𝑤
 (5-9) 

Meanwhile, turbulence is the rotational and three-dimensional chaotic movement in all directions of 

flowing elements, where the resulting net flow is unidirectional. The rapid mixing associated with tur-

bulence enhances the momentum, heat, and mass transfer processes. The intervals of Reynolds in-

clude Re < 2300, 2300 < Re < 4000, and Re > 4000, which correspond to laminar, transient, and turbu-

lent regimens, respectively. However, a typical turbulent regimen truly manifests itself from values of 

Re > 10000. 

5.2.7 Modeling of reactors 

5.2.7.1 Stover–Kincannon model 

The MPRs of the reactors were modeled using a variation of the Stover–Kincannon model for an an-

aerobic filter reactor (equation (5-10)), which was proposed and implemented by Jafarzadeh et al.; 

Verma et al.; H. Yu et al. (2021; 2014; 1998). 

𝑀𝑃𝑅 =
𝑀𝑃𝑅𝑚𝑎𝑥 ∙ 𝑂𝐿𝑅

𝑀𝐵 + 𝑂𝐿𝑅
 (5-10) 

Where, MPR, MPRmax, and MB are the methane production rate (LCH4/Lreact/d), maximum MPR (LCH4/Lre-

act/d), and constant (kgCOD/m3·d), respectively. OLR is the organic loading rate (kgCOD/m3·d). A non-linear 

regression procedure was employed using the calculated cleaned average data of all reactors. To iden-

tify similarities and differences in the kinetic behavior of all possible combinations, the averaged data 

of reactors 1, 2, and 3 were arranged to have a total of 7 datasets. The goodness of fit was measured 

by a root-mean-square error (RMSE). For the most meaningful dataset(s), a simple regression analysis 

was performed for MY and ŋCOD removal using OLR as the independent variable. The goodness of the 

fit was compared by the R2 value, simplicity, and Durbin-Watson coefficients to determine the most 

significant dependency. R2 values of < 0.7 were automatically dismissed and those >0.8 were identified 

as desirable. 
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5.2.8 Reactor’s optimization 

Once the significant models were identified, their dependencies with OLR were plotted to perform a 

graphical optimization. In a graph, the ordinates represented the values of the individual variable di-

vided by their maximum measured value (Vi/VMax), which was expressed in %. Thus, the ordinates rep-

resented values between 0 and 100 % for each plotted variable. 

5.3 Results 

5.3.1 Reactors operation’ overview 

The data cleaning was performed according to the set criteria in section 2.3. The two-substrate mixture 

of PM+CWM (pellets 1) had a BMP∞ of 342.83 LCH4/kgVS. Meanwhile, the BMP∞ values for the three-

substrate mixtures of pellets 2 and 3 were 534.21 and 530.28 LCH4/kgVS, respectively (Hernández Rega-

lado et al., 2021; Regalado et al., 2021). After the data cleaning, the resulting data sets have sizes of 

162, 181, and 203 instances for reactors 1, 2, and 3 respectively. To accurately characterize the perfor-

mance of a reactor, four employed output variables including MPR (LCH4/Lreactor/d), MY (LCH4/kgVS), ŋCOD, 

and ŋBOD5 (%) were used (Verein Deutscher Ingenieure, 2016; Friehe et al., 2012). The overview of re-

actor 1 is shown in Figure 5-2. The MPR suffered a sudden drop at the operating point of 5 d. This 

interrupted the upward trend that was observed from HRT of 15 to 7 d. From 3 to 1 d, a sustained 

increase in the MPR was observed, with a value that was almost 2x the second-highest average value 

observed at 7 d. This suggested that a punctual failure occurred at 5 d, which was not due to reaching 

an operational HRT limit. MY had the highest mean value of 272 LCH4/kgVS at 15 d. After 15 d, the values 

significantly decreased and a similar sudden drop in MPR was observed at HRT of 5 d. However, MY 

did not experience significant recovery after the inhibition, unlike MPR. Thus, considering simultane-

ously both variables of MPR and MY, the operation can be divided into two main stages which are 

before and after inhibition. There is a noteworthy difference between these two stages. The former 

reached considerably higher yields than the latter; however, similar values of MPR were found in both 

stages. 

The removal efficiencies in these two stages were not as evident. BOD5 removal efficiency values no-

ticeably dropped to 10 and 1 d. The low BOD5 removal values may explain the drop in MY at 10 and 1 

d in the previous operation point. This was most likely due to low reaction completions (Sperling, 

2007). A minimum average value for the chemical oxygen demand (COD) removal efficiency was ob-

served at 5 d. However, the trend followed by the average ŋCOD values had a smaller variation com-

pared to both MPR and MY. Furthermore, both BOD5 and removal efficiencies behaved differently 

since the calculated BOD5/COD ratios were fluctuating. 
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Figure 5- 2: Summary of the main response variables for reactor 1. 

To identify the potential causes of inhibition, the control variables of OLR and volatile organic acids to 

total inorganic carbon ratio (VOA/TIC) were employed. The results are summarized in Figure 5-3. The 

high OLR values observed were not an indicative cause of inhibition. In particular, the OLR value was 

not very high at 5 d. Moreover, the system did not run at very high OLR values despite a constant 

decrease in the HRT values. Therefore, the COD values in the inflow suffered sizable fluctuations as 

shown in Figure 5-4. 

The fluctuation of the OLR was not strongly correlated with the VOA/TIC, suggesting that a failure was 

not caused by a system overload caused by overfeeding. Instead, they seemed to be more connected 

to the quality of the feed (Figure 5-4). However, the VOA/TIC results showed that an acid accumulation 

occurred at 10 d. The VOA values decreased sharply and approached zero at the operating point of 5 

d. Hence, two possibilities were weighted, such as the failure of the system due to VOA accumulation 

and the system's delayed response without failure, both due to VOA accumulation at 10 d. The VOA 

concentration was not high enough to trigger inhibition or system failure and there were no signs of 

strong inhibition before 5 d. Additionally, the latter close to zero VOA/TIC values indicated that if the 

system failed, it was not because of VOA accumulation.  

Regarding the latter possibility, the system had a delayed response to VOA accumulation at 10 d, which 

seemed unlikely, given how large the delay had to be. In addition, the MPR values increased from 10 

to 7 d, while the MY values were practically the same. Therefore, both possibilities were rejected and 

acetogenesis as the limiting-rate step or very low quality of the feed were instead considered. 
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CODin and VOAs_in values were determined on the feed to investigate whether the quality of the feed 

was responsible for the inhibition. The results are summarized in Figure 5-4. All targeted acids were 

found except for valeric and caproic acids. A rapid decline in the total acetic acid concentration and 

equivalent occurred after 10 d. Likewise, the concentration of the acids was almost zero at 5 d. This 

behavior was consistent with the inhibition observed at the operating point of 5 d. Thus, the occur-

rence of failure due to the lack of VOA in the feed (low quality of the feed) was accepted, which ac-

cordingly, caused meager VOA/TIC values. However, the phenomena seemed somewhat unrelated to 

process inhibitions in previous operational points and rather a punctual problem at 5 d.  
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Figure 5- 3: Volatile organic acids to total inorganic carbon ratio (VOA/TIC), organic loading rate 
(OLR), and hydraulic retention time (HRT) in reactor 1. 
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The observed CODin fluctuations explained the behavior of the OLR with the gradual reduction of HRTs. 

It was expected that the intensive variables such as CODin, VOA concentrations, and BOD5/COD ratio 

will show stable behavior. However, these variables fluctuated due to the lack of proper mixing in the 

feeding tank. Continuous mixing was not ensured during operations even though the mixtures were 

vigorously mixed in the tank during preparation. This induced the settling of particulates and instability 

of the feed, which caused the first excess of VOAs observed at 10 d. The concentration of VOAs was 

approximately zero at 5 d, which suggested the existence of a substrate limitation on the system. This 

limitation substantially influenced the operation since the tank had to be refilled several times, which 

caused variations in the preparation. Therefore, heterogeneities in the composition of substrate mix-

tures during a year of operation are expected due to seasonal behavior (Weinrich, 2018).  

