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Chapter 1

Introductory Chapter: An 
Overview of Biogas
J. Rajesh Banu and R. Yukesh Kannah

1. Introduction

According to the International Energy Agency Report 2018, the global energy 
demands (GED) elevated 2.1% from the previous year. However, 70% of GED was 
met through oil, coal and fossil fuel. Among these, fossil fuel accounts for 81% of 
total energy demand (TED). The percentage of fossil fuel remains unchanged for 
the past three decades. Exploitation of fossil fuel extended the emission of carbon 
dioxide (CO2) to 32.5 GT (gigatonnes) in the year 2017. Surplus emission of green-
house gases (GHG) into the atmosphere is the major contributor for global warm-
ing and climate change. On considering, the profile of GHG emission researchers 
comes out with innovative ideas to minimize the emission. Nowadays, researchers 
and policymakers are working together to recognize alternative energy source to 
encounter the energy demand and global warming impacts.

Anaerobic digestion (AD) process is the cost-effective and emerging technology 
to derive biogas from various liquids and solid wastes. AD process is more suitable 
for valorization of high-strength organic waste under both mesophilic (30–40°C) 
and thermophilic (50–60°C) conditions. AD process is otherwise termed as 
biomethanation or biochemical degradation. AD process is a more environmental-
friendly, energy-yielding and more efficient bioenergy production method than 
other waste processing technologies.

AD process dominant by anaerobic microbes, which plays major role in conver-
sion of organic rich waste biomass into two valuable products such as methane and 
nutrient rich digested/effluent. Anaerobic breakdown of complex organic waste 
biomass follows four major steps, and these are (i) hydrolysis, (ii) acidogenesis, 
(iii) acetogenesis and (iv) methanogenesis. Figure 1 represents the pathway of 
anaerobic degradation of organic waste.

Among them, hydrolysis is the rate-limiting and first step of AD process. During 
hydrolysis, complex organics (C6H10O4) such as protein, carbohydrate and fat are 
converted into simple digestible amino acids, monosaccharides and fatty acids. Eq. 
(1) shows that the reaction occurs during hydrolysis phase; enzymes convert the 
complex organic substrate into simple monomers (C6H12O6) and hydrogen (H2) as 
shown below:

   C  6    H  10    O  4   +  2H  2   O →  C  6    H  12    O  6   +  H  2    (1)

Hydrolysis is a very slow process when compared with other steps involved in 
AD process. Inadequate hydrolysis of organic waste affects the efficiency of AD. In 
order to increase the rate of hydrolysis, many researchers have adopted various pre-
treatment methods. Banu and Kavitha [1] have reviewed in detail regarding various 
pretreatment methods and their effects on anaerobic digestion.
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Pretreatment enhances the digestibility of organic substrate, and it is broadly 
classified into five major groups. They are physical, chemical, biological, mechani-
cal and combinative pretreatments. Figure 2 shows pretreatment methods and 
their classification. Physical pretreatment is further classified into two: thermal [2] 
microwave [3] and freezing and thaw [4] pretreatments. Chemical pretreatment 
is further classified into two: alkaline [5] and acidic [6] pretreatments. Biological 
pretreatment is further classified into two: enzyme [7] and fungal [8] pretreat-
ments. Mechanical pretreatment is further classified into two: high-pressure 
homogenizer [9] and ultrasonic [10] pretreatments. Combinative pretreatment 
such as thermo-chemo-sonic [11], thermo-chemo-disperser [12], thermo-chemo-
ozone [13] and hydrothermal [14] pretreatment, etc. Many researchers have exper-
imentally proven the positive effect of pretreatment on hydrolysis and subsequent 
biogas production [15].

Acidogenesis is the second step involved in AD process; in this step, acidogenic 
microbes are responsible for conversion of hydrolyzed organics into ethanol 
(C2H5OH), acetate (CH3COO¯), hydrogen (H2), carbon dioxide (CO2) and other 
acids (propionic, formic, lactic, butyric, succinic acids). In some cases, amino acids 
cause formation of ammonia. Eqs. (2)–(4) show that the reaction occurs during 
acidogenesis phase as shown below:

   C  6    H  12    O  6   ↔  2CH  3    CH  2   OH +  2CO  2    (2)

   C  6    H  12    O  6   +  2H  2   ↔  2CH  3    CH  2   COOH +  2H  2   O  (3)

   C  6    H  12    O  6   →  3CH  3    CH  2   OH  (4)

Acetogenesis is the third step involved in AD process. In this step, acetogenic 
microbes are responsible for conversion of long-chain fatty acid, volatile fatty 
acid and alcohols into acetic acid (CH3COOH), hydrogen (H2) and carbon dioxide 

Figure 1. 
Pathway of anaerobic degradation of organic waste.
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(CO2). Eqs. (5)–(7) show that the reaction occurs during acetogenesis phase as 
shown below:

   CH  3    CH  2    COO   −  +  3H  2   O ↔  CH  3    COO   −  +  H   +  +   HCO  3     −  +  3H  2    (5)

   C  6    H  12    O  6   +  2H  2   O ↔  2CH  3   COOH +  2CO  2   +  4H  2    (6)

   CH  3    CH  2   OH +  2H  2   O →  CH  3    COO   −  +  3H  2   +  H   +   (7)

During this conversion process, the concentration of biological and chemical 
oxygen demand in the medium gets reduced. On the other hand, the hydrogen 
partial pressure is generated due to the presence of hydrogen gas inside the 
reactor. Methanogenic microbes, present in the digester, consume accumulated 
hydrogen gas.

Methanogenesis is the final step of anaerobic degradation of organic waste. In 
this step, methanogenic microbes are responsible for converting the acetic acid and 
hydrogen into methane (CH4) gas and carbon dioxide (CO2). Eqs. (8)–(10) show 
that the reaction occurs during methanogenesis phase as shown below:

   CH  3   COOH →  CH  4   +  CO  2    (8)

   CO  2   +  4H  2   →  CH  4   +  2H  2   O  (9)

   2CH  3    CH  2   OH +  CO  2   →  CH  4   +  2CH  3   COOH  (10)

Methane-enriched biogas can be a promising source to displace the use of 
conventional fossil fuel. Biogas acts as a flexible energy source, which can be used 
for various applications like power, heat, transport and feedstock for chemical 
production. Biogas is the most significant product of (AD) process, and it comprises 
60–70% of methane (CH4) gas, 25–35% of carbon dioxide (CO2) and remaining 
5–10% of other corrosive gases. Biogas was more suitable to replace the demand 
of conventional fuel. Biogas has a calorific value of 6.0–6.5 kWh/m3, which varies 
according to the percentage of biomethane content in the biogas. In addition to this, 
AD process indirectly reduces the cost of energy and fuel production. On the other 
hand, anaerobically digested residues have market value due to its nutrient content. 
It can be used as bio-fertilizer for agriculture crop production. AD process is termed 
as a golden process to eliminate the emission of GHG and reduce global warming 
issues.

According to the World Bioenergy Association 2017 report, the global 
biomethane production was approximately 35 billion m3 of methane. Overall, 
global biogas production was 1.28 EJ in the year 2014. Developed countries like 
the United States and Europe are the major contributors of biogas production 
throughout the world. Among them Europe is the world’s largest biomethane 
producer. Around 18 billion m3 of biomethane was produced in the year 2015; it 
was half of the global biogas production. The produced biomethane was utilized 
for generation heat, electricity and transportation (vehicle fuel). Nearly 50% of 
total biogas was utilized for heat generation, and around 697 biomethane fill-
ing stations were employed in Europe [16]. Developing countries in Asia (India, 
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China, Bangladesh, Pakistan, Sri Lanka and Nepal) and Africa (Burkina Faso, 
Ethiopia, Tanzania, Kenya and Uganda) are very successful in the operation of 
domestic scale digester. In Asia, approximately 47.876 million of domestic scale 
digesters were effectively operated to meet their daily needs. In that, China holds 
first place and accounts for 43 million domestic scale digester, India 4.75 million, 
Nepal 330,000, Bangladesh 36,000, Sri Lanka 6000 and Pakistan 4000. Similarly, 
Africa holds 60,000 domestic scale digesters, in that Kenya leads first place and 
accounts for 16,419, Ethiopia 13,584, Tanzania 13,037, Uganda 6504 and Burkina 
Faso 7518. Produced biogas was utilized for cooking and lighting purposes.
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Chapter 2

Microbial Responses to Different 
Operating Practices for Biogas 
Production Systems
Maria Westerholm and Anna Schnürer

Abstract

Biogas production requires a number of different microbial groups that work in 
a synchronized and closely interacting manner. For bioreactors constructed to max-
imize waste treatment and energy production, it is crucial to manage this process 
in a way that secures the growth and activity of these microorganisms, as otherwise 
there is a great risk of process failure. However, the microbiome has a remarkable 
ability to adapt to various conditions related to substrate composition and operat-
ing conditions, thus showing high functional redundancy and robustness. In order 
to optimize and steer the process, it is important to have an understanding of the 
anaerobic microbiome, how it responds to various conditions, and its upper limits. 
This chapter reviews current knowledge regarding microbial responses to different 
operational management strategies. Microbial responses under various conditions 
and how the process can be operated to maintain the activity of key species are 
addressed. Parameters discussed include for example substrate composition, pre-
treatment, ammonia level, temperature and organic load.

Keywords: anaerobic degradation, microbiology, taxonomy, start-up, temperature, 
substrate composition, feeding, additives, bioaugmentation

1. Introduction

As the world’s population continues to grow, it is necessary to find ways to 
develop resourceful waste treatment methods while concurrently reducing the 
dependency on fossil fuels. In this regard, biogas produced through anaerobic deg-
radation (AD) is highly interesting, as it can replace fossil fuels in power and heat 
production, be used as feedstock for production of biochemicals, or be converted 
to vehicle fuel [1]. The biogas technology also enables resource sustainability when 
the digestion residue (digestate) is used as organic fertilizer to replace fossil energy-
requiring mineral fertilizers [2].

Anaerobic digestion of organic material to biogas is a complex microbiologi-
cal process requiring the combined activity of several groups of microorganisms 
with different metabolic capacities and growth requirements. To obtain a stable 
and efficient biogas process, it is important to meet the growth requirements of all 
microorganisms involved. The substrate is one critical parameter in this regard, 
contributing growth factors and macro- and micronutrients. Some organic mate-
rials can be used as the sole substrate, while others have to be co-digested with 
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substrates that are complementary in composition in order to provide favorable 
conditions for microbial growth [3]. However, addition of additives such as iron, 
trace metals, or buffering chemicals may be essential in certain processes in order to 
ensure sufficient microbial activity and to prevent process collapse [4]. In addition 
to the nutrient composition, operating parameters such as pretreatment method, 
load of input material, retention time, process temperature, and stirring are of 
critical importance. All these parameters have to be set at appropriate levels in order 
to ensure high activity and gas yield with minimized risk of inhibition or washout 
of critical functions and microorganisms [5–9]. Thus, many different aspects need 
to be taken into consideration to achieve optimal microbial activity giving a high 
degree of degradation and gas production. It should be borne in mind that many 
operating and biological parameters are interlinked, sometimes with counteracting 
effects.

2. Characteristics of substrates used for biogas production

The composition of substrates can vary considerably between anaerobic digest-
ers, which bring different challenges depending on the feed characteristics com-
bined with the parameters chosen for the specific system. For example, substrates 
rich in protein and fat have a high energy content and thus a high methane poten-
tial, but can sometimes cause process disturbances due to formation of inhibitory 
compounds or foaming [10–12]. Other materials posing a lower risk of process 
disturbance, such as lignocellulosic materials, can require an unfeasibly long time 
for degradation. In order to explain the prerequisites for microbial degradation and 
the challenges that exist, this section briefly describes the main characteristics of 
common substrates for biogas production. This provides background for a detailed 
description of the microbial degradation process and the responses to changes in 
operating parameters.

Plant-based materials, such as fruit, grains, vegetables, and root crops, are 
typically rich in different polysaccharides. Polysaccharides are chains of sugars 
linked in linear chains (cellulose and starch) or branched chains (hemicellulose, 
pectin, and glycogen). In the plant cell wall, hemicellulose, cellulose, and lignin 
are associated in the form of lignocellulose [13]. Simple polysaccharides such 
as starch and glycogen are easily cleaved by microorganisms into glucose units. 
Hemicellulose and cellulose are also relatively easily degraded but, when com-
bined with lignin (i.e., lignocellulose) as in plants, the structure becomes rela-
tively persistent to microbial degradation [14, 15]. Lignocellulosic materials such 
as straw (wheat, rice, corn, barley) and sugarcane bagasse are the most abundant 
renewable biomass and have high potential to contribute to expansion of world-
wide biogas production [13, 16].

Protein-rich materials for biogas production include waste from animal rearing 
(slaughterhouse, dairy, animal manure, aquaculture sludge), ethanol fermentation 
(distiller’s waste), food industry, and households [10, 17–21]. Proteins consist of 
long chains of amino acids joined by peptide (or amide) bonds and there are 20 dif-
ferent amino acids of various lengths. A feature of all amino acids is that they have 
at least one amine group (-NH2). The efficiency of protein degradation depends on 
the structure of these compounds and their solubility [22].

Slaughterhouse waste, food waste, and grease-separation sludge are materials 
with a high fat content [23–25]. Fat molecules are of different lengths (saturated 
or unsaturated) and are hydrolyzed to long-chain fatty acids (LCFA, >12 carbon 
atoms) and glycerol [26]. Lipids are normally rapidly degraded in AD, whereas the 
conversion of LCFA can represent a rate-limiting step [27, 28].
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3. The microbial degradation steps leading to methane

The microbial process comprises the main degradation steps hydrolysis, acidogen-
esis, acetogenesis, and methanogenesis (Figure 1) and this process has to be efficient 
and balanced in order to obtain successful anaerobic digestion. The initial step is 
performed by hydrolytic bacteria, and possibly also fungi, that convert polymers 
(polysaccharides, lipids, proteins, etc.) into soluble monomers (LCFA, glycerol, 
amino acids, sugars, etc.) [29, 30]. The hydrolytic reaction is mediated by extracellular 
enzymes secreted by bacteria to the bulk solution and/or attached to their cell wall. 
Cellulose is hydrolyzed to cellobiose and glucose, while hemicelluloses are degraded to 
monomeric sugars and acetic acid by bacteria that often have several different enzymes 
combined into so-called cellulosomes situated on their cell wall [16, 31]. These cel-
lulosomes contain proteins that have the ability to bind to cellulose, which makes the 
degradation more efficient because the enzymes can work directly “on-site.” Fungal 
cellulases use a different mechanism and not only bind to the surface of the cellulose, 
but also to penetrate inside the complex biomass materials (e.g., plant cell walls) [32].

Through the action of extracellular enzymes (proteases), proteins are hydro-
lyzed into amino acids, which are subsequently degraded in the Stickland reaction 
or through uncoupled oxidation. In the Stickland reaction, one amino acid acts as 
an electron donor and the other as an electron acceptor, and the oxidation process 
produces a volatile carboxylic acid that is one carbon atom shorter than the original 
amino acid. For example, alanine with its three-carbon chain is converted to acetate 
[33]. Amino acids can also be fermented through uncoupled oxidation where elec-
trons are instead released as hydrogen. This process can only occur in cooperation 
with a hydrogen-utilizing partner, such as methanogens, that keeps the hydrogen 
partial pressure low [34]. Irrespective of the degradation pathway, the amino group 
in the amino acid is released as ammonia and the sulfur in cysteine and methionine 
results in sulfide. Lipases are excreted by hydrolytic bacteria and catalyze the hydroly-
sis of lipids at the water-lipid interface [35], forming saturated or unsaturated LCFA 
and glycerol [36]. LCFAs thereafter absorb to and are transported through microbial 

Figure 1. 
Anaerobic degradation of carbohydrates, lipids, and proteins and the phyla commonly reported to be involved 
in the different steps. Biogas digester parameters identified as main drivers for community structure is depicted. 
The figure is adapted from Kougias et al. [39].
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cell membranes of acetogenic bacteria, where the LCFAs are converted to acetate via 
beta-oxidation to acetate, carbon dioxide (CO2), and hydrogen (H2) [37, 38].

The soluble monomers produced in the hydrolytic and acidogenic steps are 
further degraded to intermediate products. These mainly comprise volatile fatty 
acids (e.g., acetate, propionate, butyrate, lactate, valerate, and caproate), alcohols, 
formate, H2, and CO2 [40]. During acetogenesis, the products formed in hydro-
lysis/acidogenesis are further converted by a group of bacteria called acetogens, 
generating acetate, H2, and CO2 as main products. During this process, various 
electron acceptors can be used, including CO2, nitrate, sulfate, and protons, 
with the latter being most important in the biogas process [41]. Acetogens can 
also directly use products from hydrolysis, such as sugars and amino acids [42], 
or oxidize pyruvate, which is a common intermediate in anaerobic degradation 
reactions, to acetate [43]. For thermodynamic reasons, many reactions performed 
by acetogens, such as oxidation of organic acids and LCFA, can only proceed if the 
partial pressure of H2 (pH2) is kept low [44]. For some acids, such as propionate, 
the removal of acetate can also be of crucial importance [45]. The removal of the 
acidogenic products acetate and H2/formate and some methylated compounds 
mainly proceeds through consumption by methanogens. The energetic situation 
for the methanogens is comparatively more favorable than acetogenesis, and thus 
combining these reactions allows both organisms to obtain energy for growth. This 
type of symbiosis, in which neither organism can operate without the other but 
together they exhibit metabolic activities that they could not accomplish on their 
own, is called syntrophy [43, 44].

In the last step, methanogenic archaea use acetate, CO2, or methylated com-
pounds to produce methane (CH4) (Figure 1). In acetate-utilizing (aceticlastic) 
methanogenesis, acetate is split into a methyl group and CO2, and the methyl 
group is later reduced to methane using an electron provided by the carboxyl 
group. CO2 is reduced to methane by hydrogenotrophic methanogens, using 
H2 or formate as primary electron donors. In methanogenesis from methylated 
compounds such as methanol, methylamines, and methylsulfides, the methyl 
group is reduced to methane. Most methylotrophic methanogens then obtain the 
electrons they require for reduction from oxidation of additional methyl groups 
to CO2 [46, 47].