 

Figure 5- 4: Volatile fatty acids and chemical oxygen demand (COD) in the feed of reactor 1. 

Similar trends to reactor 1 were observed for reactors 2 and 3. For reactor 2 in particular, the inhibition 

was the least abrupt due to a lower dry matter (DM) content (i.e., almost 80% of SWW on a fresh 

matter basis), which reduced the effect of the seasonal behavior observed in the manures (Table 5-1). 

A summary of the averaged behavior by an operation point for each reactor is found in Table 5-3, which 

uses a three-color scale by column. The colors were ordered red, yellow, and green to show the 
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increase from lower to higher values. The intensity of each color determined its proximity to the low-

est, middle, or highest value. 

Table 5- 3: The averaged values by operation point for each reactor. 

Oper-
ating 
points 

Mean values COD 
removal efficiency 

(%) 

Mean values of me-
thane yield (LCH4/kgVS) 

Mean values of 
methane produc-
tion rate (LCH4/Lre-

act/d) 

Mean values BOD5 
removal efficiency 

(%) 

R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 

Oper-
ating 

Point 1 
(15d) 

52.7 49 59.5 265.7 295.6 217.6 0.23 0.15 0.29 88.13 84.98 76.84 

Oper-
ating 

Point 2 
(10d) 

53.6 58.6 76.2 180.2 261.6 382.5 0.41 0.21 0.83 68.77 83.64 85.34 

Oper-
ating 

Point 3 
(7d) 

45.3 82.5 63.7 189.2 395.8 317 0.64 0.46 0.96 90.16 95.22 97.69 

Oper-
ating 

Point 4 
(5d) 

34.2 73.9 53.8 61.1 158 158.8 0.19 0.42 0.6 73.03 90.93 81.23 

Oper-
ating 

Point 5 
(3d) 

53.2 77.3 55.7 78.1 200.3 193.9 0.34 0.91 0.79 78.21 91.09 77.47 

Oper-
ating 

Point 6 
(1d) 

42.6 64.1 43.7 41.4 77.6 89.4 0.64 1.2 1.21 84.56 92.77 84.56 

 The colors are ordered red, yellow, and green from lower to higher values. R is the reactor. 

The maximum value of ŋCOD removal efficiency observed in reactor 1 was much smaller than in reactors 

2 and 3. The same trend was observed with MY. The COD removal efficiency has been interpreted as 

a degree of reaction completion (A. Cruz-Salomón et al., 2019; Levenspiel, 1999; Sperling, 2007). Thus, 

a strong relationship between COD removal and reaction completion is expected. Meanwhile, a similar 

relationship should be found between MY and ŋBOD5; however, due to fluctuations in the BOD5/COD, 

no clear visual correlation can be established. Furthermore, the drop in the MYs of all three reactors 

at HRT 5 d, was linked with the lack of organic dry matter (ODM) or VOA in the feed as previously 

shown in Figure 5-4. 

The MYs in reactors 2 and 3 were also significantly higher than those in reactor 1. The maximum MY 

of reactors 2 and 3 were similar at 7 and 10 d, respectively. The improvement observed from the ad-

dition of a third substrate to the PM+CWM mixture was probably related to a higher C/N ratio. The 

C/N ratio balance in feedstocks was significant for the stable operation of an AD. Substrates with high 
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C/N ratios have poor buffering capacity; therefore, nitrogen will be consumed rapidly by methanogens 

to meet their protein requirements. This results in low methane production and produces excess VOA 

during fermentation. In typical feedstocks with a low C/N ratio, nitrogen has been found to accumulate 

in the form of ammonia, which inhibited the methanogens and prevented methane production (Li et 

al., 2019; Rabii et al., 2019b). 

The lowest recommended limit for C/N is 20 (Weinrich & Nelles, 2021a, p. 30); thus, a value of 15 may 

be sufficient for our purpose (Neshat et al., 2017). The values of C/N in Table 5-1 are between 15 and 

20 for the three-substrate mixtures. Meanwhile, the value was < 15 for the two-substrate mixture. This 

supported our finding that three-substrate mixtures were more stable and produced more methane. 

Nonetheless, Lissens et al. (2001) have affirmed that substrates with a C/N ratio < 10 can support a 

stable process; however, they require a multistage system to avoid reactor overloading. 

The maximum values observed for COD and BOD5 removal efficiencies, as well as MY for reactors 2 

and 3, were at HRTs of either 10 or 7 d. The same operation interval was observed by A. Cruz-Salomón 

et al. (2019) and regarded as the optimal operation interval for EGSB reactors. 

All three reactors reached their maximum MPR at 1 d. The observed stable operation of EGSB reactors 

at HRTs 3 and 1 d presented some novelty in our operation with the agricultural substrates. Castrillón 

Cano et al. (2019) were able to operate reactors at HRTs of as low as 8 hours; however, they only used 

a 3.4 L effective volume to perform their residence time distribution (RTD) experiments with water in 

the presence and absence of biomass. In another study, Dereli (2019) effectively operated a full-scale 

EGSB of 1200 m3 at an average HRT of 7 d for the treatment and digestion of confectionery industry 

wastewater. Meanwhile, Abumalé Cruz-Salomón et al. (2018) performed continuous tests with a 3.3 L 

EGSB reactor with HRT of between 3 and 9 d for the treatment of coffee processing wastewater. In 

addition, C. Rico et al. (2015) operated a UASB reactor with an external settler and effluent recycling 

for alkalinity supplementation for the co-digestion of cheese whey and liquid fraction of dairy manure. 

Under a constant HRT of 2.2 d, their system demonstrated a stable operation with up to 75% cheese 

whey fraction in the feed. This was with an applied OLR of 19 kgCOD m−3 d−1, obtaining a ŋCOD and MPR 

of 94.7% and 6.4 m3
CH4 m−3 d−1, respectively. They observed critical biomass washout when the cheese 

whey fraction in the feed was 85% with an HRT of 2.2 d. An operation at a constant 60% cheese whey 

fraction in the feed mixture enabled a stable operation under an OLR and HRT of 28.7 kgCOD m−3 d−1and 

1.3 d, respectively. In addition, the ŋCOD and MPR values were 95.1% and 9.5 m3
CH4 m−3 d−1, respectively. 

Therefore, we conclude that there is a novelty in our successfully operated EGSB reactors for the AD 

from the agricultural substrates in mixtures 1 and 3 at small HRTs. Notably, C. Rico et al. (2015) sug-

gested that a manipulation of the mixture proportion at constant HRT can also lead to improvements 

in both stability and MPR. 
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5.3.2 Principal components analysis PCA 

PCA was conducted using the data shown in Table 5-3. The results are shown in Figure 5-5. The score 

of 5 (a) shows the distribution of the data in the reactor number combining the shapes and colors 

shown in the figure legend. The HRT is shown above each point. The axes of the graph were created 

by a linear combination of the variables. This is represented in 5 (c) with MY and COD removal being 

the most influential variables on the x and y-axis. respectively. Meanwhile, 5 (b) shows the combina-

tion of 5 (a) and 5 (c). The red and blue points are the variable and data points, respectively. The x-axis 

was the most significant since it explained most of the variability of the data (e.g., up to 99%). PCA has 

been used for reducing the dimensionality of large datasets (Adam et al., 2015; Jolliffe & Cadima, 2016; 

L.E. López de la Maza et al., 2019). However, since the dataset employed was small, PCA was used for 

descriptive purposes only. 

The MPR was not able to describe well the variability of the data since the most influential variables 

were found between the two external ellipses in Figure 5-5 (c). MY was the most important and effi-

cient according to the PCA results within the low-right quarter of the ellipse in Figure 5-5 (a). The green 

diagonal line in both 5-5 (a) and 5-5 (b) represents the difference between efficient and non-efficient 

operations. Hence, the best points were 7, 10, and 7 d for reactors 1, 2, and 3, respectively. These 

points reached their high values simultaneously in all four variables (Table 5-3). The operation of reac-

tor 1 reached a comparable efficiency to reactors 2 and 3 at HRT 15 d only. Nonetheless, more efficient 

operation at lower HRTs was possible with the three-substrate mixtures. 

 

Figure 5- 5: Principal components analysis overview of the averaged data. (a) Score plot, (b) bi-plot, 
and (b) correlation loading. 
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Most of the operating points for HRTs at < 7 d were considered inefficient, except for reactor 2 with 

HRT at 3 d. Therefore, the HRTs at < 7 d were generally feasible; however, they are not recommended 

due to their low efficiency. 

5.3.3 Solids retention time to hydraulic retention time ratio (SRT/HRT) 

EGSB can potentially reach much lower HRTs than CSTR reactors, which are typically used in agricul-

tural biogas plants. In these reactors, the HRTs are equal to SRTs. However, an ESGB reactor can de-

couple the retention times by increasing the residence time of the biomass within the reactor (Cher-

nicharo, 2007, pp. 65–66; Sperling, 2007, pp. 100–102). The SRT/HRT values were calculated by equa-

tion 5-4 for each reactor using a biomass sample from the top of a reactor, where biomass concentra-

tion was lowest. The steady-state condition was assumed in the calculations and the results are shown 

in Table 5-4. 

The ideal SRT/HRT ratio should be > 3 (Environmental Energy Company: Olympia, 2001); however, this 

was far from being accomplished by sampling at the top of a reactor. In all cases, the averaged SRT/HRT 

was > 1, nevertheless, in three instances (one from each reactor) SRT/HTR ratios smaller than 1 were 

calculated. This demonstrated that even by sampling at the least biomass concentration, an average 

EGSB reactor can retain biomass better than a typical CSTR. Minimal washout was observed in all three 

reactors. Unfortunately, data were not collected between HRTs of 10 and 7 d. 
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Table 5- 4: SRT/HRT results for the 3 reactors (R1, R2, and R3) 

Operating points 
Solid retention time to hydraulic retention time ratio 

R1 R2 R3 

Start-up (15d) 1.10 1.29 1.24 

Operating Point 1 (15d) 1.72 1.41 1.59 

Operating Point 1 (15d) 0.82 0.83 1.16 

Operating Point 4 (5d) 1.22 1.33 1.15 

Reactor recovery (5d) 1.30 1.68 1.18 

Operating Point 4 (5d) 1.20 1.42 0.99 

Operating Point 5 (3d) 1.22 1.28 1.11 

Average value  1.23 1.32 1.20 

 The red and green highlighted numbers were the lowest and highest values in the columns, respectively. 

5.3.4 Characterization of synergistic effects 

To study the possible synergistic effects suggested by the interactions identified as acute effects in 

Hernández Regalado et al. (2021), the ratios between the maximum MYs in the continuous operation 

and batch validation tests were compared using equation 5-5. The results are shown in Table 5-5. 

Table 5- 5: Methane yields and ratios based on piglet and cow manure yield in the batch and continu-
ous tests. 

Mixture 
MYMAX in contin-

uous tests 
(LCH4/kgVS) 

MY ratios in 
continuous tests 

MYpredicted by the 
model in batch 
tests (LCH4/kgVS) 

MY ratios in 
batch tests 

continuous to 
batch MY ratio 

PM+CWM 265.70 1.00 342.83 1.00 0.78 

PM+CWM+SWW 395.80 1.49 513.07 1.50 0.77 

PM+CWM+SBT 382.50 1.44 530.76 1.55 0.72 
MY: methane yield; MYMAX: maximum methane yield; MYpredicted: predicted methane yield 

The MY ratio of the mixture with SWW was almost the same on both scales. The relative difference in 

the ratios obtained for the mixture with SBT was 7.01%. This confirmed the acute effects of adding a 

third substrate to the two-substrate mixture. The third substrate provided the same boost in the con-

tinuous stage and batch tests. 

Also, the methane yield ratio obtained during the transfer from batch tests to the continuous stage 

was between 0.72 and 0.78. It was expected that obtained MY from the continuous stage would be 

smaller than in the ultimate biomethane potential from the batch test, which was described by Wein-

rich (2018). Similar intervals in the continuous stage to batch tests methane yield ratios have been 

identified in the literature. For example, Mahnert et al. (2005) obtained ratios from 0.73 to 0.8 from 
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the use of different grass species. Obiukwu and Nwafor (2016) reached a ratio of 0.81 from the use of 

grape pomace. Meanwhile, Chowdhury and Fulford (1992) used mesophilic digestion of cattle dung in 

both batch and semi-continuous digestion with four reactors and six semi-continuous reactors, respec-

tively. Their results showed higher rates in the semi-continuous operation; however, biogas yields 

were lower compared to the batch test. Their batch tests reached 67% COD efficiencies, which was 

lower than the results in this study. In addition, Holliger et al. (2017) suggested that BMPs can be used 

to estimate biogas production at full scale; however, the BMP value should be multiplied by a factor 

of 0.8–0.9 to avoid overestimation. 

5.3.5 Hydraulic analysis 

The results for both hydraulic parameters of the reactors are shown in Table 5-6. 

Table 5- 6: Hydraulic parameters of the reactors 

Parameter Influent Reactor tube Separation zone 
Re 295.42 295.42 295.42 

Peaxial 1.10 9.33 38.87 

 

The Peaxial results showed values that were very close to 0, even in the separation zone. This indicated 

a flow pattern that was close to a completely mixed system (Londoño et al., 2019). The value of the 

Reynolds was also very similar to the one obtained by Brito and Melo (1997). These authors fitted an 

EGSB reactor to a CSTR with a characteristic coefficient of determination of 0.92. The inclusion of a 

short circuit increased the coefficient of determination to 0.95. Therefore, a CSTR model for simplicity 

was accepted and successfully used in their mass balance equations. Similarly, López and Borzacconi 

(2011) assumed a CSTR behavior based on a high recirculation ratio and expansion of a bed. The com-

bination of these two effects resulted in significant mixing of the liquid and solid phases, as well as 

uniform gas production. However, their mass balance equation for the biomass included a washout 

effect, which was attributed to the high Vup at which the reactor was operated. 

Nevertheless, the relative increase of the Peclet’s value from one zone to another was considered 

significant. Consequently, due to the different behavior of the zones in the reactor, the zones can be 

modeled as different reactors in series as described by Gleyce et al. (2014). Gleyce et al. (2014) divided 

a reactor into two major zones, i.e., the separator and reactor tubes. The reactor could be modeled 

either as two plug-flow reactors in series or five CSTRs with three separators and two tubes with coef-

ficients of determination of 0.94 and 0.95, respectively. 

5.3.6 Modeling of reactors 

The Stover–Kincannon model was used to fit the five different combinations of data from the reactors. 

The average values were employed, and the size of a combination was up to 18 points. The results are 
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summarized in Table 5-7. The fit for R2 was very good and the best among all datasets. The datasets 

for R1 and R3 have the worst fit, which suggested that the largest difference in the kinetic behavior 

among all possible combinations existed in these reactors. The RMSE values for R1 and R2 were also 

rather large, which meant that there were significant differences in the behavior of these reactors. The 

goodness of fit in R1 and R3 were equal; however, R3 can produce a maximum amount of methane 

that was more than double the daily amount of methane from R1. R3 was also able to handle a larger 

OLR, which was related to the intrinsic properties of the substrate mixtures. In addition, the model 

predicts that R2 was far from reaching its maximum production that can be handled by its largest OLR. 

Table 5- 7: Fit analysis using the Stover–Kincannon model. 