4. Microorganisms engaged in the different degradation steps

Organisms that are active during the hydrolysis of polysaccharides in biogas 
processes include various bacteria and anaerobic fungi [14, 29]. Cellulose and 
starch-degrading bacteria are found within the genera Acetivibrio, Butyrivibrio, 
Caldanaerobacter, Caldicellulosiruptor, Clostridium, Eubacterium, Halocella, 
Ruminoclostridium and Ruminococcus (phylum Firmicutes), Bacteroides and 
Paludibacter (phylum Bacteroidetes), Fibrobacter (phylum Fibrobacteres), 
Spirochaetes (phylum Spirochaeta), and Fervidobacterium and Thermotoga 
(phylum Thermotogae) [14, 48–57]. Identification of the genes necessary for 
degradation of cellulose has also led to the suggestion that members of the phylum 
Proteobacteria [56], candidate phylum Cloacimonetes [58] and Actinomyces 
[59] have this ability. Among the anaerobic fungi, representatives of the phylum 
Neocallimastigomycota, commonly also found in ruminants, have been suggested 
as promising candidates to improve biogas production from lignocellulosic mate-
rial [60, 61]. Protein and amino acid degradation in anaerobic digesters has been 
shown to be performed by various genera within the phylum Firmicutes, such as 
Anaeromusa, Anaerosphaera, Aminobacterium, Aminomonas, Gelria, Peptoniphilus, 
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Thermanaerovibrio [62–67], Clostridium [68], Proteiniborus [69], and 
Sporanaerobacter [70]. However, members of the phyla Bacteroidetes (e.g., genera 
Fermentimonas and Proteiniphilum), Fusobacteria, and Cloacimonetes have also 
been suggested to have an active amino acid-based metabolism in anaerobic digest-
ers [71, 72]. Less is known about bacteria involved in hydrolysis of fat. Lipolytic 
bacteria in anaerobic digesters has so far been proposed to belong to families 
Caldilineaceae (phylum Firmicutes), Bacteroidaceae (phylum Bacteroidetes) and 
to genera Trichococcus (phylum Firmicutes), Devosia, and Psycrobacter (phylum 
Proteobacteria) [73, 74].

Acetogenesis and syntrophic acid degradation are often performed by bacteria 
belonging to the genera Clostridium and Acetobacterium (phylum Firmicutes), 
but have also been assigned to the phylum Proteobacteria [14, 43, 75]. Bacteria 
identified so far that are capable of β-oxidizing LCFA in syntrophy with metha-
nogens all belong to the families Syntrophomonadaceae and Syntrophaceae [23, 
76]. Syntrophs that degrade short-chain fatty acids, such as butyrate, propionate, 
and acetate, in association with methanogens are phylogenetically distributed. 
Syntrophic propionate and butyrate degradation is performed by genera such 
as Syntrophomonas, Syntrophospora, Syntrophothermus, Thermosyntropha, and 
Pelotomaculum (phylum Firmicutes), or the genera Syntrophus, Smithella, and 
Syntrophobacter (phylum Proteobacteria) [77]. In addition, the phyla Cloacimonetes, 
Synergistetes, and Chloriflexi have been suggested to contain bacteria capable of 
performing syntrophic metabolism in association with hydrogenotrophic metha-
nogens [78–80]. Bacteria capable of syntrophic acetate oxidation identified to 
date belong to the genera Clostridium, Thermoacetogenium, Syntrophaceticus, and 
Tepidanaerobacter (phylum Firmicutes) [81]. Novel syntrophic acetate-oxidizing 
bacteria (SAOB) candidates have been suggested within the order Clostridiales 
and/or Thermoanaerobacterales [82–86], Synergistes group 4 [87], the genus 
Coprothermobacter [88] and the phyla Spirochaetes [89], Thermotogae [83], 
Chloroflexi, and Bacteroidetes [90].

In terms of relative abundance, the methanogenic community generally 
represents a minor part (2–5%) of the total community, but methanogens 
have been observed to have high activity relative to their abundance [83, 
91, 92]. Methanogens commonly detected in biogas digesters belong to the 
orders Methanobacteriales, Methanomicrobiales, and Methanosarcinales 
(phylum Euryarchaeota). However, the orders Methanococcales and 
Methanomassiliicoccales (phylum Euryarchaeota) have also been found in AD sys-
tems [30, 93]. Hydrogenotrophs are found within all methanogenic orders except 
for the Methanomassiliicoccales [93]. Acetate is only used by members of the 
families Methanosarcinaceae and Methanosaetaceae (order Methanosarcinales). 
Members of the Methanosarcinaceae are comparatively more versatile, having 
the ability to grow on several different substrates, such as acetate, hydrogen, 
and methanol, while members of the Methanosaetaceae use only acetate [94]. 
Methane formation from methylated compounds is performed by members of 
the Methanomassiliicoccales, Methanobacteriales, and Methanosarcinales [93]. A 
candidate methanogenic class, WSA2, has also been proposed and suggested to be 
restricted to methanogenesis through methylated thiol reduction [95].

With ongoing advances in molecular techniques and cultivation studies, the list 
of anaerobic microorganisms responsible for different degradation pathways is con-
tinually being updated. The complexity of the cooperation involved in degradation 
is further illustrated by the fact that members within one and the same genus are 
often able degrade chemically different compounds. In future, the introduction of 
omics approaches, combined with isolates of novel species, will most likely increase 
insights into the taxa involved [30, 96–99].
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5.  The impact of different operating conditions on AD microbial 
communities

To optimize the anaerobic digestion process and steer it in a desired direction, 
it is important to have knowledge and understanding of the metabolic capacities of 
key microorganisms. Knowledge of the level of functional redundancy within the 
community (how easily the microbial community adapts to operating changes) and 
microbial requirements for activity can also help identify operating management 
practices for improved process performance. In this section, the impact on the 
microbial community of different operating strategies is described.

5.1 Start-up strategies

The inoculum used for starting up a biogas process has been shown to be of 
importance for the degradation rate, specific methane yield, and stress tolerance, 
possibly depending on differences in the composition of the microbial community 
[52, 100–104]. In addition, chemical parameters, such as presence of trace elements 
needed for microbial activity, have been suggested to be important [105]. Inocula, 
most commonly applied in practice, can be categorized as originating from one 
of the following three sources: wastewater treatment plants, agricultural biogas 
plants, and plants treating various biowastes, such as municipal and industrial food 
waste [101]. Microbial analyses of biogas plants belonging to these different groups 
have clearly shown separation based on microbial community structure [102, 103, 
106, 107]. This separation is believed to be caused by the substrate characteristics 
and operating conditions, with temperature and ammonia being strong regulating 
parameters [106]. It has been suggested that wastewater sludge is most optimal as the 
inoculum for biomethane potential (BMP) tests, due to its diverse and highly active 
community [101]. However, Koch et al. [108] found that inoculum originating from 
a plant degrading similar substrate to that evaluated in the BMP test gave the best 
results, suggesting that a substrate-adjusted microbial community is more suit-
able. Choosing inoculum from a well-functioning biogas process degrading similar 
substrate and operating under the parameters planned for the new process has also 
been shown to reduce the period for start-up and avoid initial instability during 
continuous operation [52, 100]. It has been suggested that methanogenic activity and 
abundance are appropriate parameters for assessing the suitability of an inoculum 
and for achieving high rates and yields in BMP tests, as well as for operation of a 
continuous biogas process [100, 109]. Another factor that can be favorable for the 
process is to use an inoculum with high microbial diversity, which is considered to 
correlate with high functional redundancy. One hypothesis to explain this is that 
having a large number of species provides potential for failing species to be easily 
replaced by other species performing similar functions, with little impact on the 
overall process [110].

Evaluations of different inocula during semi-continuous operation using the 
same substrate have been made for mesophilic processes operating with maize silage 
[103], a mix of manure and grass [52], cellulose [102], and a mix of waste-activated 
sludge and glycerol [100]. These studies have produced some contradictory results 
with regard to the composition of the microbial community over time. Han et al. 
[102] found that the inoculum source was determining for methane yield, pH, and 
volatile fatty acid (VFA) production using cellulose as a substrate, both during 
start-up and after reaching stable operation. Different steady state community 
patterns were also obtained in the different reactors started with different inocula. 
Moreover, reactors characterized by high VFA levels and low pH had comparatively 
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low levels of Methanosarcinales, highlighting the importance of this methanogen 
for efficient biogas production. In line with this, high levels of Methanosarcinales 
have also been shown to be important for efficient start-up and revival of a thermo-
philic process suffering from high acetate levels [111]. In contradiction to the results 
reported by Han et al. [102], a study employing three different inocula for start-up 
of parallel processes using a manure-grass mix as substrate found that the overall 
microbial community and process performance became similar in the parallel 
processes after three hydraulic retention times (HRT) of operation [52]. However, 
a clear difference in performance was seen during the initial phase after start-up in 
that study, with poor performance when using an inoculum from a high-ammonia 
process. Less efficient start-up using a high-ammonia inoculum was also seen in a 
study by de Vrieze et al. [100] on AD with sludge and glycerol. High-ammonia levels 
usually impact microbial richness and cause significant shifts in both the bacterial 
and methanogenic community [82, 106]. This possibly explains the less efficient 
start-up performance when using substrate with a comparatively low nitrogen level 
[100]. A negative correlation between ammonia level and cellulose degradation effi-
ciency was also found in the abovementioned study by Liu et al. [52]. Interestingly, 
when processes started with different inocula and unified in performance and 
microbial community were supplemented with an additional substrate in that 
study, the processes again diverged in both performance and microbiology. These 
results illustrate that choice of inoculum can influence long-term performance of 
biogas processes [112]. Moreover, even when the same inoculum and operating 
parameters are used during start-up, different process performances and microbial 
communities can evolve [102, 113]. This illustrates that stochastic factors play an 
important role in the microbial community assembly in biogas reactors. It also high-
lights the need for further research on the impact of inoculum source and operating 
conditions on long-term effects and optimized performance.

5.2 Temperature

Temperature strongly affects the microbial community structure and thus also 
process performance and stability [5, 92, 106, 107, 114–118]. When choosing the 
operating temperature, other operating parameters such as substrate, feeding strategy, 
and presence or possible formation of inhibitory compounds should be taken into 
account. The temperatures normally used for digestion in industrial biogas processes 
are not only mesophilic (37–40°C) or thermophilic (50–55°C), but also psychrophilic 
(<25°C) and temperatures between mesophilic and thermophilic (41–45°C) have been 
shown to be achievable [57, 118–122]. Some studies investigating AD at 41–45°C have 
even reported higher methane production compared with the more commonly used 
mesophilic or thermophilic range, with associated microbial shifts [57, 119, 121]. In 
general, metabolic rates and biochemical processes increase with increasing tempera-
ture [115, 123, 124]. However, thermophilic conditions can also make the process more 
sensitive to disturbances and inhibitory compounds [115, 125] and cause less efficient 
degradation of some inhibitory compounds [126]. Shifts in microbial community in 
response to temperature change can take time and involve periods of instability. It is 
therefore recommended to allow the community to adapt to the temperature change 
by a slow increase/decrease (±1°C per day) [5, 127–130]. In order to avoid process 
collapse, temperature changes should be carefully monitored, both when increasing 
and decreasing the operating temperature. A temporary reduction in feed rate and 
prolonged retention time can be required in the event of disturbance during step-wise 
temperature changes [5]. Another important aspect to consider during AD operation is 
that the microbial community, specifically the methanogens, is sensitive to long-term 
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temperature variations. Experience from large-scale operations shows that constant 
temperature fluctuations should not exceed ±2–3°C in order to avoid instability [131].

One quite consistent effect of operation at thermophilic instead of meso-
philic temperature is a higher level of Firmicutes compared with Bacteroidetes/
Proteobacteria [5, 57, 116, 118, 121, 132–136]. A high Firmicutes to Bacteroidetes 
ratio in mesophilic AD has been shown to correlate positively with high methane 
yield [137, 138]. However, an increase in this ratio has also been suggested to 
decrease the richness of predicted lignocellulolytic enzymes in biogas digesters, 
an effect attributed to lower hydrolysis in comparison with natural anaerobic 
systems [139]. Whether similar correlations arise in comparisons between meso-
philic and thermophilic biogas communities has yet to be determined. Another 
characteristic feature of thermophilic communities is a higher dominance of the 
phylum Thermotogae [91, 114, 117, 123, 133, 135, 136, 140–143]. Members of the 
Thermotogae degrade polysaccharides to ethanol, acetate, CO2, and H2 [72, 144], 
but can also be involved in degradation of alcohols to CO2 and H2 in syntrophic 
association with a hydrogen-consuming partner [72, 145].

Another aspect to consider during operation at thermophilic temperature is that 
ammonia inhibition occurs more quickly at higher temperature, as the equilibrium 
between ammonium and ammonia shifts towards the latter when the temperature 
rises [146]. Irrespective of temperature, methanogens performing the last step in AD 
are among the least tolerant to ammonia and reduced methane yield, and accumula-
tion of fatty acids is a common consequence of microbial inhibition of this group 
[81]. Methanogenic community changes related to temperature, often combined 
with increasing ammonia levels, have been reported to include positive correlations 
between high temperature and enhanced relative abundance of Methanobacteriales 
(often Methanothermobacter) and/or Methanomicrobiales (often Methanoculleus) [5, 
106, 116–118, 133, 136, 140–142, 147–150]. The shift in methanogenic community often 
also involves a shift in acetate degradation pathway from aceticlastic methanogenesis to 
syntrophic acetate oxidation (SAO) [81]. However, in AD processes that seldom reach 
high-ammonia levels, such as AD of wastewater sludge, instant temperature changes 
without associated instability have been shown to be possible [143, 151, 152].

5.3 Pretreatment

Wastes rich in lignocellulose (e.g., forestry by-products, straw) or keratinase 
(e.g., waste from poultry, meat, and fish industries) and wastewater sludge have 
significant biogas potential [15, 16, 153, 154]. However, the complex floc structures 
of microbial cells in sewage sludge and the recalcitrant structure of lignocellulose 
make hydrolysis the rate-limiting step in AD systems [16, 155, 156]. Pretreatment is 
a well-proven approach to improve degradation of such waste. Common pretreat-
ment strategies comprise physical (e.g., heat/pressure, irradiation, ultrasonic), 
chemical (e.g., acids/bases, ozonation, oxidation), and biological (addition of 
fungi/bacteria/enzymes under aerobic or anaerobic conditions) methods [16, 157]. 
The general concept of pretreatment is that it should improve the accessibility 
of the material to microbial degradation by disrupting the structure, changing 
the biomass porosity, and reducing the particle size to enhance the surface area 
that can be attacked. Many studies have investigated the effect on methane yield 
of pretreatment of various materials and many methods have shown improved 
process efficiency following pretreatment [16, 157, 158]. However, fewer stud-
ies have examined the influence of pretreatment on microbial communities and 
relationships to the increase in methane yield, and most of the studies performed 
to date have been on AD of waste-activated sludge, with differing results. For 
example, during mesophilic AD of sewage sludge, some studies have found no 
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responses in the microbial community following thermophilic aerobic digestion or 
ultrasonic or alkaline pretreatment [159–161]. However, in other studies investigat-
ing mesophilic AD processes, ultrasonic, microwave, and electrokinetic pretreat-
ments have all been shown to increase the relative abundance of Clostridiales 
(phylum Firmicutes) and Cloacimonetes and decrease the relative abundance of 
Proteobacteria [162, 163]. Moreover, in mesophilic AD of microalgae biomass, 
thermal pretreatment has been found to increase the relative abundance of the 
families Rikenellaceae (phylum Bacteriodetes) and Anaerolineaceae (phylum 
Chloroflexi) and decrease the relative abundance of the phylum Proteobacteria 
[164]. Using metatranscriptomic analysis, Xia et al. [165] found that low-frequency 
ultrasonic treatment of sludge during thermophilic digestion increased the hydro-
lytic activity of representatives of the phyla Bacteroidetes and Cloacimonetes 
and increased motility and chemotaxis in members of the phylum Thermotoga. 
Another noteworthy finding in that study was that, among the bacteria involved in 
cellulose degradation, members of the order Bacteroidales were more active than 
members of the Clostridiales. Both these groups contain well-known cellulose-
degrading bacteria, but members of the Bacteroidales typically do not possess 
the cellulosomes often seen in Clostridiales. Xia et al. [165] concluded that low-
frequency ultrasonic pretreatment allows enrichment of a community with high 
hydrolytic activity without attachment to its substrate.

For substrates other than sludge, Wang et al. [166] reported a weak effect on the 
microbial community structure during digestion of thermal pretreated distilled 
grain waste in thermophilic solid AD. Thermal and thermochemical pretreatment 
approaches are the most commonly used methods for lignocellulosic materials 
used for bioenergy production purposes [167]. Such methods are often efficient in 
breaking the carbohydrate polymers to soluble sugars and improving the acces-
sibility of the substrate to microbial degradation, thus increasing the biogas yield. 
However, these pretreatments can also release inhibitors such as furfural, 5-HMF, 
vanillin, and other phenolic compounds [167]. Depending on concentration, these 
lignin-derived compounds have been found to be inhibitory to methanogen and to 
result in decreased hydrolytic activity, and major shifts have been shown to occur 
in both archaeal and bacterial populations (see reviews [167, 168]). However, adap-
tation and degradation of these compounds is possible and is suggested to involve 
members within the families Syntrophorhabdaceae and Synergistaceae, combined 
with hydrogenotrophic methanogens [167–169]. For optimized degradation of 
phenolic compounds, thermophilic pretreatment has been suggested [126].

The combined results from studies performed to date suggest that pretreatment 
mostly causes minor structural adjustments in the prevailing AD microbial commu-
nity, but still impacts the activity. It is likely that the effect of pretreatment depends 
strongly on the prevailing operating conditions (e.g., substrate and temperature) 
and the activity of the microbial community. It can be anticipated that the response 
in microbial community structure is also linked to the physical effects of the pre-
treatment on the substrate. Thus, if the pretreatment enhances the solubilization of 
all components in the substrate, the impact on community structure will be lower 
than if the pretreatment increases the solubilization of one particular compound 
(i.e., proteins, carbohydrates, or lipids).

5.4 Loading rate and retention time

The hydraulic retention time (HRT) or solid retention time (SRT), i.e., the 
average time that the biomass is maintained in the digester, and the organic loading 
rate (OLR) are of great importance for the microbial community. A short HRT and 
a high OLR are often desirable in commercial biogas production plants, since they 
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temperature variations. Experience from large-scale operations shows that constant 
temperature fluctuations should not exceed ±2–3°C in order to avoid instability [131].

One quite consistent effect of operation at thermophilic instead of meso-
philic temperature is a higher level of Firmicutes compared with Bacteroidetes/
Proteobacteria [5, 57, 116, 118, 121, 132–136]. A high Firmicutes to Bacteroidetes 
ratio in mesophilic AD has been shown to correlate positively with high methane 
yield [137, 138]. However, an increase in this ratio has also been suggested to 
decrease the richness of predicted lignocellulolytic enzymes in biogas digesters, 
an effect attributed to lower hydrolysis in comparison with natural anaerobic 
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ammonia inhibition occurs more quickly at higher temperature, as the equilibrium 
between ammonium and ammonia shifts towards the latter when the temperature 
rises [146]. Irrespective of temperature, methanogens performing the last step in AD 
are among the least tolerant to ammonia and reduced methane yield, and accumula-
tion of fatty acids is a common consequence of microbial inhibition of this group 
[81]. Methanogenic community changes related to temperature, often combined 
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between high temperature and enhanced relative abundance of Methanobacteriales 
(often Methanothermobacter) and/or Methanomicrobiales (often Methanoculleus) [5, 
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make hydrolysis the rate-limiting step in AD systems [16, 155, 156]. Pretreatment is 
a well-proven approach to improve degradation of such waste. Common pretreat-
ment strategies comprise physical (e.g., heat/pressure, irradiation, ultrasonic), 
chemical (e.g., acids/bases, ozonation, oxidation), and biological (addition of 
fungi/bacteria/enzymes under aerobic or anaerobic conditions) methods [16, 157]. 
The general concept of pretreatment is that it should improve the accessibility 
of the material to microbial degradation by disrupting the structure, changing 
the biomass porosity, and reducing the particle size to enhance the surface area 
that can be attacked. Many studies have investigated the effect on methane yield 
of pretreatment of various materials and many methods have shown improved 
process efficiency following pretreatment [16, 157, 158]. However, fewer stud-
ies have examined the influence of pretreatment on microbial communities and 
relationships to the increase in methane yield, and most of the studies performed 
to date have been on AD of waste-activated sludge, with differing results. For 
example, during mesophilic AD of sewage sludge, some studies have found no 
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responses in the microbial community following thermophilic aerobic digestion or 
ultrasonic or alkaline pretreatment [159–161]. However, in other studies investigat-
ing mesophilic AD processes, ultrasonic, microwave, and electrokinetic pretreat-
ments have all been shown to increase the relative abundance of Clostridiales 
(phylum Firmicutes) and Cloacimonetes and decrease the relative abundance of 
Proteobacteria [162, 163]. Moreover, in mesophilic AD of microalgae biomass, 
thermal pretreatment has been found to increase the relative abundance of the 
families Rikenellaceae (phylum Bacteriodetes) and Anaerolineaceae (phylum 
Chloroflexi) and decrease the relative abundance of the phylum Proteobacteria 
[164]. Using metatranscriptomic analysis, Xia et al. [165] found that low-frequency 
ultrasonic treatment of sludge during thermophilic digestion increased the hydro-
lytic activity of representatives of the phyla Bacteroidetes and Cloacimonetes 
and increased motility and chemotaxis in members of the phylum Thermotoga. 
Another noteworthy finding in that study was that, among the bacteria involved in 
cellulose degradation, members of the order Bacteroidales were more active than 
members of the Clostridiales. Both these groups contain well-known cellulose-
degrading bacteria, but members of the Bacteroidales typically do not possess 
the cellulosomes often seen in Clostridiales. Xia et al. [165] concluded that low-
frequency ultrasonic pretreatment allows enrichment of a community with high 
hydrolytic activity without attachment to its substrate.

For substrates other than sludge, Wang et al. [166] reported a weak effect on the 
microbial community structure during digestion of thermal pretreated distilled 
grain waste in thermophilic solid AD. Thermal and thermochemical pretreatment 
approaches are the most commonly used methods for lignocellulosic materials 
used for bioenergy production purposes [167]. Such methods are often efficient in 
breaking the carbohydrate polymers to soluble sugars and improving the acces-
sibility of the substrate to microbial degradation, thus increasing the biogas yield. 
However, these pretreatments can also release inhibitors such as furfural, 5-HMF, 
vanillin, and other phenolic compounds [167]. Depending on concentration, these 
lignin-derived compounds have been found to be inhibitory to methanogen and to 
result in decreased hydrolytic activity, and major shifts have been shown to occur 
in both archaeal and bacterial populations (see reviews [167, 168]). However, adap-
tation and degradation of these compounds is possible and is suggested to involve 
members within the families Syntrophorhabdaceae and Synergistaceae, combined 
with hydrogenotrophic methanogens [167–169]. For optimized degradation of 
phenolic compounds, thermophilic pretreatment has been suggested [126].

The combined results from studies performed to date suggest that pretreatment 
mostly causes minor structural adjustments in the prevailing AD microbial commu-
nity, but still impacts the activity. It is likely that the effect of pretreatment depends 
strongly on the prevailing operating conditions (e.g., substrate and temperature) 
and the activity of the microbial community. It can be anticipated that the response 
in microbial community structure is also linked to the physical effects of the pre-
treatment on the substrate. Thus, if the pretreatment enhances the solubilization of 
all components in the substrate, the impact on community structure will be lower 
than if the pretreatment increases the solubilization of one particular compound 
(i.e., proteins, carbohydrates, or lipids).

5.4 Loading rate and retention time

The hydraulic retention time (HRT) or solid retention time (SRT), i.e., the 
average time that the biomass is maintained in the digester, and the organic loading 
rate (OLR) are of great importance for the microbial community. A short HRT and 
a high OLR are often desirable in commercial biogas production plants, since they 
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allow for high-quantity waste treatment and high biogas production (if the AD can 
maintain efficiency). However, SRT should exceed the microbial doubling time of 
prevailing microorganisms, in order to avoid washout of the consortium and thus 
process collapse. Immobilization of microorganisms through inclusion of support 
material or by allowing the formation of granular sludge, flocks, or biofilms is a 
strategy used in high HRT systems to support and maintain organisms with lower 
growth rate than the solid retention time [170, 171].

The response by the microbial community to change in OLR and HRT has been 
shown to vary depending on operating conditions such as temperature and compo-
sition of substrate [5, 6]. The prevailing microbial community at the time of OLR/
HRT change is also important for the overall response [172]. Moreover, the feeding 
approach, i.e., continuous or discontinuous feeding, can be determining for com-
munity changes [173]. Changes in OLR/HRT have been shown to cause a response 
in most phyla dominating in AD, such as Actinobacteria, Bacteroidetes, Firmicutes, 
Chloroflexi, Thermotogae, Cloacimonetes, and Euryarchaeota [172–176].

In the case of increasing load, bacteria associated with hydrolytic and acidogenetic 
activity, such as members of the Firmicutes or Bacteroidetes, have been shown to be 
enriched, in parallel with accumulation of accumulation of fatty acids [172, 176–178]. 
Typically, acetate accumulates first and propionate accumulates if the process distur-
bance continues, which is assumed to be caused by limited methanogenesis and excess 
levels of hydrogen [5, 172, 179]. In high-solid mesophilic AD, an increase in OLR has been 
found to decrease the relative abundance of Firmicutes and increase that of Bacteroidetes 
and Candidate division WS6 [174]. During increasing OLR of protein-rich waste (blood, 
casein) in mesophilic AD, the order Thermoanaerobacteriales, harboring several known 
SAOBs (e.g., Caldanaerobacter and Alkaliphilius), has been shown to increase, while 
the relative abundance of Bacillus (Bacteroidetes) decreases [10]. In thermophilic AD 
of lignocellulose, decreasing the retention time from 20 to 3 days has also been shown 
to increase the levels of Firmicutes, while Thermotogae and Chloroflexi decrease in 
abundance [175]. During mesophilic AD of food waste at increasing OLR (3–7 g volatile 
solids L−1 d−1) and HRT (15–20 days), a dynamic succession has been seen in different 
bacterial phyla (Firmicutes and Actinobacteria), while the abundance of Euryarchaeota, 
specifically families Methanosarcinaceae and Methanosaetaceae, increases [172].

The frequently reported increase in the genus Methanosarcina in response to 
increasing OLR has been attributed to its efficient acetate degradation capac-
ity and robustness to stress [94]. Several studies also suggest that members of the 
Methanosarcina are important for maintained and efficient methane production 
under increasing OLR [172, 180]. However, members of the Methanobacteria, 
Methanomicrobiales, and/or Methanomassiliicoccaceae have also been observed in cer-
tain processes with a high load, depending on prevailing conditions [5, 120, 176, 179–
181]. During loading by pulsed feeding, the hydrogenotrophic Methanomicrobiales 
have been shown to increase, favoring the consumption of propionate, most likely 
through hydrogen utilization. These methanogens have also been detected in high-
ammonia processes operating at high OLR [179]. Ferm et al. [182] and Xu et al. [172] 
suggest that acetate-utilizing methanogens are critical for efficient methane produc-
tion during stable performance at increasing OLR. However, with “overload” and 
acidification, hydrogenotrophic methanogens, such as representatives of the orders 
Methanomicrobiales and Methanobacteriales, become more important and dominant.

5.5 Changes in substrate composition and feeding strategies

Substrate composition is another parameter that strongly impacts the microbial 
community. It is well-known that co-digestion of different materials often achieves a 
more balanced nutrient level and improves the process performance and biogas yield 
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[3, 183, 184]. However, the substrate availability for a commercial biogas plant may 
not always be optimal and the availability can also change over time. When changing 
substrate composition or choosing a substrate for a new AD process, the estimated 
energy yield and the nutrient value of the digestate generated have to be balanced 
against possible problems associated with different substrates, such as ammonia 
inhibition, acidification, and foaming. This section reviews the microbial communities 
commonly observed in processes fed with protein-, carbohydrate- or fat-rich material 
and the microbial responses to operating challenges that often occur in these processes.

5.5.1 Protein-rich substrate

Proteins are energy-rich and contribute nutrients to the digestate, but a possible 
effect of ammonia inhibition has to be considered in the processing. Ammonia (NH3) 
and ammonium (NH4

+) are formed by the microbial degradation of proteins and in 
particularly the unionized NH3 is toxic to microorganisms [185]. NH3 and NH4

+ exist 
in equilibrium and higher temperature and pH shift the ratio toward a higher level of 
ammonia. Thus, in addition to the nitrogen content, temperature and pH should be 
taken into account in prediction of inhibition following a change in substrate composi-
tion [186]. The aceticlastic methanogens (Methanosaeta sp. and certain Methanosarcina 
sp.) are considered to be most sensitive to ammonia, but if an ammonia-tolerant 
community is allowed to persist in the digester, the process can cope with substan-
tially higher ammonia levels than an unadapted process [19]. An ammonia-tolerant 
community often includes methane formation from acetate via SAO [120, 187–193]. 
In SAO, acetate-oxidizing bacteria and hydrogenotrophic methanogens work in a syn-
trophic manner to generate methane. Bacteria species currently known to be capable 
of SAO belong to the genera Thermacetogenium [194], Pseudothermotoga [145, 195], 
Tepidanaerobacter acetatoxydans [196], Clostridium [197], and Syntrophaceticus [198]. 
Methanogenic partners in SAO are suggested to be members of the hydrogenotrophic 
Methanobacteriales and Methanomicrobiales (often the genus Methanoculleus) [81]. 
Methanosarcina is moderately ammonia-tolerant and can use both the hydrogenotro-
phic and aceticlastic pathways for methane formation, and can thus possibly act as a 
hydrogen scavenger in SAO [81, 94] or mediate the entire process, i.e., both acetate 
oxidation and subsequent methanogenesis [199, 200]. An increased level of protein 
can also affect degradation steps other than the syntrophic and methanogenic steps. 
For example, an increased level of protein in AD of food waste has been demonstrated 
to increase the abundance of the families Porphyromonadaceae, Actinomytaceae, 
Lactobacillaceae, and Caldicoprobacteraceae, suggesting their direct or indirect 
involvement in protein hydrolysis [82]. In AD of animal manure, higher protein 
content has been shown to increase the genera Desulfotomaculum and Eubacterium [82, 
201]. High levels of ammonia have also been shown to be negatively correlated with 
degradation of cellulose and with some potential cellulose degraders [112].

5.5.2 Carbohydrate-rich substrate

Carbohydrate-rich materials are difficult to use in mono-digestion for biogas, since 
the C/N ratio becomes too high for microbial activity. Carbohydrates are thus typically 
co-digested with more nitrogen-rich materials. However, complex carbohydrates can 
pose additional challenges, such as low degradability of lignocellulosic materials, while 
easily accessible carbohydrates undergo fast acidogenesis that can cause acidification 
[202, 203]. Animal manure and sludge are commonly used in co-digestion with straw 
(corn, rice, tobacco, wheat) and in these processes the two orders Clostridiales (phy-
lum Firmicutes) and Bacteroidales (phylum Bacteroidetes) often dominate. However, 
the phyla Proteobacter, Chloroflexi, and Fibrobacteres also often increase in response 
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allow for high-quantity waste treatment and high biogas production (if the AD can 
maintain efficiency). However, SRT should exceed the microbial doubling time of 
prevailing microorganisms, in order to avoid washout of the consortium and thus 
process collapse. Immobilization of microorganisms through inclusion of support 
material or by allowing the formation of granular sludge, flocks, or biofilms is a 
strategy used in high HRT systems to support and maintain organisms with lower 
growth rate than the solid retention time [170, 171].

The response by the microbial community to change in OLR and HRT has been 
shown to vary depending on operating conditions such as temperature and compo-
sition of substrate [5, 6]. The prevailing microbial community at the time of OLR/
HRT change is also important for the overall response [172]. Moreover, the feeding 
approach, i.e., continuous or discontinuous feeding, can be determining for com-
munity changes [173]. Changes in OLR/HRT have been shown to cause a response 
in most phyla dominating in AD, such as Actinobacteria, Bacteroidetes, Firmicutes, 
Chloroflexi, Thermotogae, Cloacimonetes, and Euryarchaeota [172–176].

In the case of increasing load, bacteria associated with hydrolytic and acidogenetic 
activity, such as members of the Firmicutes or Bacteroidetes, have been shown to be 
enriched, in parallel with accumulation of accumulation of fatty acids [172, 176–178]. 
Typically, acetate accumulates first and propionate accumulates if the process distur-
bance continues, which is assumed to be caused by limited methanogenesis and excess 
levels of hydrogen [5, 172, 179]. In high-solid mesophilic AD, an increase in OLR has been 
found to decrease the relative abundance of Firmicutes and increase that of Bacteroidetes 
and Candidate division WS6 [174]. During increasing OLR of protein-rich waste (blood, 
casein) in mesophilic AD, the order Thermoanaerobacteriales, harboring several known 
SAOBs (e.g., Caldanaerobacter and Alkaliphilius), has been shown to increase, while 
the relative abundance of Bacillus (Bacteroidetes) decreases [10]. In thermophilic AD 
of lignocellulose, decreasing the retention time from 20 to 3 days has also been shown 
to increase the levels of Firmicutes, while Thermotogae and Chloroflexi decrease in 
abundance [175]. During mesophilic AD of food waste at increasing OLR (3–7 g volatile 
solids L−1 d−1) and HRT (15–20 days), a dynamic succession has been seen in different 
bacterial phyla (Firmicutes and Actinobacteria), while the abundance of Euryarchaeota, 
specifically families Methanosarcinaceae and Methanosaetaceae, increases [172].

The frequently reported increase in the genus Methanosarcina in response to 
increasing OLR has been attributed to its efficient acetate degradation capac-
ity and robustness to stress [94]. Several studies also suggest that members of the 
Methanosarcina are important for maintained and efficient methane production 
under increasing OLR [172, 180]. However, members of the Methanobacteria, 
Methanomicrobiales, and/or Methanomassiliicoccaceae have also been observed in cer-
tain processes with a high load, depending on prevailing conditions [5, 120, 176, 179–
181]. During loading by pulsed feeding, the hydrogenotrophic Methanomicrobiales 
have been shown to increase, favoring the consumption of propionate, most likely 
through hydrogen utilization. These methanogens have also been detected in high-
ammonia processes operating at high OLR [179]. Ferm et al. [182] and Xu et al. [172] 
suggest that acetate-utilizing methanogens are critical for efficient methane produc-
tion during stable performance at increasing OLR. However, with “overload” and 
acidification, hydrogenotrophic methanogens, such as representatives of the orders 
Methanomicrobiales and Methanobacteriales, become more important and dominant.

5.5 Changes in substrate composition and feeding strategies

Substrate composition is another parameter that strongly impacts the microbial 
community. It is well-known that co-digestion of different materials often achieves a 
more balanced nutrient level and improves the process performance and biogas yield 

23

Microbial Responses to Different Operating Practices for Biogas Production Systems
DOI: http://dx.doi.org/10.5772/intechopen.82815

[3, 183, 184]. However, the substrate availability for a commercial biogas plant may 
not always be optimal and the availability can also change over time. When changing 
substrate composition or choosing a substrate for a new AD process, the estimated 
energy yield and the nutrient value of the digestate generated have to be balanced 
against possible problems associated with different substrates, such as ammonia 
inhibition, acidification, and foaming. This section reviews the microbial communities 
commonly observed in processes fed with protein-, carbohydrate- or fat-rich material 
and the microbial responses to operating challenges that often occur in these processes.

5.5.1 Protein-rich substrate

Proteins are energy-rich and contribute nutrients to the digestate, but a possible 
effect of ammonia inhibition has to be considered in the processing. Ammonia (NH3) 
and ammonium (NH4

+) are formed by the microbial degradation of proteins and in 
particularly the unionized NH3 is toxic to microorganisms [185]. NH3 and NH4

+ exist 
in equilibrium and higher temperature and pH shift the ratio toward a higher level of 
ammonia. Thus, in addition to the nitrogen content, temperature and pH should be 
taken into account in prediction of inhibition following a change in substrate composi-
tion [186]. The aceticlastic methanogens (Methanosaeta sp. and certain Methanosarcina 
sp.) are considered to be most sensitive to ammonia, but if an ammonia-tolerant 
community is allowed to persist in the digester, the process can cope with substan-
tially higher ammonia levels than an unadapted process [19]. An ammonia-tolerant 
community often includes methane formation from acetate via SAO [120, 187–193]. 
In SAO, acetate-oxidizing bacteria and hydrogenotrophic methanogens work in a syn-
trophic manner to generate methane. Bacteria species currently known to be capable 
of SAO belong to the genera Thermacetogenium [194], Pseudothermotoga [145, 195], 
Tepidanaerobacter acetatoxydans [196], Clostridium [197], and Syntrophaceticus [198]. 
Methanogenic partners in SAO are suggested to be members of the hydrogenotrophic 
Methanobacteriales and Methanomicrobiales (often the genus Methanoculleus) [81]. 
Methanosarcina is moderately ammonia-tolerant and can use both the hydrogenotro-
phic and aceticlastic pathways for methane formation, and can thus possibly act as a 
hydrogen scavenger in SAO [81, 94] or mediate the entire process, i.e., both acetate 
oxidation and subsequent methanogenesis [199, 200]. An increased level of protein 
can also affect degradation steps other than the syntrophic and methanogenic steps. 
For example, an increased level of protein in AD of food waste has been demonstrated 
to increase the abundance of the families Porphyromonadaceae, Actinomytaceae, 
Lactobacillaceae, and Caldicoprobacteraceae, suggesting their direct or indirect 
involvement in protein hydrolysis [82]. In AD of animal manure, higher protein 
content has been shown to increase the genera Desulfotomaculum and Eubacterium [82, 
201]. High levels of ammonia have also been shown to be negatively correlated with 
degradation of cellulose and with some potential cellulose degraders [112].

5.5.2 Carbohydrate-rich substrate

Carbohydrate-rich materials are difficult to use in mono-digestion for biogas, since 
the C/N ratio becomes too high for microbial activity. Carbohydrates are thus typically 
co-digested with more nitrogen-rich materials. However, complex carbohydrates can 
pose additional challenges, such as low degradability of lignocellulosic materials, while 
easily accessible carbohydrates undergo fast acidogenesis that can cause acidification 
[202, 203]. Animal manure and sludge are commonly used in co-digestion with straw 
(corn, rice, tobacco, wheat) and in these processes the two orders Clostridiales (phy-
lum Firmicutes) and Bacteroidales (phylum Bacteroidetes) often dominate. However, 
the phyla Proteobacter, Chloroflexi, and Fibrobacteres also often increase in response 
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to addition of lignocellulosic materials, with some variation depending on co-
digestion material and prevailing environmental conditions [118, 202, 204–208]. The 
microbial community structure in AD of rice straw has been shown to be influenced 
by temperature, with a higher ratio of Firmicutes to Bacteroidetes being reported at 
higher temperature [208]. In mesophilic AD of rice straw, Bacteroidetes is reported to 
be the most prevalent group and the abundance is not influenced by increased OLR, 
whereas the second most abundant Firmicutes decreases slightly [209]. Metagenomic 
studies have confirmed the involvement of the phyla Proteobacteria, Firmicutes, 
Chloroflexi, and Bacteroidetes, but also Actinomycetes, in the degradation of lignocel-
lulose by demonstrating the existence of CAZymes (Carbohydrate-Active Enzymes) 
in consortia adapted to lignocellulosic materials [59, 202].