Data set RMSE (-) Mmax (LCH4/Lreact/d) MB (gCOD/L/d) 
(R1, R2, R3) 0.214 1.29 6.08 

(R1, R2) 0.188 1.25 8.21 

(R1, R3) 0.245 1.07 4.20 

(R2, R3) 0.118 1.48 5.07 

(R1) 0.132 0.68 3.59 

(R2) 0.031 1.76 9.99 

(R3) 0.132 1.52 5.12 
R: reactor; RMSE: root-mean-square error. 

 

Figure 5- 6: Stover–Kincannon model fitting for the datasets of R1, R2, and R3. 

The datasets for R2 and R3 were of special interest. Since the mixtures in these reactors showed syn-

ergistic effects and they seemed to behave similarly, we examined if the mixtures followed similar 

kinetics. We found that the difference among them was moderate (R2, R3); however, the differences 

between R1 and R2 (R1, R2) or R1 and R3 (R1, R3) were larger. The fits and measured data are shown 

in Figure 5-7. By following both estimated models (red and violet lines), it was noticed that significant 

differences existed at the low OLRs. These were much smaller at higher OLRs. The fluctuations in R3 

between 4.5 and 6.5 gCOD/L were most likely the main cause of the misfit, which was observed in the 

green but not in the red line. The performance of R3 (green line) was closely related to mixture 
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preparation and degree of mixing in the feeding tank since mixture 3 had the highest DM content, 

contrary to the smooth behavior of R2 (light blue line). 

Therefore, we decided to work on both mixtures individually, given that neither model was able to 

converge in most of the working intervals. Since working at low HRTs usually reduce the MY (H. Yu et 

al., 1998), we took into account the other response variables to establish an optimal operation OLR. 

Hence, empirical models of MY and ŋCOD versus OLR were also fitted. 

 

Figure 5- 7: Comparison of the Stover–Kincannon model against measured data for EGSB reactors (R2 
and R3). Blue and green lines corresponded to the model and confidence limits of the model at 95 %, 

respectively. 

No significant fit was found for ŋCOD, as per the pre-established criterion set for R2. The R2 values for R2 

and R3 were 0.649 and 0.635, respectively. Therefore, no strong dependency on OLR existed. The fits 

should be described by more complex models that consider mass transfer relationships. MY was satis-

factorily described by its inverse relationship with OLR for R2. The R2 was 0.881 with a D-W of 3.6 (p-

value = 0.990). While the fit for R3 was smaller, the R2 of 0.782 with a D-W of 2.22 (p-value = 0.4709) 

was still significant. The inverse relationship between MY and OLR has been described by several au-

thors (Jafarzadeh et al., 2021; Verma et al., 2014; H. Yu et al., 1998). Since both p-values above were 

greater than 0.05, there was no indication of serial autocorrelation in the residuals at the 95.0% confi-

dence level. The fitting for both reactors is shown in Figure 5-7. All the points were contained or at 

least very close to the confidence limits of the prediction lines (green lines). Therefore, with all the 

above information combined, the models were considered acceptable. 
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5.3.7 Optimization of a reactor 

The two equation systems developed for R2 and R3 combined the Stover–Kincannon model and the 

reciprocal model for MY. Hence, the optimal OLR to simultaneously optimize MPR and MY for R2 and 

R3 are described by equations [(5-11) and (5-12)] and [(5-13) and (5-14)], respectively. 

𝑀𝑃𝑅 =
1.76 ∙ 𝑂𝐿𝑅

9.99 + 𝑂𝐿𝑅
 (5-11) 

𝑀𝑌 =
1

0.00282 + 0.00037 ∗ OLR
 (5-12) 

MPR =
1.52 ∙ OLR

5.12 + OLR
 (5-13) 

𝑀𝑌 =
1

0.00273 + 0.000353 ∗ OLR
 (5-14) 

 

 

Figure 5- 8: Graphical optimizations of the optimum MPR and MY of R2 and R3 using the OLR. 

The graphical optimizations are shown in Figure 5-8. The ordinates represent the % from the MPRmax 

or the MYmax measured. The call-out represents the point where both functions meet each other. R2 

can handle a higher OLR; however, the yields were less from both functions than R3. Nevertheless, 

both reactors have similar working intervals, which provided reasonable yields from 3 to 5 gCOD/L for 

both response variables. 

Using the averaged value of the COD in the feed, the working intervals were between 4 and 7 d and 

6.5 and 11 d for mixtures 2 and 3, respectively. The upper value for mixture 3 was slightly above the 

suggested interval of 10 d (HRT) for agro-industrial wastewaters by Abumalé Cruz-Salomón et al. 

(2018). Meanwhile, mixture 2 had a working interval that was slightly lower than the selected interval. 

This was attributed to the lower COD content in the mixture. 
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5.4 Discussion 

The AD of PM+CWM, PM+CWM+SWW, and PM+CWM+SBT substrate mixtures in a continuous opera-

tion mode using the three different EGSBs reactors yielded three main conclusions regarding the mix-

tures (see below). 

1. The synergistic effects described by the batch model in (Hernández Regalado et al., 2021) were 

also found in the continuous operation. 

2. The maximum methane yields in the continuous operation of any mixture of these four sub-

strates were predicted using the batch model and multiplying the BMP∞ by a coefficient be-

tween 0.7 and 0.8. 

3. The employment of the Stover–Kincannon model showed that all three mixtures had a differ-

ent kinetical behavior, which can even be noticed among the two triple mixtures. 

The synergistic effects due to the addition of a third substrate were most likely related to the C/N 

values. The high C/N values in the three-substrate mixtures explained the good performance observed; 

however, a higher ratio was no indication of a better performance of mixture 3 versus 2. Hence, the 

performance of the co-digestion of these mixtures should not be oversimplified by the C/N values, 

without having considered other influential factors. Nevertheless, the most recommended C/N values 

in the literature were from 0 to 30 (Neshat et al., 2017; Paulose & Kaparaju, 2021; Rabii et al., 2019b). 

We note that all our mixtures have a C/N value < 20 (Table 5-1), which strongly suggested the increased 

proportion of the carbon-rich-substrates within the mixtures. 

The concept of integrating an EGSB reactor in a typical agricultural biogas plant is also of relevance. 

Compared to a typical agricultural biogas plant where the representative HRT values are between 50 

and 150 d (Ruile et al., 2015; Weinrich & Nelles, 2021b), high-rate reactors provide an alternative sys-

tem for the treatment of liquid substrates or their liquid fractions at much smaller HRTs. Substrate 

mixtures that have influenced HRTs should be applied as suggested by Paulose and Kaparaju (2021). 

They stated that a degradation rate follows an inverse function with HRT depending on substrate com-

plexity. Consequently, higher HRTs needed to be applied and lower degradation rates were expected 

for lignin-rich substrates than for protein- or sugar-rich substrates. Agricultural biogas plants in Ger-

many typically co-digest animal manure with either maize or grass silage (Akunna, 2018, p. 7; Weinrich 

& Nelles, 2021a, pp. 13–14); therefore, higher HRTs are expected for the three-substrate mixtures di-

gested in this paper due to their complexity. However, the differences in the HRTs were always notice-

ably large. Ruile et al. (2015) studied 21 full-scale plants in the region of Baden-Württemberg (southern 

Germany), which performed either single digestion or co-digestion of cattle manure, maize silage, and 

grass silage at different solid contents. They found that high values of degradability were reached at 

HRT of > 100 d. Thus, a more sophisticated concept of treatment that involved multistage processes 
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has been suggested for more efficient energy production (Paulose & Kaparaju, 2021; Rabii et al., 

2019b). Thus, the integration of a high-rate reactor in a typical treatment plant could lead to an incre-

ment in energy production as found by Shen, Yuan, et al. (2013) in their co-digestion of fruit/vegetable 

and food wastes in two stages (UASB+CSTR). This approach allowed them to work at higher OLRs and 

increase MPR values up to 15 % over single-stage digestion (UASB). 

We were able to operate all three reactors for up to 1 d, where the tanks were refilled daily. Conse-

quently, the daily preparation of the mixtures was a logistical and practical challenge. Also, the MYs 

obtained at HRT of 1 d were the lowest among the three reactors. It was probably not ideal to run the 

reactors at such a low HRT; however, this was possible and can be useful especially useful when the 

demand for biogas is peaking or excess amounts of substrates need to be processed. 