Interestingly, similar community profiles as described above are often seen in AD 
of material containing comparatively high levels of easily accessible carbohydrates. 
For example, in co-digestion of fruit and vegetable waste with pig manure, the phyla 
Firmicutes, Bacteroidetes, Chloroflexi, Proteobacteria, and Actinobacteria have been 
found to dominate, but the numbers of Firmicutes decrease when the fraction of 
fruit and vegetable waste (with the highest levels of carbohydrates) decreases [210]. 
In mesophilic AD of potato and cabbage waste (alone or in combination), mem-
bers of the phyla Spirochaete, Bacteroidetes, Firmicutes, and Proteobacteria vary 
in numbers depending on the substrate combination [203]. In a study examining 
addition of cellulose and xylan to wastewater sludge, it was found that this increased 
the relative abundance of the bacterial genus Clostridium (phylum Firmicutes), 
whereas the levels of the bacterial phyla Thermotogae and Bacteroidetes decreased 
[211]. In thermophilic AD of cattle manure involving addition of easily degraded 
carbohydrates in the form of glucose, the genus Lactobacillus (class Bacilli) has 
been shown to increase [201]. The methanogenic communities identified in various 
studies on carbohydrate-rich material show diverging structures and appear to be 
primarily shaped by the co-substrate and prevailing environmental conditions. For 
example, during straw co-digestion with cow manure or digestion of straw alone, 
Methanosarcina or Methanosaeta often dominate [204–207, 208, 209]. However, with 
increasing nitrogen level, temperature, OLR, and/or carbohydrate accessibility, the 
contribution of hydogenotropic methanogenesis increases, involving Methanoculleus, 
Methanothermobacter, and Methanobacterium [201–203, 208, 209].

5.5.3 Lipid-rich substrate

Lipids are energy-rich and different fat-rich substrates are often used to boost bio-
gas production from sewage and manure [212–215]. Degradation of fat results in glyc-
erol and LCFA, with the latter being a known microbial inhibitor [23]. The bacteria 
Syntrophomonas (family Syntrophomonadaceae) is commonly enriched in mesophilic 
co-digestion of lipid-rich materials [216–224] and even represents as much as 30–40% 
of the total bacterial community during degradation of LCFA [218, 225]. Moreover, it 
has been reported [218] that pulse feeding of oleate, instead of continuous feeding of 
oleate, increases the conversion rates of oleate and acetate and induces greater meta-
bolic flexibility within the LCFA-degrading community dominated by Syntrophomonas 
population [76]. In thermophilic degradation of animal manure, addition of oleate has 
been shown to increase the relative abundance of the glycerol- and inositol-fermenting 
Megamonas (phylum Firmicutes) [201], whereas in mesophilic AD increased levels 
of glycerol/glycerin enrich the phyla Cloacamonas [226] and Thermotogae in AD of 
wastewater sludge [227] and the genus Trichococcus and family Syntrophomonadaceae 
in AD of brewery wastewater [228]. Methanoculleus, Methanobacterium, and 
Methanospirillum have been proposed as important hydrogen-utilizing partners for 
LCFA-degrading bacteria, whereas Methanosarcina has been suggested to act both 
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as a hydrogen and acetate consumer [216, 229, 230]. However, in pulse feeding of 
oleate, Methanosaeta increases in importance relative to Methanosarcina, along with 
higher abundance of Methanoculleus compared with Methanobacterium. This was 
suggested by the authors to be a consequence of higher acetate affinity and tolerance 
for LCFA by Methanosaeta and higher affinity for hydrogen by Methanoculleus [218]. 
In another study, an increased level of the hydrogenotrophic Methanoculleus and 
Methanobrevibacter was linked to increased methane production from oleate, driven 
by enhanced concentration of sulfide [224]. In addition to aceticlastic methanogensis, 
acetate degradation has also been shown to proceed via syntrophic acetate oxidation 
during LCFA conversion, which is likely linked to high-ammonia level [216].

5.6 Addition of trace elements

Trace element deficiency can severely limit microbial activity and cause accu-
mulation of fatty acids, process instability and decreased methane yield from food 
waste [21, 120, 231, 232], slaughterhouse waste [233, 234], crop material [235], 
stillage [236], and animal manure, when used as a single substrate or as co-substrate 
[237, 238]. In this regard, it is important to consider the level of sulfide, which 
is primarily formed through protein degradation. Sulfide forms complexes with 
metals, which decreases the bioavailability of trace elements essential for microbial 
activity [239–241]. In addition, temperature has been suggested to impact nutrient 
bioavailability and nutrient requirements [242, 243]. However, the actual impact of 
different temperatures on the availability of trace metals has yet to be established.

The trace elements such as cobalt, nickel, iron, molybdenum, and tungsten are 
essential trace elements, especially for acetogenic and methanogenic microorgan-
isms [244–246]. So far, mainly methanogenic abundance has been shown to be 
influenced by trace element addition in AD, while less is known about the response 
in the bacterial community. Thus, it is not clear whether the improved degradation 
of LCFA and VFA with trace element addition is caused solely by improved activity 
of methanogens or also improved activity of the syntrophic community. Trace ele-
ments have demonstrated to have a pronounced effect on the methanogenic commu-
nity, including increased abundance or predicted stimulatory effects on the genus 
Methanoculleus [120, 247] and increased abundance of the order Methanosarcinales 
[200] and the genus Methanobrevibacter (order Methanobacteriales), all in meso-
philic AD [247]. Methanoculleus has also been proposed to have a more efficient 
strategy than Methanosarcina for stabilizing its energy balance, and thus can cope 
more successfully with trace element limitation [248, 249]. Interestingly, despite 
improved VFA conversion following trace element addition, SAO-dominated AD 
processes are reported to show no or decreased abundance of the known syntrophic 
acetate oxidizers S. schinkii, T. acetatoxydanse, and C. ultunense [120, 200].

5.7 Bioaugmentation

The approach of adding microorganisms to the anaerobic process is based on 
the belief that slow degradation is due to the absence or low abundance of efficient 
populations responsible for the particular degradation step. Bioaugmentation could 
thus shorten the time of microbial adaptation to certain environmental conditions/
inhibitors and/or improve methane yield from specific substrates. Since the hydro-
lytic and methanogenic steps generally appear to be bottlenecks in AD systems, 
bioaugmentation efforts to date have most commonly been directed at enhancing 
these two steps. However, bioaugmentation has also been evaluated for improving 
the transition to psychrophilic temperature, to overcome inhibition of ammonia 
and reduce the time following overload [250].
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of the total bacterial community during degradation of LCFA [218, 225]. Moreover, it 
has been reported [218] that pulse feeding of oleate, instead of continuous feeding of 
oleate, increases the conversion rates of oleate and acetate and induces greater meta-
bolic flexibility within the LCFA-degrading community dominated by Syntrophomonas 
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acetate degradation has also been shown to proceed via syntrophic acetate oxidation 
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Methanoculleus [120, 247] and increased abundance of the order Methanosarcinales 
[200] and the genus Methanobrevibacter (order Methanobacteriales), all in meso-
philic AD [247]. Methanoculleus has also been proposed to have a more efficient 
strategy than Methanosarcina for stabilizing its energy balance, and thus can cope 
more successfully with trace element limitation [248, 249]. Interestingly, despite 
improved VFA conversion following trace element addition, SAO-dominated AD 
processes are reported to show no or decreased abundance of the known syntrophic 
acetate oxidizers S. schinkii, T. acetatoxydanse, and C. ultunense [120, 200].
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The approach of adding microorganisms to the anaerobic process is based on 
the belief that slow degradation is due to the absence or low abundance of efficient 
populations responsible for the particular degradation step. Bioaugmentation could 
thus shorten the time of microbial adaptation to certain environmental conditions/
inhibitors and/or improve methane yield from specific substrates. Since the hydro-
lytic and methanogenic steps generally appear to be bottlenecks in AD systems, 
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these two steps. However, bioaugmentation has also been evaluated for improving 
the transition to psychrophilic temperature, to overcome inhibition of ammonia 
and reduce the time following overload [250].
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For the degradation of lignocellulosic material in the biogas process, 
bioaugmentation with cellulose-degrading bacteria, hydrolytic enzymes, 
and anaerobic fungi has been suggested as a promising method to increase 
methane production from lignocellulosic materials [251–254]. Microorganisms 
that have so far shown positive results on methane yield include the cellulo-
lytic bacteria Clostridium cellulolyticulm, Acetobacteroides hydrogenigenes, and 
Caldicellulosiruptor lactoaceticus (Caldicellulosiruptor) and the fungus Piromyces 
rhizinflata. A mix of cultures of different Clostridium sp. and different hemicel-
lulose and cellulolytic bacteria has also been shown to produce positive results 
[250], while a mixed consortium with high endoglucanase activity has been 
found to result in increased biogas production from maize silage [255]. For 
addition of enzymes, investigations have shown mixed effects, ranging from 
no effect at all on rate or yield, to increased biogas yield only, or increased rate 
only (summarized in [252]). A likely explanation for the nonconclusive results 
from addition of enzyme/organisms is differences in the environmental condi-
tions prevailing in the digester, such pH and ammonia level, which vary greatly 
depending on substrate. For example, a clear correlation between inefficient 
cellulose degradation and high-ammonia levels has been demonstrated [53]. 
The amount of added microorganisms has also been suggested to be of criti-
cal importance [250]. For enzyme addition, another possible reason behind 
the variation in results is that the hydrolytic enzymes investigated so far have 
mainly originated from nonbiogas environments and have a very short activity 
lifetime (<24 h) in the biogas process, which restricts the hydrolytic activity 
within these systems [256]. However, a study investigating the effects of addi-
tion of enzymes or microbes retrieved from a specific biogas environment has 
found promising results [252]. In that study, these enzymes were found to be 
active and stable in the environment and had a profound effect on both the 
biogas production rate and yield from forage ley [252]. Moreover, Azman et al. 
[257] have demonstrated that addition of hydrolytic enzymes to a cellulose and 
xylan-fed digester operating at 30°C can counteract the inhibitory effects of 
humic acid on hydrolysis efficiency.

The degradation of fats has been shown to be stimulated by the addition 
of hydrolyzing enzymes (lipases) or fat-degrading bacteria (Syntrophomonas 
zehnderi and Clostridium lundense) [250, 258], whereas addition of a co-culture 
of Syntrophomonas zehnderi and Methanobacterium formicicum is reported to 
have no effect in AD of fat-rich wastewater [259]. For protein, bioaugmentation 
with Coprothermobacter proteolyticus has been shown to improve hydrolysis and 
fermentation in waste-activated sludge [260]. Another factor to consider when 
attempting to improve the degradation of fat and protein is increased release 
of LCFA and ammonia. For example, high concentrations of lipases have been 
shown to inhibit the process, probably due to the release of LCFA. Moreover, 
LCFA and ammonia have been shown to have additive effects, so that the 
process becomes more severely inhibited if both are present at relatively high 
concentrations [205].

Previous attempts to increase the stability and activity of the methanogenic 
community have included addition of Methanosarcina sp. during start-up [111]. 
Moreover, bioaugmentation with syntrophic-acetate degrading co-cultures and 
with ammonia-tolerant Methanoculleus bourgensis has been tested with the aim of 
preventing ammonia inhibition of the process [189, 261, 262]. Test results in that 
case revealed that addition of syntrophic co-cultures did not facilitate a dynamic 
transition from aceticlastic methanogenesis to SAO, whereas addition of ammonia-
tolerant M. bourgensis improved adaptation to gradually increased ammonia con-
centrations under mesophilic conditions.
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6. Conclusions

Biogas production through anaerobic digestion enables recovery of renewable 
energy and of nutrients from various organic waste materials and is thus highly 
important for the transition to a more sustainable society. The performance and 
stability of the biodigestion process is highly dependent on an array of different 
microbial groups, and their networks and functions are in turn influenced by sub-
strate characteristic and operating parameters. With recent advances in molecular 
techniques, knowledge about anaerobic microorganisms and their response to vari-
ous operating conditions has increased tremendously. This knowledge has enabled 
the development of more controlled management and monitoring approaches, to 
ensure high process efficiency and stability. However, with increasing knowledge 
about the microbiology of biogas processes, it has also become evident that the 
microbiota involved is even more complicated and difficult to visualize than initially 
thought, particularly as many members within a particular genus are often able to 
degrade chemically very different compounds. Moreover, many organisms belong to 
candidate phyla or are even unknown, and remain to be isolated and characterized 
for full understanding of their role in the biogas system. Thus, in order to establish 
effective operating policies to achieve maximum biogas process performance, it is 
important to improve understanding about microorganisms and their functions and 
to further develop a predictive understanding of the interplay between microbial 
community structure and operating parameters and performance.
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Chapter 3

Searching for Metabolic Pathways
of Anaerobic Digestion: A Useful
List of the Key Enzymes
Anna Sikora, Anna Detman, Damian Mielecki,
Aleksandra Chojnacka and Mieczysław Błaszczyk

Abstract

The general scheme of anaerobic digestion is well known. It is a complex process
promoted by the interaction of many groups of microorganisms and has four major
steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. The aim of the
study was to prepare a systematized list of the selected enzymes responsible for the
key pathways of anaerobic digestion based on the Kyoto Encyclopedia of Genes and
Genomes database resource. The list contains (i) key groups of hydrolases involved
in the process of degradation of organic matter; (ii) the enzymes catalyzing reac-
tions leading to pyruvate formation; (iii) the enzymes of metabolic pathways of
further pyruvate transformations; (iv) the enzymes of glycerol transformations; (v)
the enzymes involved in transformation of gaseous or nongaseous products of
acidic fermentations resulting from nonsyntrophic nutritional interactions between
microbes; (vi) the enzymes of amino acid fermentations; (vii) the enzymes
involved in acetogenesis; and (viii) the enzymes of the recognized pathways of
methanogenesis. Searching for the presence and activity of the enzymes as well as
linking structure and function of microbial communities allows to develop a funda-
mental understanding of the processes, leading to methane production. In this
contribution, the present study is believed to be a piece to the enzymatic road map
of anaerobic digestion research.

Keywords: anaerobic digestion, enzymes, hydrolysis, acidogenesis, acetogenesis,
methanogenesis, syntrophy, metabolic pathways

1. Introduction

Anaerobic digestion (AD), whose final products are methane and carbon diox-
ide, is a common process in natural anoxic environments such as water sediments,
wetlands, or marshlands. The environments have to be rich in organic matter and
poor with other electron acceptors such as nitrate, compounds containing oxidized
forms of metals, and sulfate. AD is also common in landfills and wastewater treat-
ment plants and was used by man to produce biogas from waste biomass as an
alternative energy source.

AD is a complex process that requires the metabolic interaction of many groups
of microorganisms responsible for four closely related major steps. The first one is
hydrolysis of complex organic polymers (e.g., polysaccharides, lipids, proteins) to
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Abstract

The general scheme of anaerobic digestion is well known. It is a complex process
promoted by the interaction of many groups of microorganisms and has four major
steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. The aim of the
study was to prepare a systematized list of the selected enzymes responsible for the
key pathways of anaerobic digestion based on the Kyoto Encyclopedia of Genes and
Genomes database resource. The list contains (i) key groups of hydrolases involved
in the process of degradation of organic matter; (ii) the enzymes catalyzing reac-
tions leading to pyruvate formation; (iii) the enzymes of metabolic pathways of
further pyruvate transformations; (iv) the enzymes of glycerol transformations; (v)
the enzymes involved in transformation of gaseous or nongaseous products of
acidic fermentations resulting from nonsyntrophic nutritional interactions between
microbes; (vi) the enzymes of amino acid fermentations; (vii) the enzymes
involved in acetogenesis; and (viii) the enzymes of the recognized pathways of
methanogenesis. Searching for the presence and activity of the enzymes as well as
linking structure and function of microbial communities allows to develop a funda-
mental understanding of the processes, leading to methane production. In this
contribution, the present study is believed to be a piece to the enzymatic road map
of anaerobic digestion research.

Keywords: anaerobic digestion, enzymes, hydrolysis, acidogenesis, acetogenesis,
methanogenesis, syntrophy, metabolic pathways

1. Introduction

Anaerobic digestion (AD), whose final products are methane and carbon diox-
ide, is a common process in natural anoxic environments such as water sediments,
wetlands, or marshlands. The environments have to be rich in organic matter and
poor with other electron acceptors such as nitrate, compounds containing oxidized
forms of metals, and sulfate. AD is also common in landfills and wastewater treat-
ment plants and was used by man to produce biogas from waste biomass as an
alternative energy source.

AD is a complex process that requires the metabolic interaction of many groups
of microorganisms responsible for four closely related major steps. The first one is
hydrolysis of complex organic polymers (e.g., polysaccharides, lipids, proteins) to
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monomers (sugars, fatty acids, amino acids). The second step is acidogenesis that
results in formation of hydrogen and carbon dioxide as well as nongaseous fermen-
tation products, that is, low-molecular-weight organic acids and alcohols. These
products are further oxidized to hydrogen, carbon dioxide, and acetate in
acetogenic step that involves mainly syntrophic degradation of nongaseous fer-
mentation products. The fourth step is methanogenesis. Three groups of substrates
for methane production and three types of methanogenic pathways are known:
splitting of acetate (aceticlastic/acetotrophic methanogenesis); reduction of CO2

with H2 or formate and rarely ethanol or secondary alcohols as electron donors
(hydrogenotrophic methanogenesis); and reduction of methyl groups of methyl-
ated compounds such as methanol, methylated amines, or methylated sulfides
(hydrogen-dependent and hydrogen-independent methylotrophic
methanogenesis). The two last steps, acetogenesis and methanogenesis, are closely
related and involve syntrophic associations between hydrogen-producing
acetogenic bacteria and hydrogenotrophic methanogens (Figure 1) [1–5].

Recently, there has been a rapid development in culture-independent tech-
niques (meta-omics approaches such as metagenomics, metatranscriptomics,
metaproteomics, metabolomics) for exploring microbial communities, which
have led to a new insight into their structure and function in both natural
environments and anaerobic digesters. The current trends involve the combined
use of meta-omic approaches and detailed reactor performance data as well as
isotope labeling techniques that allow us to develop a fundamental understand-
ing of the processes occurring in AD. Those activities are aimed to improve

Figure 1.
A scheme of anaerobic digestion of organic matter. Enzymes catalysing specific reactions of AD are presented in
Tables 1–4. Thus in Figure 1 there are the links to Tables 1–4. Furthermore, background colours in the Figure
correspond to the background colours of the title rows in the Tables 1–4: hydrolysis is indicated in green,
acidogenesis in orange, acetogenesis in blue and methanogenesis in yellow. A, B, C, D, E refer to the title rows in
Table 2; F, G refer to the title rows in Table 3.
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biogas production and increase the share of renewable energy in total energy
consumption [6–9].