The results of the continuous operation were significantly influenced by the lack of proper mixing in 

the storage tanks and the seasonal behavior of the substrates. The latter was more obvious in the 

manure substrates and buffered by the addition of a third substrate Mixture 2 was the least affected 

since it had the lowest ODM content in the feeds. Consequently, this mixture had the highest substrate 

homogeneity inside the reactor due to the mixing by recirculation and increased biomass-substrate 

contact, which facilitated the operation (A. Cruz-Salomón et al., 2019; Gleyce et al., 2014). 

The obtained results support the technical feasibility of the AcoD of liquid manure-based mixtures 

using EGSB reactors. Thus, it opens the possibility of designing new treatment concepts employing 

EGSB reactors for the AD of liquid agro-industrial mixtures while significantly reducing the required 

operating time. 

The calculation of the hydraulic dimensionless numbers strongly suggested CSRT behavior. The as-

sumption of a single reactor with a CSTR behavior simplified the modeling of an EGSB reactor. This was 

strongly considered when applicable. Due to the lack of biomass sampling along the reactor, and with-

out an adequate computer flow dynamics (CFD) model or RTD study, the consideration of one CSTR 

seemed the better option. However, the measurements of biomass concentration together with CFD 

modeling or an RTD study were highly recommended to thoroughly model a reactor (Xie et al., 2016; 

L. Yu & Wensel, 2013). 

Likewise, the operation intervals for an operation in a pilot plant scale were laid down for the two 

three-substrate mixtures, since both mixtures were likely more profitable than the two-substrate mix-

ture considered. This was in the context of EEG. Furthermore, we recommend the development of 

more complex models, which will allow the simultaneous control of several process variables as well 

as describe the potential interactions involved within these variables. 



 

107 
 

5.5 Conclusions 

The AcoD of the liquid fraction of PM+CWM and a third carbon-rich substrate such as SWW or SBT was 

successfully carried out in EGSB reactors, which were operated continuously. This work provided an 

alternative to typical CSTR systems used for manure and liquid manure treatments. The flow pattern 

of the studied reactors behaved similarly to a complete mixture reactor. Notably, the hydraulic behav-

ior of our reactors was similar to those found in the literature. Moreover, the results from the batch 

test were successfully transferred to a continuous scale through the development of empirical and 

statistical modeling and optimization of operating OLR intervals. We will consider more complex mech-

anistic models in the future. Further experiments are going to be carried out on the pilot plant scale in 

the Saerbeck bioenergy park using one automatically controlled 500 L EGSB reactor.  
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6. FINAL DISCUSSION 

The AD of manures, especially the ones with high-water content, is not very economically competent 

with the currently used technologies despite the substantial remunerations provided by the German 

government through EEG. In the following final discussion, the results of the individual contributions 

are discussed in the sum of the impact of performing efficient AD of manures. The results are struc-

tured and interpreted thematically based on three categories: (i) technical-economic, (ii) ecological, 

and (iii) energy security. 

6.1 Manure digestion: Germany, a case study 

Manure digestion has increasingly gained importance as the abundance of manures keeps increasing 

in Germany. Germany became an exporter of meat in 2005 (Thrän et al., 2020), and as the animal 

farming industry grew, a noticeable increase in waste streams, i.e., bones, blood, and manure, was 

observed. AD involving manure is normally performed using energy crops as co-substrate with mass-

specific use of 48% of manures, mostly cattle manure, and 47% of renewable resources mostly grass 

silage. Nevertheless, due to the relatively low fresh mass-specific yields of manures, less than 20% of 

the energy-related output belongs to manures. The German government looks forward to encouraging 

the use of large quantities of manure within the biogas plants by giving incentives to the plants that 

digest at least 80% of manure. However, the number of plants that took advantage of this incentive by 

2019 was less than 15% of the total number (Liebetrau et al., 2021; Majer et al., 2019). Moreover, less 

than 20% of the PM available and 33% of CWM are currently used in Germany in biogas plants because, 

with the use of CSTR as the main technology, liquid manures have one of the lowest profitability among 

the most commonly available substrates. 

As a result, at the beginning of the 2000s, barely any manure was used in AD in Germany, whereas 

catch crops were mostly employed by a large margin. As the manure premium was established by law, 

the recommended amount of manure started to increase, whereas that of the catch crop was limited, 

resulting in the use of co-digestion in almost 50% manure to 50% catch crop mixture in FM basis (Dan-

iel-Gromke et al., 2018; Oehmichen & Thrän, 2017; Thrän et al., 2020). Nevertheless, manures used in 

AD remain the main co-substrate, and the percentage of their use in the AcoD mixture was mostly a 

byproduct of the imposed limitation of the use of energy crops in agricultural biogas plants. 

The aforementioned premium for plants that digest at least 80% manure was used to break the ten-

dency of using manure mostly as a secondary co-substrate (till 50% FM basis in the mixture) and in-

stead use it as the main co-substrate (at least 80% FM basis in the mixture). Nevertheless, the premium 

by itself according to several authors is not sufficient to change the extended use of catch crops in the 
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German biogas industry. The main reasons are the farm size and technology employed (Liebetrau et 

al., 2021; Theuerl et al., 2019; Weinrich & Nelles, 2021a). 

The term cost of lost opportunity refers to the foregone benefits or potential gains that could have 

been realized. Don W. Green and Robert H. Perry (2008, p. 1017) defined it as the cost or value sacri-

ficed when an investment is pursued, often used as a benchmark. Essentially, the cost of lost oppor-

tunity represents the cost of not choosing an alternative path. In the context of anaerobic digestion, if 

manure is digested instead of a more energy-intensive substrate, there is a financial loss. However, 

when the market for these energy-intensive substrates becomes saturated or enters a stagnation 

phase, not digesting manure becomes a missed opportunity as potential earnings remain unrealized. 

This is particularly relevant in Germany, where the maize cap and environmental concerns related to 

energy crop production have pushed the energy production market close to stagnation or, at the very 

least, market maturity. 

Edel et al. (2017) estimated a potential unexploited power production of manure in the interval of 32–

40 TWh/a. Therefore, the AD of manure needs a transforming element to make it a more profitable 

market. To add to this idea, Thrän et al. (2020) concluded that to use this unexploited potential, the 

AD of manure needs to be monetized in other forms, such as GHG reduction, apart from the existing 

incentives, which are mainly focused on energy production to develop new business cases for biogas 

producers. Theuerl et al. (2019) argued that market regulations are not sufficient to have a well-devel-

oped biogas market. For this purpose, a significant technological change must be carried out in the 

form of control, optimization, digitalization, and new reactor technologies for the biogas industry to 

reach parity with other German industries. 

6.2 Inclusion of new technologies: EGSB, a solution for slurry treatment 

The most common technology is wet fermentation based on a CSTR. In total, about 90% of the biogas 

plants use wet fermentation, and 10% use solid-material fermentation. Approximately 1% of the plants 

are operated discontinuously (batch operation/box or garage fermenter). At the end of 2016, 80–100 

discontinuously operated dry fermentation plants (garage or box fermenter) were in operation in Ger-

many. Around 5%–9% of the biogas plants use the principle of a horizontal plug flow for the fermen-

tation of mainly energy crops. The fermentation systems ring-in-ring and the specific Pfefferkorn tech-

nology are only common in a few biogas plants (Daniel-Gromke et al., 2018; Majer et al., 2019). 

In the industry, there has been a need for the digestion of low DM content substrates since the energy 

crisis of the 1970s when AD was first introduced (Wilkinson, 2011). Steps toward the right direction 

were accomplished by Lettinga et al. (1980), with the design and feasibility tests of the UASB, hence 

making available the first of the second-generation AD reactors. The UASB has been so far the most 
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popular among the high-rate reactors (Saravanan & Sreekrishnan, 2006). High-rate reactors enable the 

decoupling of the SRT of the HRT. Hence, smaller reactor sizes are needed, allowing for a reduction in 

CAPEX and increasing the profitability of the AD of the substrates with low DM content. 