Analysis of many studies on metagenomes of microbial communities from
anaerobic digesters shows that (i) contribution of methanogens in the methane-
yielding microbial communities is relatively small, below 20%; (ii) the most
abundant phyla of bacteria are usually Firmicutes, Bacteroidetes, Proteobacteria,
and Actinobacteria; (iii) methanogenic archaea are dominated by acetotrophs or
hydrogenotrophs with a certain contribution of methylotrophs; (iv) substrate,
operational conditions such as temperature, pH, ammonia concentration, etc.
shape the structure, percentage distribution of specific taxons, and functioning
of the community of microorganisms; (v) it is important to describe interac-
tions within microbial communities and assign functions in AD steps to specific
groups of microbes; and (vi) the majority of sequences are not classified at the
genus level confirming that most of the microorganisms are still unrecognized
[6, 10–15].

In this contribution, the purpose of the study was to prepare a list of the
selected enzymes and their catalyzed reactions, being a specific enzymatic road
map of AD metabolic pathways, useful in molecular studies. The available
metabolic pathway databases such as KEGG PATHWAY Database [16–18],
MetaCyc Metabolic Pathway Database, BioCyc Database Collection [19], and
BRENDA—The Comprehensive Enzyme Information System [20] were used to
select metabolic pathways dedicated only to AD from hydrolysis to
methanogenic steps exerted by microbes.

2. Selected enzymes of anaerobic digestion

Figure 1 shows a scheme of AD and Tables 1–4 present a summary of the
selected enzymes and enzymatic reactions involved in decomposition of organic
matter to methane and carbon dioxide. Tables 1–4 are an extension of Figure 1, and
in Figure 1, there are the links to Tables 1–4.

The key groups of hydrolases involved in the process of degradation of organic
matter are esterases, glycosidases, and peptidases, which catalyze the cleavage of
ester bonds, glycoside bonds, and peptide bonds, respectively (Table 1). Table 1
also includes other classes of hydrolases such as acting on carbon-nitrogen bonds,
other than peptide bonds.

In the acidogenic stage of AD, the key step is pyruvate formation from carbo-
hydrates (Table 2, Part A) or other compounds and further pyruvate transforma-
tions toward short-chain fatty acids and ethanol (Table 2, Part B). The Part C of the
Table 2 also considers transformation of gaseous and nongaseous products of acidic
fermentations, resulting from nonsyntrophic nutritional interaction between bac-
teria. The Parts D and E present the enzymes of glycerol and amino acid trans-
formations, respectively. The latter requires syntrophic cooperation between
microorganisms.

The enzymes catalyzing oxidation of nongaseous products of acidogenesis
mainly butyrate, propionate, acetate, lactate, ethanol including the enzymes of
reverse electron transfer (process responsible for energy conservation in
syntrophically growing acetogens) are shown in Table 3.

The enzymes of the three recognized pathways of methanogenesis such as
acetotrophic, hydrogenotrophic, and methylotrophic are listed in Table 4.

The data were prepared on the basis of detailed analysis of AD research. The
enzyme nomenclature comes from the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database resource.
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Hydrolytic enzyme Reaction/process EC number

Esterases Acting on ester bonds EC 3.1

Glycosidases Acting on glycoside bonds EC 3.2

Acting on cellulose

Cellulase; endo-1,4-beta-D-
glucanase

Endohydrolysis of (1 ! 4)-beta-D-glucosidic linkages in
cellulose, lichenin, and cereal beta-D-glucans

EC 3.2.1.4

Cellulose 1,4-beta-
cellobiosidase (nonreducing
end)

Hydrolysis of (1 ! 4)-beta-D-glucosidic linkages
in cellulose and cellotetraose, releasing cellobiose

from the nonreducing ends
of the chains

EC 3.2.1.91

Beta-glucosidase Hydrolysis of terminal, nonreducing beta-D-glucosyl
residues with release of beta-D-glucose

EC 3.2.1.21

Acting on hemicellulose

Endo-1,4-beta-xylanase Endohydrolysis of (1 ! 4)-beta-D-xylosidic linkages in
xylans

EC 3.2.1.8

Xylan 1,4-beta-xylosidase Hydrolysis of (1! 4)-beta-D-xylans, to remove successive
D-xylose residues from the nonreducing termini

EC 3.2.1.37

Mannan endo-1,4-beta-
mannosidase

Random hydrolysis of (1 ! 4)-beta-D-mannosidic
linkages in mannans, galactomannans, and

glucomannans

EC 3.2.1.78

Beta-mannosidase Hydrolysis of terminal, nonreducing beta-D-mannose
residues in beta-D-mannosides

EC 3.2.1.25

Alpha-galactosidase Hydrolysis of terminal, nonreducing alpha-D-galactose
residues in alpha-D-galactosides, including galactose

oligosaccharides, galactomannans,
and galactolipids

EC 3.2.1.22

Alpha-glucuronidase An alpha-D-glucuronoside + H2O ! an alcohol + D-
glucuronate

EC 3.2.1.139

Peptidases Acting on peptide bonds EC 3.4

Other hydrolases

Hydrolases acting on carbon-nitrogen bonds, other than peptide
bonds

EC 3.5

Hydrolases acting on ether bonds EC 3.3

Hydrolases acting on carbon-carbon bonds EC 3.7

Hydrolases acting on halide bonds EC 3.8

Hydrolases acting on phosphorus-nitrogen
bonds

EC 3.9

Hydrolases acting on sulfur-nitrogen
bonds

EC 3.10

Hydrolases acting on carbon-phosphorus
bonds

EC 3.11

Hydrolases acting on sulfur-sulfur
bonds

EC 3.12

Hydrolases acting on carbon-sulfur bonds EC 3.13

Hydrolases acting on acid anhydrides EC 3.6

Table 1.
The selected enzymes of hydrolytic step of anaerobic digestion [21, 22].
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Enzyme Reaction/process EC number

A. Pyruvate formation from carbohydrates [23]

Glycolysis (the Embden-Meyerhof-Parnas pathway)

Hexose kinase D-Glucose + ATP$D-glucose-6-phosphate + ADP EC 2.7.1.1

Phosphoglucose isomerase D-Glucose 6-phosphate $ D-fructose 6-phosphate EC 5.3.1.9

Phosphofructose kinase ATP + D-fructose 6-phosphate $ ADP + D-
fructose 1,6-bisphosphate

EC 2.7.1.11

Fructose-bisphosphate aldolase Fructose-1,6-bisphosphate $ dihydroxyacetone
phosphate + glyceraldehyde-3-phosphate

EC 4.1.2.13

Triose phosphate isomerase Glyceraldehyde 3-phosphate $ dihydroxyacetone
phosphate

EC 5.3.1.1

Glyceraldehyde-3-phosphate
dehydrogenase

D-Glyceraldehyde 3-phosphate + phosphate +
NAD+ $ 1,3-bisphosphoglycerate + NADH + H+

EC 1.2.1.12

Phosphoglycerate kinase 1,3-Bisphosphoglycerate + ADP $ 3-
phosphoglycerate + ATP

EC 2.7.2.3

Phosphoglycerate mutase 3-Phosphoglycerate $ 2-phosphoglycerate EC 5.4.2.1

Enolase 2-Phospho-D-glycerate $ phosphoenolpyruvate +
H2O

EC 4.2.1.11

Pyruvate kinase Phosphoenolpyruvate + ADP $ pyruvate + ATP EC 2.7.1.40

2-Keto-3-deoxy-6-phosphogluconate (the Entner-Doudoroff pathway)

Glucose-6-phosphate
dehydrogenase

D-glucose 6-phosphate + NADP+ $ 6-phospho-D-
glucono-1,5-lactone + NADPH + H+

EC 1.1.1.49

Phosphogluconate dehydrogenase 6-Phospho-D-gluconate + NAD(P)+ $ 6-phospho-
2-dehydro-D-gluconate + NAD(P)H + H+

EC 1.1.1.43

2-Keto-3-deoxy-6-
phosphogluconate aldolase

2-Dehydro-3-deoxy-6-phospho-D-gluconate $
pyruvate + D-glyceraldehyde 3-phosphate

EC 4.1.2.14

B. Further transformations of pyruvate—glycolytic fermentations [23–27]

Lactate dehydrogenase Pyruvate + NADH $ lactate + NAD+ EC 1.1.1.27

Pyruvate:ferredoxin
oxidoreductase, PFOR

Pyruvate + CoA + oxidized Fd $ acetyl-
CoA + reduced Fd + CO2 + H+

EC 1.2.7.1

NADH:ferredoxin oxidoreductase,
NFOR

Oxidized Fd + NADH $ reduced Fd + NAD+ + H+ EC 1.18.1.3

Ferredoxin hydrogenase 2 reduced ferredoxin + 2 H+ $ H2 + 2 oxidized
ferredoxin

EC 1.12.7.2

Phosphotransacetylase CoA + acetyl phosphate $ acetyl-CoA + phosphate EC 2.3.1.8

Acetate kinase ATP + acetate $ ADP + acetyl phosphate EC 2.7.2.1

NAD+-dependent ethanol
dehydrogenase

Acetaldehyde + NADH + H+ $ ethanol + NAD+

An aldehyde + NADH + H+ $ a primary alcohol +
NAD+

EC 1.1.1.1

Acetaldehyde dehydrogenase Acetaldehyde + CoA + NAD+ $ acetyl-
CoA + NADH + H+

EC 1.2.1.10

Acetyl-CoA acetyltransferase 2-acetyl-CoA $ CoA + acetoacetyl-CoA EC 2.3.1.9

3-Hydroxybutyryl-CoA
dehydrogenase

3-Acetoacetyl-CoA + NADPH + H+ $
3-hydroxybutanoyl-CoA + NADP+

EC 1.1.1.157

Crotonase
3-OH-butyryl-CoA dehydratase

3-Hydroxybutanoyl-CoA $ crotonoyl-CoA + H2O EC 4.2.1.55
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Enzyme Reaction/process EC number

2NADH+ oxidized Fd + crotonyl-CoA ! 2 NAD+ reduced Fd + butyryl-CoA catalyzed by butyryl CoA
dehydrogenase/electron-transfer flavoprotein complex

Butyryl-CoA dehydrogenase A short-chain acyl-CoA + electron-transfer
flavoprotein $ a short-chain trans-
2,3-dehydroacyl-CoA + reduced electron-transfer
flavoprotein

EC 1.3.8.1

Butyryl-CoA dehydrogenase/Etf
complex

Butanoyl-CoA + 2 NAD+ + 2 reduced Fd $
Crotonoyl-CoA + 2 NADH + 2 oxidized Fd

EC 1.3.1.109

Phosphotransbutyrylase Butanoyl-CoA + phosphate $ CoA + butanoyl
phosphate

EC 2.3.1.19

Butyrate kinase Butanoyl phosphate + ADP $ butanoate + ATP EC 2.7.2.7

PFL—pyruvate formate lyase Pyruvate + CoA $ acetyl-CoA + formate EC 2.3.1.54

FHL—formate hydrogen lyase Formate ! H2 + CO2 EC 1.17.99.7

Pyruvate carboxylase ATP + pyruvate + HCO3
� $ ADP + phosphate +

oxaloacetate
EC 6.4.1.1

Malate dehydrogenase Malate + NAD+ $ oxaloacetate + NADH + H+ EC 1.1.1.37

Fumarate hydratase Malate $ fumarate + H2O EC 4.2.1.2

Fumarate reductase Fumarate + a quinol $ succinate + a quinone EC 1.3.5.4

Fumarate + NADH $ succinate + NAD+ EC 1.3.1.6

Succinyl-CoA synthetase GTP + succinate + CoA = GDP + phosphate +
succinyl-CoA

EC 6.2.1.4

Methylmalonyl CoA mutase Succinyl-CoA $ (R)-methylmalonyl-CoA EC 5.4.99.2

Methylmalonyl CoA epimerase (R)-methylmalonyl-CoA $ (S)-methylmalonyl-
CoA

EC 5.1.99.1

Methylmalonyl-CoA decarboxylase (S)-methylmalonyl-CoA $ propanoyl-CoA + CO2 EC 4.1.1.41

Propionate-CoA transferase Acetate + propanoyl-CoA $ acetyl-
CoA + propanoate

EC 2.8.3.1

C. Transformation of gaseous and nongaseous products of acidic fermentations (the selected
examples)

Transformation of lactate and acetate to butyrate, hydrogen, and carbon dioxide ([28] and cited
therein)

Lactate dehydrogenases (S)-lactate + NAD+ $ pyruvate + NADH + H+ EC 1.1.1.27

(R)-lactate + NAD+ $ pyruvate + NADH + H+ EC 1.1.1.28

Lactate + 2 NAD+ + 2 reduced Fd $ pyruvate + 2
NADH + 2 oxidized Fd
See Table 3

EC 1.3.1.110

Pyruvate is oxidized to acetyl coenzyme A, which is further routed to acetate and butyrate with
hydrogen release. See Part B: Further transformations of pyruvate—glycolytic fermentations

Transformation of ethanol and acetate to butyrate and hydrogen in Clostridium kluyveri [29]

Acetate kinase See Part B. Further transformations of pyruvate—
glycolytic fermentations

EC 2.7.2.1

Acetyl-CoA acetyltransferase EC 2.3.1.9

3-Hydroxybutyryl-CoA
dehydrogenase

EC 1.1.1.157

3-Hydroxyacyl-CoA dehydratase EC 4.2.1.55

Butyryl-CoA dehydrogenase/Etf
complex

EC 1.3.1.109
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Acetate CoA-transferase Acyl-CoA + acetate $ a fatty acid anion + acetyl-
CoA

EC 2.8.3.8

Reductive carbon monoxide dehydrogenase/acetyl-CoA synthase pathway (reductive CODH/ACS)
[30]

NADP-dependent formate
dehydrogenase

CO2 + NADPH $ formate + NADP+ EC 1.17.1.10

Formyltetrahydrofolate synthetase ATP + formate + tetrahydrofolate $
ADP + phosphate + 10-formyltetrahydrofolate

EC 6.3.4.3

Methenyltetrahydrofolate
cyclohydrolase

10-Formyltetrahydrofolate $ 5,10-
methenyltetrahydrofolate + H2O

EC 3.5.4.9

NADP-dependent
methylenetetrahydrofolate
dehydrogenase

5,10-Methenyltetrahydrofolate + NADPH + H+ $
5,10-Methylenetetrahydrofolate + NADP+

EC 1.5.1.5

Ferredoxin-dependent
methylenetetrahydrofolate
reductase

5,10-Methylenetetrahydrofolate + 2 reduced Fd + 2
H+ $ 5-methyltetrahydrofolate + 2 oxidized Fd

EC 1.5.7.1

5,10-Methylenetetrahydrofolate
reductase

5,10-Methylenetetrahydrofolate + NAD(P)H + H+

$ 5-methyltetrahydrofolate + NAD(P)+
EC 1.5.1.20

5-Methyltetrahydrofolate:
corrinoid/iron–sulfur protein Co-
methyltransferase

[Co(I) corrinoid Fe-S protein] + 5-
methyltetrahydrofolate $ [methyl-Co(III)
corrinoid Fe-S protein] + tetrahydrofolate

EC 2.1.1.258

Carbon monoxide dehydrogenase CO2 + 2 reduced Fd + 2 H+ $ CO + H2O + 2
oxidized Fd

EC 1.2.7.4

CO-methylating acetyl-CoA
synthase

CO + CoA + [methyl-Co(III) corrinoid Fe-S
protein] $ acetyl-CoA + [Co(I) corrinoid Fe-S
protein]

EC 2.3.1.169

D. Glycerol transformations [31, 32]

Oxidative pathway

Glycerol dehydrogenase Glycerol + NAD+ $ glycerone
(dihydroxyacetone) + NADH + H+

EC 1.1.1.6

Dihydroxyacetone kinase ATP + glycerone $ ADP + glycerone phosphate EC 2.7.1.29

For further reactions, see Part A: Pyruvate formation

Reductive pathway

Glycerol dehydratase Glycerol $ 3-hydroxypropionaldehyde
+ H2O

EC 4.2.1.30

1,3-Propanediol dehydrogenase 3-Hydroxypropionaldehyde + NADH + H+ $ 1,3-
propanediol + NAD+

EC 1.1.1.202

E. Amino acids fermentations [33–37]

Syntrophy with H2-scavenging microorganism: amino acid degradation involves NAD(P)- or FAD-
dependent deamination of amino acids to the corresponding α-keto acids by amino acid

dehydrogenases (EC 1.4.1.X): RCH(NH4
+)COO� + H2O ! RCOCOO� + NH4

+ + H2 and further
conversion of α-keto acids via oxidative decarboxylation to fatty acids:

RCOCOO� + H2O ! RCOO� + CO2 + H2 [33]

Without syntrophy with H2-scavenging microorganism: Stickland Reaction—coupled oxidation-
reduction reactions between suitable amino acids (coupled deamination of amino acids); one

member of the pair is oxidized (dehydrogenated) and the other is reduced (hydrogenated) [34],
for example,

Alanine and glycine: alanine + 2 glycine + 3H2O ! 3 acetate� + 3NH4
+ + HCO3

� + H+

Valine and glycine: valine + 2 glycine + 3H2O ! isobutyrate� + 2 acetate� + 3NH4
+ + HCO3

� + H+

Leucine and glycine: leucine + 2 glycine + 3H2O ! isovalerate� + 2 acetate� + 3NH4
+ + HCO3

� + H+
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Enzyme Reaction/process EC number

2NADH+ oxidized Fd + crotonyl-CoA ! 2 NAD+ reduced Fd + butyryl-CoA catalyzed by butyryl CoA
dehydrogenase/electron-transfer flavoprotein complex

Butyryl-CoA dehydrogenase A short-chain acyl-CoA + electron-transfer
flavoprotein $ a short-chain trans-
2,3-dehydroacyl-CoA + reduced electron-transfer
flavoprotein

EC 1.3.8.1

Butyryl-CoA dehydrogenase/Etf
complex

Butanoyl-CoA + 2 NAD+ + 2 reduced Fd $
Crotonoyl-CoA + 2 NADH + 2 oxidized Fd

EC 1.3.1.109

Phosphotransbutyrylase Butanoyl-CoA + phosphate $ CoA + butanoyl
phosphate

EC 2.3.1.19

Butyrate kinase Butanoyl phosphate + ADP $ butanoate + ATP EC 2.7.2.7

PFL—pyruvate formate lyase Pyruvate + CoA $ acetyl-CoA + formate EC 2.3.1.54

FHL—formate hydrogen lyase Formate ! H2 + CO2 EC 1.17.99.7

Pyruvate carboxylase ATP + pyruvate + HCO3
� $ ADP + phosphate +

oxaloacetate
EC 6.4.1.1

Malate dehydrogenase Malate + NAD+ $ oxaloacetate + NADH + H+ EC 1.1.1.37

Fumarate hydratase Malate $ fumarate + H2O EC 4.2.1.2

Fumarate reductase Fumarate + a quinol $ succinate + a quinone EC 1.3.5.4

Fumarate + NADH $ succinate + NAD+ EC 1.3.1.6

Succinyl-CoA synthetase GTP + succinate + CoA = GDP + phosphate +
succinyl-CoA

EC 6.2.1.4

Methylmalonyl CoA mutase Succinyl-CoA $ (R)-methylmalonyl-CoA EC 5.4.99.2

Methylmalonyl CoA epimerase (R)-methylmalonyl-CoA $ (S)-methylmalonyl-
CoA

EC 5.1.99.1

Methylmalonyl-CoA decarboxylase (S)-methylmalonyl-CoA $ propanoyl-CoA + CO2 EC 4.1.1.41