The UASB has been extensively used in the digestion of industrial wastewater. However, the introduc-

tion of the UASB in the agricultural sector has been rather slow due to the need for very low DM con-

tent with very small particle size and flow pattern problems that decreased the performance of the 

reactor, especially as the scale increased (Leitão et al., 2011; C. Rico et al., 2017). 

The EGSB as a third-generation reactor eliminated the flow pattern problems of the UASB by adding 

recirculation of the liquids, and hence, a better long-term performance can be reached (Gleyce et al., 

2014). Nevertheless, its profitability in comparison to a CSTR is hindered by the need for previous solid–

liquid separation and operation costs of the recirculation pump. Therefore, the comparison is not as 

straightforward as it may seem. Häner et al. (2022) compared two high-rate reactors Fixed bed vs. 

EGSB treating pig slurry. The comparison revealed that the technical efficiency was higher for the FB 

at a lower OLR, but when the OLR started increasing the EGSB’s MPR was superior. Nevertheless, su-

perior technical efficiency does not automatically mean higher profitability. Hence, a further compar-

ison is needed to determine at which OLR one reactor is superior to the other. However, one conclu-

sion can be drawn: for a fixed COD and reactor size, the EGSB can treat a larger amount of substrate 

at a higher efficiency than the CSTR and FB. Therefore, the EGSB reactor has a big potential for appli-

cation where large quantities of manure need to be treated with shorter HRTs. Moreover, the ability 

to digest large loads of substrates may be pivotal to optimizing earnings by flexibly producing electricity 

and heat during peaks in electricity prices and decreasing the load during low-demand hours. 

Another techno-economic advantage of the EGSB over the CSTR is the lesser use of land. The CSTR has 

a higher requirement for land than the EGSB because of the EGSB’s larger H/D ratio. Hence, the use of 

land is one of the competitive advantages of the EGSB for the likely upcoming plant expansion of a 

large part of the biogas plants in Germany due to the expiration of the 20-year EEG compensation. 

Typically, the inclusion of a new reactor in a plant implies significant investment costs. Nonetheless, 

multistage biogas plants normally separate the different stages of AD because methanogenesis has 

significantly different operating conditions than the rest of the stages. Hence, the separation of one 

substrate in its solid and liquid phases has not proven to be as popular as the separation of AD by 

stages since some advantages are not immediately realized in calculated capital gains. Instead, the 

advantages appear as technical benefits which may be later translated to capital gains, as discussed in 

Chapter 3.4. Yet, according to the results of Chapter 3.3.3, the economic efficiency of a typical biogas 

plant and one typical plant with an included EGSB are very similar. However, the gains in flexibility are 

very large in terms of biogas output and substrate digestion. Moreover, two stages of liquid manure 
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separating the stages of AD is likely unnecessary because liquid manures do not contain large quanti-

ties of complicated chemical components, i.e., lignin or hemicellulose. 

Therefore, the inclusion of an EGSB in a plant expansion will allow the processing of substrates with 

very low DM content at very short HRTs, whereas the more energy-dense substrates are processed at 

higher HRTs in a CSTR. Therefore, biogas production can be manipulated to time better the energy 

market hourly peaks, while accessing different premiums by processing large quantities of different 

substrates that are not normally processed in a biogas plant. Thus, possibly improving the earning po-

tential of the plant. An additional technical-economic advantage of the EGSB is that a part of the output 

can be used as process water decreasing the water needs of the plant. 

Figure 6-1 presents the comparison of the CAPEX curves of the EGSB and the CSTR used by Hernández 

Regalado, Häner, Brügging, and Tränckner (2022). The curves compare the CAPEX by reactor volume. 

 

SRT: solid retention time; HRT: hydraulic retention time. 

Figure 6- 1: Comparison of the employed cost curves of an expanded sludge bed granular reactor and 
a continuous stirred-tank reactor. 
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To make an equivalent comparison between the two reactors, a series of three curves representing 

the costs of a CSTR with an enhanced biomass retention capacity are represented. The curves at which 

SRT/HRT is larger than 1 indicate the equivalent cost of building a CSTR with the retention capacity of 

an EGSB. These curves at different ratios of SRT/HRT (2, 3, and 4) allow for a better comparison of the 

operating effectiveness of the reactors. Hence, the curves allow the determination of the combination 

of biomass retention and volume(s) at which the EGSB is more likely to be a more cost-effective tech-

nological solution. The EGSB is significantly more expensive at very small reactor volumes inde-

pendently of the effectiveness of the biomass retention. An SRT/HRT ratio of 2 is not sufficient to sub-

stitute a CSTR at any reactor volume. The sampled SRT/HRT ratios of the three analyzed EGSB reactors 

presented in Chapter 5.3.3 ranged from 1.20 to 1.32, with data proceeding from the top of the EGSB 

reactors. Given that EGSBs develop a gradient of biomass concentration, where the bulk of the biomass 

is found at the bottom of the reactor, these ratios by themselves do not allow concluding to what 

extent the biomass retention mechanism functions. Consequently, sampling across the reactor column 

is recommended to determine whether the reactor may reach profitability or not. 

At a ratio of 3, in the approximate interval of 45–627 m3, the EGSB is at least as cost-effective as the 

CSTR, whereas from 627 m3 on the CSTR, it has a lower investment cost. Conversely, for a ratio of 4 

starting at approximately 19.5 m3, the EGSB becomes a more profitable option. Therefore, the profit-

ability of the EGSB is largely dependent on the settling properties of the biomass. 

One very influential factor in the analysis of Figure 6-1 is the shape of the curves of the EGSB and the 

CSTR(s). Usually, the scale-up of industrial equipment follows a power function as in the six-tenths rule. 

The six-tenths rule is a commonly used rule of thumb in engineering to estimate the scaling cost of 

industrial equipment. The rule states that as the size of a piece of equipment increases, the cost to 

manufacture it will increase by a factor of 0.6 raised to the power of the scaling ratio. The six-tenths 

rule allows engineers to estimate the cost of manufacturing larger pieces of equipment based on the 

cost of manufacturing small pieces of equipment. However, the rule is only an estimate and actual 

manufacturing costs may vary depending on factors such as material costs, labor costs, and manufac-

turing processes. Therefore, the six-tenths rule should be used as a starting point for estimating scaling 

costs and should be refined based on actual manufacturing data and experience. 

Nevertheless, the EGSB presents a straight line; this linear dependency can be partially explained by 

technology diffusion in the biogas market. Despite the EGSB being often used in industrial wastewater 

treatment plants, its use in biogas plants is so far almost exclusively experimental. With a larger tech-

nology diffusion of the EGSB in the biogas market, the CAPEX can be driven down as the know-how, 

and the different components of the manufacturing and supply chain of its production become more 

efficient. Another driver of the EGSB cost is the associated electricity cost for pumping, for which 



 

113 
 

experiments of efficiency vs Vup are needed to find the optimal techno-economic efficiency curve for 

the treatment of manure and manure mixtures. 

Furthermore, an economic assessment following the methodology described in Chapter 3.2 including 

the mixtures employed in Chapter 5 was carried out. Figure 6-2 presents the results of the calculated 

net present values by treatment concept and mixture. The results validated the literature-based as-

sumption presented in Chapter 3.4 that the AcoD can improve the profitability of the concepts.  

 

Figure 6-2: Comparison of mixtures by treatment concept. TC: treatment concept, PM: pig manure, 
CWM: cow manure, SWW: starch wastewater, SBT: sugar beets.  