Propionate-CoA transferase Acetate + propanoyl-CoA $ acetyl-
CoA + propanoate

EC 2.8.3.1

C. Transformation of gaseous and nongaseous products of acidic fermentations (the selected
examples)

Transformation of lactate and acetate to butyrate, hydrogen, and carbon dioxide ([28] and cited
therein)

Lactate dehydrogenases (S)-lactate + NAD+ $ pyruvate + NADH + H+ EC 1.1.1.27

(R)-lactate + NAD+ $ pyruvate + NADH + H+ EC 1.1.1.28

Lactate + 2 NAD+ + 2 reduced Fd $ pyruvate + 2
NADH + 2 oxidized Fd
See Table 3

EC 1.3.1.110

Pyruvate is oxidized to acetyl coenzyme A, which is further routed to acetate and butyrate with
hydrogen release. See Part B: Further transformations of pyruvate—glycolytic fermentations

Transformation of ethanol and acetate to butyrate and hydrogen in Clostridium kluyveri [29]

Acetate kinase See Part B. Further transformations of pyruvate—
glycolytic fermentations

EC 2.7.2.1

Acetyl-CoA acetyltransferase EC 2.3.1.9

3-Hydroxybutyryl-CoA
dehydrogenase

EC 1.1.1.157

3-Hydroxyacyl-CoA dehydratase EC 4.2.1.55

Butyryl-CoA dehydrogenase/Etf
complex

EC 1.3.1.109
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Acetate CoA-transferase Acyl-CoA + acetate $ a fatty acid anion + acetyl-
CoA

EC 2.8.3.8

Reductive carbon monoxide dehydrogenase/acetyl-CoA synthase pathway (reductive CODH/ACS)
[30]

NADP-dependent formate
dehydrogenase

CO2 + NADPH $ formate + NADP+ EC 1.17.1.10

Formyltetrahydrofolate synthetase ATP + formate + tetrahydrofolate $
ADP + phosphate + 10-formyltetrahydrofolate

EC 6.3.4.3

Methenyltetrahydrofolate
cyclohydrolase

10-Formyltetrahydrofolate $ 5,10-
methenyltetrahydrofolate + H2O

EC 3.5.4.9

NADP-dependent
methylenetetrahydrofolate
dehydrogenase

5,10-Methenyltetrahydrofolate + NADPH + H+ $
5,10-Methylenetetrahydrofolate + NADP+

EC 1.5.1.5

Ferredoxin-dependent
methylenetetrahydrofolate
reductase

5,10-Methylenetetrahydrofolate + 2 reduced Fd + 2
H+ $ 5-methyltetrahydrofolate + 2 oxidized Fd

EC 1.5.7.1

5,10-Methylenetetrahydrofolate
reductase

5,10-Methylenetetrahydrofolate + NAD(P)H + H+

$ 5-methyltetrahydrofolate + NAD(P)+
EC 1.5.1.20

5-Methyltetrahydrofolate:
corrinoid/iron–sulfur protein Co-
methyltransferase

[Co(I) corrinoid Fe-S protein] + 5-
methyltetrahydrofolate $ [methyl-Co(III)
corrinoid Fe-S protein] + tetrahydrofolate

EC 2.1.1.258

Carbon monoxide dehydrogenase CO2 + 2 reduced Fd + 2 H+ $ CO + H2O + 2
oxidized Fd

EC 1.2.7.4

CO-methylating acetyl-CoA
synthase

CO + CoA + [methyl-Co(III) corrinoid Fe-S
protein] $ acetyl-CoA + [Co(I) corrinoid Fe-S
protein]

EC 2.3.1.169

D. Glycerol transformations [31, 32]

Oxidative pathway

Glycerol dehydrogenase Glycerol + NAD+ $ glycerone
(dihydroxyacetone) + NADH + H+

EC 1.1.1.6

Dihydroxyacetone kinase ATP + glycerone $ ADP + glycerone phosphate EC 2.7.1.29

For further reactions, see Part A: Pyruvate formation

Reductive pathway

Glycerol dehydratase Glycerol $ 3-hydroxypropionaldehyde
+ H2O

EC 4.2.1.30

1,3-Propanediol dehydrogenase 3-Hydroxypropionaldehyde + NADH + H+ $ 1,3-
propanediol + NAD+

EC 1.1.1.202

E. Amino acids fermentations [33–37]

Syntrophy with H2-scavenging microorganism: amino acid degradation involves NAD(P)- or FAD-
dependent deamination of amino acids to the corresponding α-keto acids by amino acid

dehydrogenases (EC 1.4.1.X): RCH(NH4
+)COO� + H2O ! RCOCOO� + NH4

+ + H2 and further
conversion of α-keto acids via oxidative decarboxylation to fatty acids:

RCOCOO� + H2O ! RCOO� + CO2 + H2 [33]

Without syntrophy with H2-scavenging microorganism: Stickland Reaction—coupled oxidation-
reduction reactions between suitable amino acids (coupled deamination of amino acids); one

member of the pair is oxidized (dehydrogenated) and the other is reduced (hydrogenated) [34],
for example,

Alanine and glycine: alanine + 2 glycine + 3H2O ! 3 acetate� + 3NH4
+ + HCO3

� + H+

Valine and glycine: valine + 2 glycine + 3H2O ! isobutyrate� + 2 acetate� + 3NH4
+ + HCO3

� + H+

Leucine and glycine: leucine + 2 glycine + 3H2O ! isovalerate� + 2 acetate� + 3NH4
+ + HCO3

� + H+
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Enzyme Reaction/process EC number

Examples of amino acid dehydrogenases catalyzing deamination of amino acids to the
corresponding α-keto acids [33]

Aspartate dehydrogenase L-aspartate + H2O + NAD(P)+ $ oxaloacetate +
NH3 + NAD(P)H + H+

EC 1.4.1.21

Valine dehydrogenase L-valine + H2O + NADP+ $ 3-methyl-2-
oxobutanoate + NH3 + NADPH + H+

EC 1.4.1.8

Alanine dehydrogenase L-alanine + H2O + NAD+ $ pyruvate +
NH3 + NADH + H+

EC 1.4.1.1

Leucine dehydrogenase L-leucine + H2O + NAD+ $ 4-methyl-2-
oxopentanoate + NH3 + NADH + H+

EC 1.4.1.9

Key enzymes of Stickland reaction [34–36]

Glycine reductase GR pathway (grd operon)

Glycine reductase Glycine + phosphate + reduced thioredoxin + H+ $
acetyl phosphate + NH3 + oxidized thioredoxin +
H2O

EC 1.21.4.2

Acetate kinase Acetyl phosphate + ADP $ acetate + ATP EC 2.7.2.1

Proline reductase PR pathway (prd operon)

D-proline reductase (dithiol) D-proline + dihydrolipoate $5-aminopentanoate
(5-aminovalerate) + lipoate

EC 1.21.4.1

Others examples [33]

Serine dehydratase L-serine $ pyruvate + NH3 (overall reaction)
(1a) L-serine $ 2-aminoprop-2-enoate + H2O
(1b) 2-Aminoprop-2-enoate $ 2-iminopropanoate
(spontaneous)
(1c) 2-Iminopropanoate + H2O $ pyruvate + NH3

(spontaneous)

EC 4.3.1.17

Threonine dehydratase L-threonine $ 2-oxobutanoate + NH3 (overall
reaction)
(1a) L-threonine $ 2-aminobut-2-enoate + H2O;
(1b) 2-Aminobut-2-enoate $ 2-iminobutanoate
(spontaneous)
(1c) 2-Iminobutanoate + H2O $ 2-oxobutanoate +
NH3 (spontaneous)

EC 4.3.1.19

Detailed pathways of glutamate fermentation via 3-methylaspartate [37]

Glutamate mutase
(methylaspartate mutase)

L-glutamate $ L-threo-3-methylaspartate EC 5.4.99.1

Methyl aspartase L-threo-3-methylaspartate $ mesaconate (2-
methylfumarate) + NH3

EC 4.3.1.2

Mesaconase (2-methylmalate
dehydratase)

2-Methylfumarate + H2O $ (S)-2-methylmalate 4.2.1.34

Citramalate lyase (2S)-2-hydroxy-2-methylbutanedioate $ acetate +
pyruvate
(S)-2-methylmalate = 2-hydroxy-2-
methylbutanedioate

4.1.3.22

For further transformations of pyruvate to acetate and butyrate, see Part B.

For further transformations of pyruvate to propionate, see Part B.

Detailed pathway of glutamate fermentation via 2-hydroxyglutarate [37]

Glutamate dehydrogenase L-glutamate + H2O + NAD+ $ 2-oxoglutarate +
NH3 + NADH + H+

1.4.1.2
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2-Hydroxyglutarate dehydrogenase (S)-2-hydroxyglutarate + acceptor $ 2-
oxoglutarate + reduced acceptor

1.1.99.2

Glutaconate (2-hydroxyglutarate)
CoA-transferase

Acetyl-CoA + (E)-glutaconate $ acetate +
glutaconyl-1-CoA

2.8.3.12

2-Hydroxyglutaryl-CoA
dehydratase

(R)-2-hydroxyglutaryl-CoA $ (E)-glutaconyl-
CoA + H2O

EC
4.2.1.167

Glutaconyl-CoA decarboxylase 4-Carboxybut-2-enoyl-CoA $ but-2-enoyl-
CoA + CO2

4.1.1.70

Table 2.
The selected enzymes of acidogenic step of anaerobic digestion. A, B, C, D, and E refer to the processes indicated
in Figure 1.

Enzyme Reaction/process EC number

F. Acetogenesis dependent on syntrophic relations between microorganisms

Acetate oxidation by, for example, Clostridium ultunense—oxidative carbon monoxide
dehydrogenase/acetyl-CoA synthase pathway (oxidative CODH/ACS):

Acetate� + 4H2O ! 2 HCO3
� + 4H2 + H+, ΔG0’ = + 104.6 kJ/mol, with the H2 consuming methanogen,

ΔG0’ = �31.0 kJ/mol [38]

NADP-dependent formate dehydrogenase See Table 2,
Part C

Formyltetrahydrofolate synthetase

Methenyltetrahydrofolate cyclohydrolase

NADP-dependent methylenetetrahydrofolate dehydrogenase

Ferredoxin-dependent methylenetetrahydrofolate reductase

5,10-Methylenetetrahydrofolate reductase

5-Methyltetrahydrofolate:corrinoid/iron-sulfur protein Co-methyltransferase

Carbon monoxide dehydrogenase

CO-methylating acetyl-CoA synthase

Reverse electron transfer during acetate oxidation has yet to be confirmed. Direct interspecies electron
transfer (DIET) is not excluded (Westerholm et al., 2016)

Acetate oxidation by Geobacter sulfurreducens:
Acetate oxidation coupled to reduction of fumarate to succinate (ΔG°0 = �249 kJ per mol acetate),

acetate metabolism proceeds via reactions of the citric acid cycle [39]

Acetate kinase See Table 2,
Part B

Phosphotransacetylase

Citric acid cycle

Citrate synthase Acetyl-CoA + H2O + oxaloacetate $ citrate
+ CoA

EC 2.3.3.1

Aconitase Citrate $ isocitrate (overall reaction) EC 4.2.1.3

Isocitrate dehydrogenase (NADP+-
dependent)

Isocitrate + NADP+ $ 2-oxoglutarate +
CO2 + NADPH + H+

EC1.1.1.42

2-Oxoglutarate:ferredoxin oxidoreductase 2-Oxoglutarate + CoA + 2 oxidized
Fd = succinyl-CoA + CO2 + 2 reduced

Fd + 2 H+

EC 1.2.7.3

Succinyl-CoA:acetate CoA-transferase Succinyl-CoA + acetate $ acetyl-
CoA + succinate

EC 2.8.3.18
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Enzyme Reaction/process EC number

Examples of amino acid dehydrogenases catalyzing deamination of amino acids to the
corresponding α-keto acids [33]

Aspartate dehydrogenase L-aspartate + H2O + NAD(P)+ $ oxaloacetate +
NH3 + NAD(P)H + H+

EC 1.4.1.21

Valine dehydrogenase L-valine + H2O + NADP+ $ 3-methyl-2-
oxobutanoate + NH3 + NADPH + H+

EC 1.4.1.8

Alanine dehydrogenase L-alanine + H2O + NAD+ $ pyruvate +
NH3 + NADH + H+

EC 1.4.1.1

Leucine dehydrogenase L-leucine + H2O + NAD+ $ 4-methyl-2-
oxopentanoate + NH3 + NADH + H+

EC 1.4.1.9

Key enzymes of Stickland reaction [34–36]

Glycine reductase GR pathway (grd operon)

Glycine reductase Glycine + phosphate + reduced thioredoxin + H+ $
acetyl phosphate + NH3 + oxidized thioredoxin +
H2O

EC 1.21.4.2

Acetate kinase Acetyl phosphate + ADP $ acetate + ATP EC 2.7.2.1

Proline reductase PR pathway (prd operon)

D-proline reductase (dithiol) D-proline + dihydrolipoate $5-aminopentanoate
(5-aminovalerate) + lipoate

EC 1.21.4.1

Others examples [33]

Serine dehydratase L-serine $ pyruvate + NH3 (overall reaction)
(1a) L-serine $ 2-aminoprop-2-enoate + H2O
(1b) 2-Aminoprop-2-enoate $ 2-iminopropanoate
(spontaneous)
(1c) 2-Iminopropanoate + H2O $ pyruvate + NH3

(spontaneous)

EC 4.3.1.17

Threonine dehydratase L-threonine $ 2-oxobutanoate + NH3 (overall
reaction)
(1a) L-threonine $ 2-aminobut-2-enoate + H2O;
(1b) 2-Aminobut-2-enoate $ 2-iminobutanoate
(spontaneous)
(1c) 2-Iminobutanoate + H2O $ 2-oxobutanoate +
NH3 (spontaneous)

EC 4.3.1.19

Detailed pathways of glutamate fermentation via 3-methylaspartate [37]

Glutamate mutase
(methylaspartate mutase)

L-glutamate $ L-threo-3-methylaspartate EC 5.4.99.1

Methyl aspartase L-threo-3-methylaspartate $ mesaconate (2-
methylfumarate) + NH3

EC 4.3.1.2

Mesaconase (2-methylmalate
dehydratase)

2-Methylfumarate + H2O $ (S)-2-methylmalate 4.2.1.34

Citramalate lyase (2S)-2-hydroxy-2-methylbutanedioate $ acetate +
pyruvate
(S)-2-methylmalate = 2-hydroxy-2-
methylbutanedioate

4.1.3.22

For further transformations of pyruvate to acetate and butyrate, see Part B.

For further transformations of pyruvate to propionate, see Part B.

Detailed pathway of glutamate fermentation via 2-hydroxyglutarate [37]

Glutamate dehydrogenase L-glutamate + H2O + NAD+ $ 2-oxoglutarate +
NH3 + NADH + H+

1.4.1.2
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2-Hydroxyglutarate dehydrogenase (S)-2-hydroxyglutarate + acceptor $ 2-
oxoglutarate + reduced acceptor

1.1.99.2

Glutaconate (2-hydroxyglutarate)
CoA-transferase

Acetyl-CoA + (E)-glutaconate $ acetate +
glutaconyl-1-CoA

2.8.3.12

2-Hydroxyglutaryl-CoA
dehydratase

(R)-2-hydroxyglutaryl-CoA $ (E)-glutaconyl-
CoA + H2O

EC
4.2.1.167

Glutaconyl-CoA decarboxylase 4-Carboxybut-2-enoyl-CoA $ but-2-enoyl-
CoA + CO2

4.1.1.70

Table 2.
The selected enzymes of acidogenic step of anaerobic digestion. A, B, C, D, and E refer to the processes indicated
in Figure 1.

Enzyme Reaction/process EC number

F. Acetogenesis dependent on syntrophic relations between microorganisms

Acetate oxidation by, for example, Clostridium ultunense—oxidative carbon monoxide
dehydrogenase/acetyl-CoA synthase pathway (oxidative CODH/ACS):

Acetate� + 4H2O ! 2 HCO3
� + 4H2 + H+, ΔG0’ = + 104.6 kJ/mol, with the H2 consuming methanogen,

ΔG0’ = �31.0 kJ/mol [38]

NADP-dependent formate dehydrogenase See Table 2,
Part C

Formyltetrahydrofolate synthetase

Methenyltetrahydrofolate cyclohydrolase

NADP-dependent methylenetetrahydrofolate dehydrogenase

Ferredoxin-dependent methylenetetrahydrofolate reductase

5,10-Methylenetetrahydrofolate reductase

5-Methyltetrahydrofolate:corrinoid/iron-sulfur protein Co-methyltransferase

Carbon monoxide dehydrogenase

CO-methylating acetyl-CoA synthase

Reverse electron transfer during acetate oxidation has yet to be confirmed. Direct interspecies electron
transfer (DIET) is not excluded (Westerholm et al., 2016)

Acetate oxidation by Geobacter sulfurreducens:
Acetate oxidation coupled to reduction of fumarate to succinate (ΔG°0 = �249 kJ per mol acetate),

acetate metabolism proceeds via reactions of the citric acid cycle [39]

Acetate kinase See Table 2,
Part B

Phosphotransacetylase

Citric acid cycle

Citrate synthase Acetyl-CoA + H2O + oxaloacetate $ citrate
+ CoA

EC 2.3.3.1

Aconitase Citrate $ isocitrate (overall reaction) EC 4.2.1.3

Isocitrate dehydrogenase (NADP+-
dependent)

Isocitrate + NADP+ $ 2-oxoglutarate +
CO2 + NADPH + H+

EC1.1.1.42

2-Oxoglutarate:ferredoxin oxidoreductase 2-Oxoglutarate + CoA + 2 oxidized
Fd = succinyl-CoA + CO2 + 2 reduced

Fd + 2 H+

EC 1.2.7.3

Succinyl-CoA:acetate CoA-transferase Succinyl-CoA + acetate $ acetyl-
CoA + succinate

EC 2.8.3.18
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Enzyme Reaction/process EC number

Succinate dehydrogenase succinate + a quinone $ fumarate + a
quinol

EC 1.3.5.1

Fumarate hydratase (S)-malate $ fumarate + H2O EC 4.2.1.2

Malate dehydrogenase (S)-malate + NAD+ $ oxaloacetate +
NADH + H+

EC 1.1.1.37

Butyrate oxidation by Syntrophomonas wolfei:
Butyrate� + 2H2O ! 2 acetate� + 2H+ + 2H2, ΔG0’ = + 48.3 kJ/mol, with the H2 consuming

methanogen, ΔG0’ = �17.3 kJ/mol [4]

CoA transferase Butyrate + acetyl-CoA $ butyryl-
CoA + acetate

EC 2.8.3.9

Butyryl-CoA dehydrogenase See Table 2,
Part B

Crotonase-3-OH-butyryl-CoA dehydratase

3-Acetyl-CoA acetyltransferase

Hydroxybutyryl-CoA dehydrogenase

Phosphotransacetylase

Acetate kinase

Butyrate oxidation coupled with a reverse electron transfer that involves electron transfer
flavoprotein EtfAB, membrane-anchored electron carrier DUF224 protein, the menaquinone pool in

the membrane, a membrane-bound cytochrome, NADH:hydrogenase/formate-dehydrogenase
complex (NDH/HYD1/FDH-1 complex), Rnf (proton-translocating ferredoxin:NAD+

oxidoreductase) [40]

Propionate oxidation by Syntrophobacter wolinii:
Propionate� + 3H2O ! acetate� + HCO3

� + H+ + 3H2, ΔG0’ = + 76.0 kJ/mol, with the H2 consuming
methanogen, ΔG0’ = �22.4 kJ/mol [4]

Pyruvate carboxylase See Table 2,
Part B

Malate dehydrogenase

Fumarate hydratase

Fumarate reductase

Succinate dehydrogenase Succinate + a quinone $ fumarate + a
quinol

EC 1.3.5.1

Succinyl-CoA synthetase See Table 2,
Part B

Methylmalonyl CoA mutase

Methylmalonyl CoA epimerase

Methylmalonyl-CoA decarboxylase

Propionate-CoA transferase

Propionate oxidation coupled with a reverse electron transfer that involves menaquinone, proteins
encoded by cytochrome c homologous genes, cytochrome b:quinone oxidoreductases, formate

dehydrogenases, hydrogenases including confurcating [FeFe]-hydrogenases [41]

Six syntrophy-specific functional
domains found in the genomes of the
butyrate- or propionate-oxidizing
syntrophs [42]

InterPro number

Extra-cytoplasmic formate dehydrogenase
(FDH) alpha subunit, EC 1.17.1.9

IPR006443

FdhE-like protein—tightly connected with
FDH

IPR024064
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FDH accessory protein—tightly connected
with FDH

IPR006452

CapA—a membrane-bound complex, a
protein involved in capsule or biofilm
formation that may facilitate syntrophic
growth (also present in acetate-oxidizers)

IPR019079

FtsW, RodA, SpoVE—membrane-
integrated proteins involved in membrane
integration, cell division, sporulation, and
shape determination

IPR018365

Ribonuclease P involved in tRNA
maturation

IPR020539

Functional domains involved in electron
transfer identified by [42]

InterPro number

Cytoplasmic FDH IPR027467, IPR006655, IPR006478, IPR019575,
IPR001949

Extracytoplasmic FDH IPR006443

Formate transporter IPR000292, IPR024002

Fe-Fe hydrogenase IPR004108, IPR009016, IPR003149, IPR013352

NiFe hydrogenase IPR001501, IPR018194

Rnf complex: 2 reduced Fd + NAD+ + H+ +
Na+ $ 2 oxidized Fd + NADH + Na+ (EC
1.18.1.8)

IPR007202, IPR010207, IPR026902, IPR010208,
IPR004338, IPR011303, IPR007329

Ech complex: 2 reduced Fd + NADP+ + H+

$ 2 oxidized Fd + NADPH (EC 1.18.1.2)
IPR001750, IPR001516, IPR001694, IPR006137,

IPR001268, IPR012179, IPR001135

Etf alpha, Etf beta, Bcd (Butyryl-CoA
dehydrogenase): see Table 2, Part B (EC
1.3.1.109)

IPR014731, IPR012255, IPR006089, IPR009075,
IPR006092, IPR006091, IPR013786, IPR009100

Cytochromes:
c
cIII
b561
b5

IPR023155, IPR024673
IPR020942, IPR002322
IPR016174, IPR000516

IPR001199

DUF224 protein complex IPR003816, IPR004017, IPR023234

Lactate oxidation by Desulfovibrio vulgaris:
Lactate� + H2O ! acetate� + CO2 + 4 H2, ΔG0’ = �8.8 kJ/mol with the H2 consuming methanogen,

ΔG0’ = �74.2 kJ/mol [43]

Lactate dehydrogenase See Table 2,
Part B

Pyruvate:ferredoxin oxidoreductase

Phosphate acetyltransferase

Acetate kinase

Alcohol dehydrogenase

Lactate oxidation coupled with a reverse electron transfer that involves the membrane-bound
Qmo complex, cytochromes, hydrogenases (Coo, Hyn, Hyd, Hys),
formate dehydrogenases, menaquinone, membrane-bound Qrc

complex [43, 44]
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Succinate dehydrogenase succinate + a quinone $ fumarate + a
quinol
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Fumarate hydratase (S)-malate $ fumarate + H2O EC 4.2.1.2
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NADH + H+

EC 1.1.1.37
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Butyrate� + 2H2O ! 2 acetate� + 2H+ + 2H2, ΔG0’ = + 48.3 kJ/mol, with the H2 consuming

methanogen, ΔG0’ = �17.3 kJ/mol [4]

CoA transferase Butyrate + acetyl-CoA $ butyryl-
CoA + acetate

EC 2.8.3.9

Butyryl-CoA dehydrogenase See Table 2,
Part B

Crotonase-3-OH-butyryl-CoA dehydratase

3-Acetyl-CoA acetyltransferase
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Phosphotransacetylase

Acetate kinase

Butyrate oxidation coupled with a reverse electron transfer that involves electron transfer
flavoprotein EtfAB, membrane-anchored electron carrier DUF224 protein, the menaquinone pool in

the membrane, a membrane-bound cytochrome, NADH:hydrogenase/formate-dehydrogenase
complex (NDH/HYD1/FDH-1 complex), Rnf (proton-translocating ferredoxin:NAD+

oxidoreductase) [40]

Propionate oxidation by Syntrophobacter wolinii:
Propionate� + 3H2O ! acetate� + HCO3

� + H+ + 3H2, ΔG0’ = + 76.0 kJ/mol, with the H2 consuming
methanogen, ΔG0’ = �22.4 kJ/mol [4]

Pyruvate carboxylase See Table 2,
Part B

Malate dehydrogenase

Fumarate hydratase

Fumarate reductase

Succinate dehydrogenase Succinate + a quinone $ fumarate + a
quinol

EC 1.3.5.1

Succinyl-CoA synthetase See Table 2,
Part B

Methylmalonyl CoA mutase

Methylmalonyl CoA epimerase

Methylmalonyl-CoA decarboxylase

Propionate-CoA transferase

Propionate oxidation coupled with a reverse electron transfer that involves menaquinone, proteins
encoded by cytochrome c homologous genes, cytochrome b:quinone oxidoreductases, formate

dehydrogenases, hydrogenases including confurcating [FeFe]-hydrogenases [41]

Six syntrophy-specific functional
domains found in the genomes of the
butyrate- or propionate-oxidizing
syntrophs [42]

InterPro number

Extra-cytoplasmic formate dehydrogenase
(FDH) alpha subunit, EC 1.17.1.9

IPR006443

FdhE-like protein—tightly connected with
FDH

IPR024064
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FDH accessory protein—tightly connected
with FDH

IPR006452

CapA—a membrane-bound complex, a
protein involved in capsule or biofilm
formation that may facilitate syntrophic
growth (also present in acetate-oxidizers)

IPR019079

FtsW, RodA, SpoVE—membrane-
integrated proteins involved in membrane
integration, cell division, sporulation, and
shape determination

IPR018365

Ribonuclease P involved in tRNA
maturation

IPR020539

Functional domains involved in electron
transfer identified by [42]

InterPro number

Cytoplasmic FDH IPR027467, IPR006655, IPR006478, IPR019575,
IPR001949

Extracytoplasmic FDH IPR006443

Formate transporter IPR000292, IPR024002

Fe-Fe hydrogenase IPR004108, IPR009016, IPR003149, IPR013352

NiFe hydrogenase IPR001501, IPR018194

Rnf complex: 2 reduced Fd + NAD+ + H+ +
Na+ $ 2 oxidized Fd + NADH + Na+ (EC
1.18.1.8)

IPR007202, IPR010207, IPR026902, IPR010208,
IPR004338, IPR011303, IPR007329

Ech complex: 2 reduced Fd + NADP+ + H+

$ 2 oxidized Fd + NADPH (EC 1.18.1.2)
IPR001750, IPR001516, IPR001694, IPR006137,

IPR001268, IPR012179, IPR001135

Etf alpha, Etf beta, Bcd (Butyryl-CoA
dehydrogenase): see Table 2, Part B (EC
1.3.1.109)

IPR014731, IPR012255, IPR006089, IPR009075,
IPR006092, IPR006091, IPR013786, IPR009100

Cytochromes:
c
cIII
b561
b5

IPR023155, IPR024673
IPR020942, IPR002322
IPR016174, IPR000516

IPR001199

DUF224 protein complex IPR003816, IPR004017, IPR023234

Lactate oxidation by Desulfovibrio vulgaris:
Lactate� + H2O ! acetate� + CO2 + 4 H2, ΔG0’ = �8.8 kJ/mol with the H2 consuming methanogen,

ΔG0’ = �74.2 kJ/mol [43]

Lactate dehydrogenase See Table 2,
Part B

Pyruvate:ferredoxin oxidoreductase

Phosphate acetyltransferase

Acetate kinase

Alcohol dehydrogenase

Lactate oxidation coupled with a reverse electron transfer that involves the membrane-bound
Qmo complex, cytochromes, hydrogenases (Coo, Hyn, Hyd, Hys),
formate dehydrogenases, menaquinone, membrane-bound Qrc

complex [43, 44]
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Ethanol oxidation by Pelobacter carbinolicus
Ethanol + H2O ! acetate� + H+ + 2H2, ΔG0’ = + 9.6 kJ/mol with the H2 consuming methanogen,

ΔG0’ = � 56 kJ/mol [4]

NAD+-dependent ethanol dehydrogenase See Table 2,
Part B

Acetaldehyde dehydrogenase (acetylating)

Nonacetylating acetaldehyde
dehydrogenase

An aldehyde + NAD+ + H2O $ a
carboxylate + NADH + H+

EC 1.2.1.3

Phosphotransacetylase See Table 2,
Part B

Acetate kinase

Ethanol oxidation coupled with a reverse electron transfer that involves membrane-bound
ion-translocating ferredoxin:NAD+ oxidoreductase, formate dehydrogenases, and

confurcating hydrogenases [1, 45]

G. Acetogenesis independent on syntrophic relations between microorganisms

Ethanol oxidation by Acetobacterium woodii: 2 ethanol + 2 CO2 ! 3 acetate—75.4 kJ/mol [46]

Bifunctional acetaldehyde-CoA/alcohol
dehydrogenase

Ethanol + NAD+ ! acetaldehyde + NADH
+ H+

acetaldehyde + NAD+ + CoA ! acetyl-
CoA + 2 NADH + H+

Ethanol is oxidized to acetyl-CoA in a two-
step reaction by a bifunctional acetylating

ethanol/aldehyde dehydrogenase

[EC:1.2.1.10
1.1.1.1]

Acetyl-CoA is transformed to acetate with the release of ATP See Table 2,
Part B

Reduction of ferredoxin by NADH by reverse electron flow in a reaction catalyzed by
Rnf complex

See Part F

Carbon dioxide is reduced to acetate via the Wood-Ljungdahl pathway See Table 2,
Part C

Lactate oxidation by Acetobacterium woodii: 2 lactate ! 3 acetate—61 kJ/mol [47]

Lactate dehydrogenase Lactate + 2 NAD+ + 2 reduced Fd $
pyruvate + 2 NADH + 2 oxidized Fd

The enzyme uses flavin-based electron
confurcation to drive endergonic lactate
oxidation with NAD+ as oxidant at the
expense of simultaneous exergonic

electron flow from reduced ferredoxin to
NAD+

EC 1.3.1.110

Pyruvate is transformed to acetyl-CoA and further to acetate with the release of ATP See Table 2,
Part B

Reduction of ferredoxin by NADH by reverse electron flow in a reaction catalyzed by
Rnf complex

See Part F

Carbon dioxide is reduced to acetate via the Wood-Ljungdahl pathway See Table 2,
Part C

Table 3.
The selected enzymes of acetogenic step of anaerobic digestion. F and G refer to the processes indicated in
Figure 1.
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MFR—methanofuran, H-S-CoM—coenzyme M, H-S-CoB—coenzyme B, H4MPT—
tetrahydromethanopterin, F420—5’deazaflavin, H4SPT—tetrahydrosarcinapterin

Hydrogenotrophic pathway

Formylmethanofuran dehydrogenase CO2 + MFR + 2 reduced Fd + 2H+ $ formyl-
MFR + H2O + 2 oxidized Fd

EC 1.2.7.12

Formylmethanofuran-H4MPT
formyltransferase

Formyl-MFR + H4MPT $ MFR + formyl-
H4MPT

EC 2.3.1.101

Methenyl-H4MPT cyclohydrolase Formyl-H4MPT + H+ $ methenyl-
H4MPT + H2O

EC 3.5.4.27

F420-dependent methylene-H4MPT
dehydrogenase

Methenyl-H4MPT + reduced F420 $
methylene-H4MPT + oxidized F420

EC 1.5.98.1

H2-forming methylene-H4MPT
dehydrogenase

Methenyl-H4MPT + H2 $ methylene-
H4MPT + H+

EC 1.12.98.2

F420-dependent methylene-H4MPT
reductase

Methylene-H4MPT + reduced F420 $ CH3-
H4MPT + oxidized F420

EC 1.5.98.2

Methyl-H4MPT:coenzyme M methyl-
transferase

Coenzyme M + methyl-H4MPT + 2 Na+/in$
2-methyl-coenzyme M + 2 Na+/out + H4MPT

EC 2.1.1.86

Methyl-CoM reductase CH3-S-CoM + H-S-CoB $ CoM-S-S-CoB +
CH4

EC 2.8.4.1

Heterodisulfide reductase CoM-S-S-CoB + dihydromethanophenazine
$ CoB + CoM + methanophenazine

EC 1.8.98.1

Acetotrophic pathway

Acetate kinase-phosphotransacetylase
system in Methanosarcina; acetate
thiokinase in Methanosaeta

Acetate + CoA $ acetyl-CoA + H2O EC 2.7.2.1
EC 2.3.1.8
EC 6.2.1.1

CO-methylating acetyl-CoA synthase Acetyl-CoA + a [Co(I) corrinoid Fe-S
protein] $ CO + CoA + [methyl-Co(III)

corrinoid Fe-S protein]

EC 2.3.1.169

5-Methyltetrahydrosarcinapterin:
corrinoid/iron-sulfur protein Co-
methyltransferase

[Methyl-Co(III) corrinoid Fe-S
protein] + tetrahydrosarcinapterin $ a [Co

(I) corrinoid Fe-S protein] + 5-
methyltetrahydrosarcinapterin

EC 2.1.1.245

Anaerobic carbon monoxide
dehydrogenase

CO + H2O + 2 oxidized Fd$ CO2 + 2 reduced
Fd + 2 H+

EC 1.2.7.4

Methyl H4SPT: coenzyme M
methyltransferase

CH3 H4SPT + H-S-CoM $ CH3-S-
CoM + H4SPT

EC 2.1.1.-

Methyl-CoM reductase CH3-S-CoM + H-S-CoB $ CoM-S-S-CoB +
CH4

EC 2.8.4.1

Heterodisulfide reductase CoM-S-S-CoB + dihydromethanophenazine
$ CoB + CoM + methanophenazine

EC 1.8.98.1

Methylotrophic pathway

Methanol:corrinoid protein Co-
methyltransferase

Methanol + Co(I) corrinoid protein $
Methyl-Co(III) corrinoid protein + H2O

EC 2.1.1.90

[Methyl-Co(III) corrinoid protein]:
coenzyme M methyltransferase

Coenzyme M + Methyl-Co(III) corrinoid
protein $ 2-(methylthio)ethanesulfonate +

Co(I) corrinoid protein

EC 2.1.1.246
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Ethanol oxidation by Pelobacter carbinolicus
Ethanol + H2O ! acetate� + H+ + 2H2, ΔG0’ = + 9.6 kJ/mol with the H2 consuming methanogen,

ΔG0’ = � 56 kJ/mol [4]

NAD+-dependent ethanol dehydrogenase See Table 2,
Part B

Acetaldehyde dehydrogenase (acetylating)

Nonacetylating acetaldehyde
dehydrogenase

An aldehyde + NAD+ + H2O $ a
carboxylate + NADH + H+

EC 1.2.1.3

Phosphotransacetylase See Table 2,
Part B

Acetate kinase

Ethanol oxidation coupled with a reverse electron transfer that involves membrane-bound
ion-translocating ferredoxin:NAD+ oxidoreductase, formate dehydrogenases, and

confurcating hydrogenases [1, 45]

G. Acetogenesis independent on syntrophic relations between microorganisms

Ethanol oxidation by Acetobacterium woodii: 2 ethanol + 2 CO2 ! 3 acetate—75.4 kJ/mol [46]

Bifunctional acetaldehyde-CoA/alcohol
dehydrogenase

Ethanol + NAD+ ! acetaldehyde + NADH
+ H+

acetaldehyde + NAD+ + CoA ! acetyl-
CoA + 2 NADH + H+

Ethanol is oxidized to acetyl-CoA in a two-
step reaction by a bifunctional acetylating

ethanol/aldehyde dehydrogenase

[EC:1.2.1.10
1.1.1.1]

Acetyl-CoA is transformed to acetate with the release of ATP See Table 2,
Part B

Reduction of ferredoxin by NADH by reverse electron flow in a reaction catalyzed by
Rnf complex

See Part F

Carbon dioxide is reduced to acetate via the Wood-Ljungdahl pathway See Table 2,
Part C

Lactate oxidation by Acetobacterium woodii: 2 lactate ! 3 acetate—61 kJ/mol [47]

Lactate dehydrogenase Lactate + 2 NAD+ + 2 reduced Fd $
pyruvate + 2 NADH + 2 oxidized Fd

The enzyme uses flavin-based electron
confurcation to drive endergonic lactate
oxidation with NAD+ as oxidant at the
expense of simultaneous exergonic

electron flow from reduced ferredoxin to
NAD+

EC 1.3.1.110

Pyruvate is transformed to acetyl-CoA and further to acetate with the release of ATP See Table 2,
Part B

Reduction of ferredoxin by NADH by reverse electron flow in a reaction catalyzed by
Rnf complex

See Part F

Carbon dioxide is reduced to acetate via the Wood-Ljungdahl pathway See Table 2,
Part C

Table 3.
The selected enzymes of acetogenic step of anaerobic digestion. F and G refer to the processes indicated in
Figure 1.
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MFR—methanofuran, H-S-CoM—coenzyme M, H-S-CoB—coenzyme B, H4MPT—
tetrahydromethanopterin, F420—5’deazaflavin, H4SPT—tetrahydrosarcinapterin

Hydrogenotrophic pathway

Formylmethanofuran dehydrogenase CO2 + MFR + 2 reduced Fd + 2H+ $ formyl-
MFR + H2O + 2 oxidized Fd