The most profitable option was the triple mixture of manure and sugar beets using the two-stage EGSB-

CSTR concept. Afterward, the mono-digestion of manures using only the CSTR yielded the best eco-

nomic performance. Afterward, appeared three business cases with an advantageous economic bal-

ance: the triple mixture containing starch wastewater, the double mixture of the manures, and the 

mono-digestion of cow manure, all of them using the two-stage concept. Later, three business cases 

with a negative economic balance appear: mono-digestion of pig manure using the two-stage treat-

ment concept, the mono-digestion of pig manure, and later cow manure using only an EGSB reactor.  

From the concepts containing one EGSB reactor, the option combined were the triple ones, which can 

be attributed to the synergistic effects predicted in Chapter 4 and discussed in Chapter 5. The differ-

ence between the profitability of both mixtures was explained by having a higher DM content in the 

mixture containing SBT, given that the MPR prediction experimental results were very similar. 

A limitation of this analysis is that the costs of the substrates are not included. According to IEA, 2018, 

the specific price of production on 1 m3 of biogas from manure is more profitable than the one 
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produced from crop or crop wastes, and food waste. Therefore, the cost of AD using manure might be 

somewhat more favorable. Nevertheless, the fraction of other substrates employed within the mix-

tures is small. Therefore, it is possible to disregard the impact of substrate prices without introducing 

significant errors. 

Therefore, the EGSB has a place in the near future in the German agricultural biogas market if the 

conditions are previously optimized. In addition, there is further room for optimization given that the 

C/N never reached 20, and C/N is considered one of the most influential and simple parameters to 

optimize co-digestion. Therefore, within the optimal zones identified in Chapter 4.3, there are likely 

some mixtures with better performance than the ones chosen for further testing. Moreover, the limits 

of profitability and stability of the reactor regarding the DM content of the feed should be further 

explored. 

6.3 Manure AD, a key component of the sustainable agricultural and energy sec-

tor 

In this discussion, sustainability is going to be defined using three pillars: not causing irreversible 

changes to the environment, being economically viable, and providing social benefits (Cavicchi, 2016; 

Horschig et al., 2020). The economic viability of the EGSB reactor and under what conditions it can be 

achieved have already been discussed. Thus, the environmental and social impacts of its technical ap-

plication need to be investigated. 

With the Renewable Energy Directive, a recast for 2030 of the climate change mitigation goals for 

European and therefore for Germany has been established. Some of the main points of the redirection 

are as follows: 

• To reduce GHG emissions by 65% instead of 55% by 2030. 

• To reach net zero emissions by 2045 instead of 2050. 

• To reach negative GHG emissions by 2050. 

Furthermore, at a national level are present regulations for the risks of diffuse N pollution to ground 

and surface waters, control ammonia emissions, control the recycling and transportation of fertilizers 

from animal excrements, and secure plant nutrition and soil fertility, while averting damage to hu-

mans, animals, and the environment. Therefore, manure management plays a decisive role in moving 

toward more sustainable agricultural and energetic sectors, with possible ramifications to the trans-

portation or power and heat market if gas purification or liquefaction are considered. 

Oehmichen and Thrän (2017) conducted a life cycle assessment (LCA) of GHG in a 75-kWel biogas plant 

fed with 8500 t/a of cattle slurry and 2100 t/a of pig slurry. The study aimed to determine the effects 
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associated with the use of manure from livestock breeding regarding two aspects: (i) mitigation of GHG 

emissions due to improved manure management and (ii) replacement of electricity from the German 

electricity grid by producing electricity from manure-based biogas. The study determined that 50% of 

the manure emissions of the plant can be avoided by bringing it quickly into the digester instead of 

storing conventionally (open silos), and the overall GHG emission reduction potential was estimated 

for a total of 3.5 Mt CO2eq through manure utilization. Hence, to mitigate climate change, the ability 

to rapidly digest continuously produced manure is crucial, especially when there is insufficient storage 

capacity for undigested manure. Methane emissions from undigested manure significantly hinder the 

emission reduction capacity of anaerobic digestion. Additionally, the evaporation of organic matter 

reduces methane yield, ultimately impacting the profitability of the process. 

The EGSB reactor is especially well suited to promptly processing slurries and low DM manures due to 

the low operating HRT because of the biomass retention system. Furthermore, the existence of a pre-

mium payment certification by the German government of the equivalent CO2 saving from biogas pro-

duction from manure could make the EGSB economically sustainable and help its diffusion in the bio-

gas market. 

Another largely unexploited potential in Germany is the agro-industrial wastes with an unexploited 

potential of 33–41 TWh, according to Edel et al. (2017). Rodriguez-Verde et al. (2014) analyzed the 

environmental impact of the AcoD with four different agro-industrial co-substrates (molasses, fish, 

biodiesel, and vinasse residues) using the LCA methodology. The AcoD of all co-substrates with manure 

exhibited improvements over the mono-digestion of PM in four categories, i.e., acidification, eutroph-

ication, global warming, and photochemical oxidation potentials, with no significant difference in the 

co-substrates employed. Moreover, Rodriguez-Verde et al. (2014) also linked the OLR with the envi-

ronmental performance of the different mixtures. The results indicated that the higher the OLR if the 

COD removal was kept constant, the higher the environmental benefits. 

According to the values presented in Table 2-11, the EGSB can process up to nine times the OLR of a 

CSTR. Therefore, huge environmental benefits are expected from the substitution of the CSTR with the 

EGSB as the de facto reactor for liquid manure digestion. Furthermore, the reason for the positive 

impact of AcoD over manure mono-digestion was mainly linked to higher MYs. Chapter 4.3.4 presents 

a methodology to elevate the MY and MPR of manure and agro-industrial co-substrates by quantifying 

the possible synergistic and anti-synergistic effects of the substrates in the mixtures. Conversely, Chap-

ter 5.3.4 validates these predictions in continuous experiments using EGSB reactors. Therefore, the 

possible environmental benefits of integrating the EGSB reactor in the agricultural biogas plants with 

the methodology outlined in Chapters 4 and 5 can conceivably surpass the benefits of simply 
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integrating the EGSB or even implementing it with co-digestion without considering the influence of 

the mixture composition in MY. 

In any case, the EGSB can potentially surpass the CSTR in terms of the potential for GHG reduction, and 

a complementary LCA analysis to the techno-economic comparison in Chapter 3.3.3 should be con-

ducted to study the possibility of obtaining certifications for CO2 savings and their impact on the eco-

nomic efficiency of the TC analyzed, given that a market of GHG savings is being established in the EU. 

Despite all the positive possible impacts of AD, biogas is still regarded as the least desirable energy 

carrier in Germany according to a survey by Herbes et al. (2014). The main issue associated with biogas 

mentioned by the 1000 interviewed persons in Karlsruhe and Stuttgart, Germany, was the competition 

with food production for land and the final use of the crops. In addition, some isolated cases mentioned 

the local impacts, such as odor nuisance. Horschig et al. (2020) pointed out that one of the most influ-

ential factors in this perception was the reporting of the press, and both academia and plant operators 

agreed that both reporting and decision-making should be more scientific-based. Hence, proper re-

porting regarding the environmental benefits of the AD of manure or agro-industrial residues and its 

role in the establishment of a circular economy should be intensified. 

6.4 German energy security during the energy transition: the role of biogas 

Some of the most mentioned negative side effects of the German energy transition by the public sci-

entific debate are increasing CO2 emissions, electricity prices, dependence on gas imports (as currently 

visible with the challenging replacement of Russian Gas by LNG), and negative environmental exter-

nalities from wind power due to the fast rise of renewable intermittent energy sources (The European 

Dimension of Germany’s Energy Transition, 2019) 

Kunze and Lehmann (2019) argued that the fact that the German energy transition has not resulted in 

a significant decline in its energy-related CO2 emissions was driven by developments in international 

fuel and carbon markets—not only, if at all, by the phase-out of backup energy sources like nuclear 

during the ongoing renewable energy ramp up. The authors argued that the coal binge could have 

occurred even without the German energy transition and that a real transition is not possible without 

phasing out coal. The critics of this argument stated that a developed nation like Germany can't phase 

out at once both nuclear and coal power plants. 

Whether the coal ramp-up is linked to the German energy transition or not, an increasing proportion 

of intermittent renewable energies require further technologies for balancing demand and supply in 

the energy system. The difference between Germany and other industrialized nations is the presence 

of a large installed capacity of biogas plants. Furthermore, in the current technological stand, biogas 
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plants are the most important dispatchable renewable energy. According to the Federal Statistical Of-

fice (2022), the share of biogas in the gross electricity production in 2021 was 19.14%. 

Moreover, the projections for the energy security of Europe are not very favorable due to the conse-

quences of the ongoing conflict in Ukraine. Hence, in the public debate, there has been a shift from 

decarbonization to energy security (Mišík, 2022). The forecasts for the upcoming months are not very 

encouraging as Germany reopens coal power plants to make up for the shortages in imported Russian 

biogas and the alarm due to gas shortage rings (Coleman, 2022; Delfs & Dezem, 2022). As a conse-

quence, the price of energy and goods reached 40 years high (Murray, 2022). 

Nevertheless, the reforms introduced by the (EEG, 2017; EEG, 2021) limit the annual expansion of bi-

ogas plants to a maximum of 150 MW (2017–2019) and 200 MW (2020–2022). Therefore, the actions 

of the German Government in 2016 toward the reduction of the installed capacity and the electricity 

generated by biomass (and biogas) plants within the next decades, as many of them start their phase-

out after 20 years of remuneration, have probably contributed to the deterioration of the energy se-

curity of the country. The former statement becomes more assertive because the decrease in the re-

newable load-base power of the country was accompanied by the phase-out of nuclear energy. 

Furthermore, Lauer and Thrän (2018) analyzed the total system costs of varying biogas extension paths 

and modes of operation for the period of 2016–2035 by using a nonlinear optimization model. The 

authors found out that without considering the costs for biogas plants, the increasing extension of 

biogas plants may be more cost-effective for the system integration of intermittent renewable ener-

gies compared with their reduction or phase-out. The phase-out was the worst scenario, and the higher 

the flexibility of biogas plants, the higher the impact on the residual load curve. However, the findings 

indicated that the biogas extension path backup may be a more economically feasible way to integrate 

intermittent renewable energies into the electricity system than the continuous increase in the exten-

sion path increase. 

One confusion identified by the authors that might have influenced policymaking is that dispatchable 

biogas plants are associated with a higher LCOE compared with intermittent renewable energies or 

flexibility options, such as battery storage. Nevertheless, the LCOE does not typically consider the total 

system costs of system integration of intermittent renewable energies by using flexible conventional 

power plants. 

In another study, Lauer et al. (2020) conducted an economic assessment of the different extension 

paths and modes of operation of the biogas plants in Germany’s future electricity system for the period 

of 2016–2035. This entailed carrying out a cost–benefit analysis that included the costs incurred for 

the flexibilization and installation of new biogas plants and the costs saved for onshore wind turbines 

and additional saved opportunity costs. Here, the most cost-effective path was the low construction 
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rate of biogas plants. Furthermore, the economic feasibility of biogas plants benefits from an early 

phase-out of lignite- and coal-fired power plants. 

Hence, AD should be either expanded or kept as backup power because Germany can use them as 

base load or for flexible energy production. Also, biogas could replace up to 40% of Russian biogas 

imports, and biogas represents the main source of renewable heat (Daniela Thrän et al., 2022). The 

contribution of the EGSB can come as a new investment in plant expansion that can help create flexi-

bility with substrate and biogas output. The capacity to increase biogas production by using manure 

represents around 35% of the untapped potential. Nevertheless, the flexibility of power generation 

requires investments in gas storage and combined heat and power units. 
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7. FINAL CONCLUSIONS 

The AD of manure plays a multifaceted role in the German energy transition. AD can function as a 

power load base for energy security, as a low- or zero-emission source, and as circular carbon, with 

important side roles as a cornerstone for sustainable agricultural, sanitation, and circular economy of 

soil minerals. Nevertheless, the current stand on reactor technologies and policy framework does not 

allow the exploitation of the full potential of manure within the biogas industry. 

This study aimed to introduce the EGSB as a technological alternative to enhance the techno-economic 

efficiency of manure digestion. The EGSB reactor can be a flexible investment that allows plants to 

access possible premiums for CO2 and biogas output flexibility. This can be achieved by enabling the 

profitable digestion or co-digestion of some typically unprofitable low-TS substrates, rarely found in 

the agricultural biogas plant landscape. The EGSB can play a decisive role in extending the life of biogas 

plants in the post-EGG era, especially in facilitating their redirection toward biomethane production. 

Consequently, The EGSB can be a small but crucial building block in the European biomethane strategy. 

Furthermore, the work puts in place a methodology to find, quantify, and transfer synergistic effects 

from standard batch tests to continuous tests with the EGSB reactor. This methodology is reproducible 

with any combination of substrates. Furthermore, the procedure is especially beneficial with manure 

because of its relatively very low MYs. Moreover, this methodology can be applied with different com-

position constraints, for example, 80% manure in fresh matter basis to access premium payments ac-

cess as in the case of Germany. Summarizing, the constraints can offer considerable flexibility and can 

be adapted to a particular framework to optimize profits, environmental impact, or both at once, de-

pending on the desired output.  

Biogas is an essential part of the German renewable energy mix, a country whose energy transition 

and security have suffered significant drawbacks due to the Ukraine conflict. Hence, efforts toward 

renewable energy carriers' production, such as biomethane, should be maximized to minimize the risks 

of a future energy crisis. In the German sustainability strategy, biomethane from agricultural wastes, 

especially from manure, plays a central role. Furthermore, the current European political climate has 

revealed the potential and importance of further developing the biogas/biomethane sector. Fortu-

nately, there is room for improvement, given that the German biogas industry is still not on par with 

the rest of the German industrial landscape regarding standardization of industrial equipment, auto-

mation, and process control. Introducing new reactor technologies, applying mathematical modeling, 

and optimizing feedstock composition to increase profitability are some techniques implemented in 

this thesis to bring the biogas industry a step closer to the gold standard of the German industrial 

landscape.   
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8. RECOMMENDATIONS AND FUTURE WORK PERSPECTIVES 

Looking forward to the actual widespread market use of the EGSB in the biogas industry, two main 

issues need to be resolved. The first is the value of upflow velocity (Vup) and its influence on mixture 

intensity. Therefore, a task for the near future is to mathematically describe the influence of Vup on the 

performance of the reactor. Consequently, a curve of operational costs against biogas sales can be 

created, and indirectly, the economically optimal Vup can be established. For more precision in the 

experiments, it is recommended that the inferior limit of the Vup will be zero, reaching a no-recircula-

tion operating condition, which would be the equivalent of comparing an EGSB with its predecessor, 

UASB. 

Also, experiments with different mixtures and the influence of TS should be described to determine 

how much both the stability and profitability of the reactor are connected to TS because the literature 

reports upper limits ranging from 2% to 8%. 

To further advance the EGSB in the biogas field, completing the ongoing pilot-plant experiments with 

the automatically controlled 550 L EGSB reactor in the Saerbeck Bioenergy Park facilities is crucial. 

Additionally, building a mechanistic model is recommended to accurately predict key variables in AD, 

such as methane flow, biogas composition, and inhibitory concentrations. The model should also em-

phasize the influence of the SRT to HRT ratio, as it has been proven to be definitive in the profitability 

of the EGSB. Moreover, the model would enable tailored control strategies to be developed for the 

reactor. 

Furthermore, examining the phase separation in the two-stage treatment concept could help reduce 

costs and further optimize the process. This step is crucial in determining the solid content in each 

reactor. For very liquid manure (TS<6%), it may be more cost-effective to substitute the separation 

with a filtration step to avoid clogging in the EGSB and reduce operating costs significantly. In addition, 

analyzing the influence of the TS content in the EGSB on variables such as stability, methane yield, and 

methane production rate would provide complementary information for this optimization approach.  
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