EC 1.2.7.12

Formylmethanofuran-H4MPT
formyltransferase

Formyl-MFR + H4MPT $ MFR + formyl-
H4MPT

EC 2.3.1.101

Methenyl-H4MPT cyclohydrolase Formyl-H4MPT + H+ $ methenyl-
H4MPT + H2O

EC 3.5.4.27

F420-dependent methylene-H4MPT
dehydrogenase

Methenyl-H4MPT + reduced F420 $
methylene-H4MPT + oxidized F420

EC 1.5.98.1

H2-forming methylene-H4MPT
dehydrogenase

Methenyl-H4MPT + H2 $ methylene-
H4MPT + H+

EC 1.12.98.2

F420-dependent methylene-H4MPT
reductase

Methylene-H4MPT + reduced F420 $ CH3-
H4MPT + oxidized F420

EC 1.5.98.2

Methyl-H4MPT:coenzyme M methyl-
transferase

Coenzyme M + methyl-H4MPT + 2 Na+/in$
2-methyl-coenzyme M + 2 Na+/out + H4MPT

EC 2.1.1.86

Methyl-CoM reductase CH3-S-CoM + H-S-CoB $ CoM-S-S-CoB +
CH4

EC 2.8.4.1

Heterodisulfide reductase CoM-S-S-CoB + dihydromethanophenazine
$ CoB + CoM + methanophenazine

EC 1.8.98.1
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Acetate kinase-phosphotransacetylase
system in Methanosarcina; acetate
thiokinase in Methanosaeta

Acetate + CoA $ acetyl-CoA + H2O EC 2.7.2.1
EC 2.3.1.8
EC 6.2.1.1

CO-methylating acetyl-CoA synthase Acetyl-CoA + a [Co(I) corrinoid Fe-S
protein] $ CO + CoA + [methyl-Co(III)

corrinoid Fe-S protein]

EC 2.3.1.169

5-Methyltetrahydrosarcinapterin:
corrinoid/iron-sulfur protein Co-
methyltransferase

[Methyl-Co(III) corrinoid Fe-S
protein] + tetrahydrosarcinapterin $ a [Co

(I) corrinoid Fe-S protein] + 5-
methyltetrahydrosarcinapterin

EC 2.1.1.245

Anaerobic carbon monoxide
dehydrogenase

CO + H2O + 2 oxidized Fd$ CO2 + 2 reduced
Fd + 2 H+

EC 1.2.7.4

Methyl H4SPT: coenzyme M
methyltransferase

CH3 H4SPT + H-S-CoM $ CH3-S-
CoM + H4SPT

EC 2.1.1.-

Methyl-CoM reductase CH3-S-CoM + H-S-CoB $ CoM-S-S-CoB +
CH4

EC 2.8.4.1

Heterodisulfide reductase CoM-S-S-CoB + dihydromethanophenazine
$ CoB + CoM + methanophenazine

EC 1.8.98.1

Methylotrophic pathway

Methanol:corrinoid protein Co-
methyltransferase

Methanol + Co(I) corrinoid protein $
Methyl-Co(III) corrinoid protein + H2O

EC 2.1.1.90

[Methyl-Co(III) corrinoid protein]:
coenzyme M methyltransferase

Coenzyme M + Methyl-Co(III) corrinoid
protein $ 2-(methylthio)ethanesulfonate +

Co(I) corrinoid protein

EC 2.1.1.246
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3. Conclusion

Biomass conversion to methane and carbon dioxide is the effect of complex
interactions between microorganisms. These processes occur due to the microbial
enzymatic machinery involved in specific metabolic pathways. Meta-omic analyses
of microbial communities involved in AD reveal (i) dependence of microbial com-
munities on the type of feedstock and operational conditions and (ii) describe
interactions within microbial communities and ecophysiological functions of the
specific taxa. Searching for the gene presence, gene expression, and protein expres-
sion, as well as linking structure and function of microbial communities, allows to
develop a fundamental understanding of AD. This chapter is believed to contribute
to the studies on the enzymatic road map of anaerobic digestion. However, it is only
the tip of the iceberg of processes occurring in the microbial cells/microbial
communities.
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Enzyme Reaction/process EC number

Methylamine:corrinoid protein Co-
methyltransferase

Methylamine + [Co(I) methylamine-specific
corrinoid protein] $ a [methyl-Co(III)

methylamine-specific corrinoid
protein] + NH3

EC 2.1.1.248

Dimethylamine:corrinoid protein Co-
methyltransferase

Dimethylamine + [Co(I) dimethylamine-
specific corrinoid protein] $ a [methyl-
Co(III) dimethylamine-specific corrinoid

protein] + methylamine

EC 2.1.1.249

Trimethylamine:corrinoid protein Co-
methyltransferase

Trimethylamine + a [Co(I) trimethylamine-
specific corrinoid protein] $ a [methyl-
Co(III) trimethylamine-specific corrinoid

protein] + dimethylamine

EC 2.1.1.249

[Methyl-Co(III) methylamine-specific
corrinoid protein]:coenzyme M
methyltransferase

[Methyl-Co(III) methylamine-specific
corrinoid protein] + CoM$ methyl-CoM + a

[Co(I) methylamine-specific corrinoid
protein]

EC 2.1.1.247

Methyl-CoM reductase CH3-S-CoM + H-S-CoB $ CoM-S-S-CoB +
CH4

EC 2.8.4.1

Heterodisulfide reductase CoM-S-S-CoB + dihydromethanophenazine
$ CoB + CoM + methanophenazine

EC 1.8.98.1

Table 4.
The selected enzymes of methanogenic step of anaerobic digestion [48, 49].

62

Anaerobic Digestion

Author details

Anna Sikora1*, Anna Detman1, Damian Mielecki1, Aleksandra Chojnacka1

and Mieczysław Błaszczyk2

1 Institute of Biochemistry and Biophysics—Polish Academy of Sciences, Warsaw,
Poland

2 Faculty of Agriculture and Biology, Warsaw University of Life Sciences, Warsaw,
Poland

*Address all correspondence to: annaw@ibb.waw.pl

© 2018 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

63

Searching for Metabolic Pathways of Anaerobic Digestion: A Useful List of the Key Enzymes
DOI: http://dx.doi.org/10.5772/intechopen.81256
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Methylamine:corrinoid protein Co-
methyltransferase
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corrinoid protein] $ a [methyl-Co(III)

methylamine-specific corrinoid
protein] + NH3
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specific corrinoid protein] $ a [methyl-
Co(III) dimethylamine-specific corrinoid
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Methyl-CoM reductase CH3-S-CoM + H-S-CoB $ CoM-S-S-CoB +
CH4

EC 2.8.4.1

Heterodisulfide reductase CoM-S-S-CoB + dihydromethanophenazine
$ CoB + CoM + methanophenazine

EC 1.8.98.1

Table 4.
The selected enzymes of methanogenic step of anaerobic digestion [48, 49].
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Chapter 4

Review of Mathematical Models
for the Anaerobic Digestion
Process
Borja Velázquez-Martí, Orlando W. Meneses-Quelal,
Juan Gaibor-Chavez and Zulay Niño-Ruiz

Abstract

To describe anaerobic fermentation, many mathematical models have been
suggested. A commonly accepted hypothesis in microbial growth is the speed of
cellular reproduction, which is proportional to the concentration of cells at that
instant. The constant of proportionality between the speed of growth and cell
concentration is called cell growth rate, μ. In many occasions, the cell growth rate is
considered constant. This leads to conclude that the concentration of cells versus
time presents an exponential function. The consideration of this equation provides a
good adjustment in the beginning of central phase of the anaerobic fermentation
process. However, it moves away from the measurements when there is a limited
reproduction due to lack of nutrients and competition between the cells in the
environment. This produces a sigmoidal variation in concentration. To find a suit-
able fit function for all phases of the process, Gompertz proposes a model that
considers the cell growth rate as variable. In this chapter, the Gompertz model,
kinetic models, transference, and cone models are evaluated. Different adaptations
to fit the variables to the obtained values in the experiments have been reviewed.

Keywords: mathematical model, Gompertz, fermentation, kinetic model, methane

1. Introduction

Anaerobic digestion is a biological process in which the organic matter in the
absence of oxygen, and through the action of a group of specific bacteria, is broken
down into a set of gaseous products, called biogas, formed by CH4, CO2, H2, H2S,
etc. and in a digestate, which is a mixture of mineral substances (N, P, K, Ca, etc.)
and compounds of difficult degradation [1]. One of the objectives of anaerobic diges-
tion is the production of methane, which can be used as fuel. Anaerobic digestion is
considered one of the most important and advantageous processes in the treatment of
livestock manure and sludge residues. It represents a possibility to reduce its envi-
ronmental impact while at the same time, providing a biofuel for local energy needs
[2]. This process has been known for hundreds of years; however, it is still the object
of research due to the great variability of the conditions in which it can be produced,
diversity of raw materials, and influential factors.

Table 1 shows some of the most recent researches. In recent years, there has
been an increasing interest in new raw fermentation materials, mainly
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Author Material Pretreatment Methane
potential

m3

kg�1SV

Bayrakdar et al. [4] Chicken manure 0.272

Franco et al. [5] Wheat straw + inoculum 0.229

Franco et al. [5] Wheat straw + glucose + ac. Formic +
inoculum*

0.276

Guo et al. [6] Excessively withered corn straw + glucose 0.282

Li et al. [7] Parton + sheep manure 0.152

Li et al. [7] Paper + sheep manure 0.199

Mancini et al. [8] Lignocellulose in general N-methylmorpholine
N-oxide

0.304

Martín Juárez et al.
[9]

Microalgae + pig manure Alkaline
pretreatment with

NAOH

0.377

Mustafa et al. [10] Bagasse of sugarcane + inoculum* Hydrothermal
pretreatment

0.318

Vazifehkhoran
et al. [11]

Wheat straw + sewage 0.314

Xu et al. [12] Corn straw + Bacillus Subtilis Microaerobic
mesolithic

0.270

Zahan et al. [13] Gallinaza (sawdust, wood shavings, and rice
or straw husk) with yogurt serum

0.670

Aboudi et al. [14] Dry sediment of sugar beet tails + pig
manure

0.260

Dennehy et al. [15] Food waste and pig manure 0.521

Glanpracha and
Annachhatre [16]

Cassava pulp with pig manure 0.380

Marin Batista et al.
[17]

Vinasse and chicken manure (chicken dung) 0.650

Aboudi et al. [18] Dry beet granules of sugar beet + cow dung 0.280

Belle et al. [19] Fodder radish with cow dung 0.200

Cestonaro et al.
[20]

Sheep litter (mixture of rice husk with feces
and urine) + cattle manure

0.171

Di Maria et al. [21] Sludge from wastewater with fruit and
vegetable waste

0.216

Fu et al. [22] Corn straw + inoculum * Thermophilic
microaerobic

0.326

Fu et al. [23] Corn straw + inoculum * Secondary
thermophilic
microaerobic

0.381

Agyeman and Tao
[24]

Food waste + livestock manure 0.467

*Inoculum is material obtained from the effluent of a previous biogas plant that ferments raw materials, such as
manure from pigs, cows, sheep, chickens, and other animals, at mesophilic ranges.

Table 1.
Values obtained from methane potential in various co-digestion processes.
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lignocellulosic materials from agriculture, or waste such as paper and cardboard. So,
co-digestion processes are being analyzed, which consist of improving methane
production by mixing materials that ferment better together than separated due to
the enriched microbial load; in this way, their nutritional needs are better
complemented.

New inocula, such as the rumen, and its interaction with the raw material are
also being examined, together with nutritional requirements. Pretreatment studies
are being carried out along with thermal sequences in the processes, alternating
thermophilic and mesophilic stages and evaluating the productivity, kinetics, and
net energy balance. The microbiological identification involved in the fermentation
according to the substrate and the followed thermal process also acquire interest.

One of the most discussed aspects is mathematical modeling. The objective of
the modeling is to be able to establish characteristic parameters of the raw material
and process conditions to predict the system’s evolution over time, the performance
obtained, and fermentation speed. In this study the most important models are
evaluated.

Anaerobic digestion comprises a decomposition mechanism of organic matter
based on three stages [3]: first a hydrolytic phase, in which polymers of long carbon
chains are broken obtaining shorter acid chains, subsequently, an acetogenic phase,
in which the short-chain acids obtained in the previous phase are transformed into
acetic acid, and finally, a methanogenic phase, in which the acetic acid is
transformed into methane.

Each of these stages is provided by a differentiated microbiological group. Each
group takes as a substrate to the product generated in the previous phase. When the
evolution of a microbial group is analyzed in a batch-type reactor, in batches, the
variation of cell concentration varies, as shown in Figure 1.

Initially, the concentration of microorganisms responsible of digestion is small
and evolves very slowly in this stage because it needs time to adapt. This phase is
called lag phase, or lethargy. Subsequently, there is a very rapid increase in cell
concentration called the growth phase. The growth phase ends when cell compete
for substrate, causing a number of cell replications to equal deaths, so the number of
living cells is stabilized. This phase is called the stationary phase. The stationary

Figure 1.
Variation of cell concentration over time in a batch reactor.
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phase ends when this battle for substrate causes a higher number of deaths than the
number of reproductions, resulting in cell concentration to fall sharply. This phase
is called the cell death phase.

From the practical point of view, it is only interesting to analyze the period
between the beginnings of the fermentation to the stationary phase, appearing a
curve similar to the sigmoid one. However, the sigmoid equation does not correctly
fit the experimental results obtained.

2. Exponential model

A model widely used to describe the variation of cell concentration in the
growth phase has been the exponential model. This model is based on the hypoth-
esis that the speed of growth in an instant is proportional to the concentration of
cells existing at that moment. This is expressed mathematically by Eq. (1), where
X is the concentration of cells and μ is the constant of proportionality called cell
growth rate:

dX
dt

¼ μ � X (1)

The development of Eq. (1) shows that, in the growth phase, the variation of
cells follows an exponential curve:

dX
X

¼ μ � dt
ðX2

X1

dX
X

¼
ðt
tlag

μ � dt

ln
X2

X1
¼ μ � t� tlag

� �

X2 ¼ X�1eμ� t�tlagð Þ

tlag is the lag time. The cell growth rate has as unit the inverse of time (d�1) and
can be calculated experimentally with Eq. (2):

μ ¼ X2 � X1

X1 � t� tlag
� � (2)

This model is not completely satisfactory because it has been verified that μ is
not constant and it varies as time goes by. As competition for the substrate
increases, the curve in Figure 1 moves away from the exponential. To achieve a
better fit, Monod proposed a model for calculating the cell growth rate as a function
of the substrate concentration according to Eq. (3), where S is the substrate con-
centration at a given time, μmax is the maximum rate of cell growth, and Ks is a
constant called saturation:

μ ¼ μmax � S
Ks þ S

(3)

The Monod model proposes the existence of a maximum cell growth rate and a
saturation constant that are characteristics of microbial species growing under
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defined conditions. The maximum growth rate is the one that occurs initially in the
growth phase exponentially. When the substrate begins to be scarce, the rate
decreases with respect to the maximum.

Along with the Monod model, there are others with the same style that can be
observed in Table 2. In all of them, it can be seen that the maximum rate value
considered in the exponential phase is minorized when the substrate concentration
is low.

The relationship between the variations of cell concentration is always propor-
tional to substrate consumption. The proportionality constant is called the bio-
mass/substrate yield Yx/s and is defined by Eq. (4), where S0 and S1 are the initial
and final substrate concentrations and X0 and X1 are the initial and final cell
concentrations:

Yx=s ¼ X1 � X0

S0 � S1
(4)

If the initial concentration of substrate (So) is known, the variation of cell mass
during the process is obtained from the biomass/substrate ratio of the process Yx/s.
Limiting the decrease in the growth rate to a certain percentage of its maximum
value allows calculating the time retention (TR) in a bioreactor batch.

z � μmax ¼
μmaxS1
Ks þ S1

0<z<1ð Þ ! S1 ¼ z
1� z

� Ks

Yx=s ¼ X1 � X0

S0 � S1
! X1 ¼ X0 þ Yx=s � S0 � S1ð Þ

ln
X1

Xo
¼ μmax � TR� tlag

� � ! TR ¼ tlag þ 1
μmax

ln
X1

Xo

The amount of product generated per unit volume and time (P) and methane in
this case (M) are proportional to the variation of cell concentration (X). The pro-
portionality constant Yp/x is called product/biomass yield:

Yp=x ¼
P1 � P0

X1 � X0

Type of model Author Model

Kinetic models without inhibition Tessier μ ¼ μmax � 1� e�S=Ks
� �

Moser μ ¼ μmax
Sn

Ks �aþSn

Contois μ ¼ μmax
S

BXþS

Kinetic models with inhibition Andrews and Noak μ ¼ μmax
1

KsþSþ S2
Kis

Webb
μ ¼ μmax

S� 1þβ�S
Kis

� �

KsþSþ S2
Kis

Aiba et al. μ ¼ μmax
S

KsþS e
�S=Ksi

Teissier μ ¼ μmax e�S=Ksi � e�S=Ks
� �

Tseng and Wymann μ ¼ μmax
S

KsþS � Ksi s� scð Þ

Table 2.
Variation models of the cell growth rate [25].
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dM
dt

¼ Yp=x � dXdt
Since the variation of cell concentration is proportional to the concentration of

cells at a given time, we have to.

dM
dt

¼ Yp=s � μX

By developing the variation of cell concentration over time, it has been dem-
onstrated that the amount of product obtained (methane) follows an exponential
growth during the exponential growth of microorganisms. That is the reason
because working in this phase with batch-type bioreactors is preferred for opti-
mum performance. To do this, you must adjust the retention time to the duration
of this stage.

X0 represents the initial cell concentration in the reactor; X represents cell
concentration at a time t, and tlag is the time of lethargy or cellular adaptation:

dM
dt

¼ Yp=s � μX0 � eμ t�tlagð Þ

M ¼ Yp=s � X0 � eμ t�tlagð Þ � 1
� �

whereas the value of Yp=s � X0 is negligible compared to the exponential, that is
Yp=s � X0<<<Yp=s � X0 � eμ t�tlagð Þ, the accumulated volume obtained in each experi-
ment can be graphically represented with the model of Eq. (1), calculating the cell
growth rate, the productivity of the substrate, and the optimum retention time for a
greater use of energy:

M ¼ Yp=s � X0 � eμ t�tlagð Þ

3. Model of Gompertz

Despite the practicality of the exponential model when complemented by the
Monod equation, it is not completely satisfactory because it does not describe well
the variation of cell concentration as the substrate is being consumed and the
stationary phase approaches. Knowing how cell growth behaves in this area is
significantly relevant if you want to use high retention times.

To find an adequate adjustment function for all phases of the process, Winsor
[26] proposes to use an equation developed by Gompertz [27] in human demogra-
phy. This proposes a model that considers the variable cell growth rate, as shown in
Eqs. (5) and (6), where a and c are constants:

dX
dt

¼ c � ln a=Xð Þ � X (5)

μ ¼ c � ln a=Xð Þ (6)

According to Eq. (6), Gompertz moves radically away from the Monod
approach, since the cell growth rate has no maximum. If there was a maximum, the
derivative of Eq. (6) would be canceled at some point, something that does not
happen:
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lim
X!0

μ ¼ lim
X!0

c � ln a=Xð Þ ¼ ∞

lim
X!∞

μ ¼ lim
X!∞

c � ln a=Xð Þ ¼ �∞

dμ
dt

¼ c
X
a
� �a

X2

� �
¼ �c

X

To obtain the function of cell concentration in time according to Gompertz, we
must solve Eq. (5), which is a differential equation of separable variables:

dX
X � ln a=Xð Þ ¼ c � dt

ðX
X0

dX
X � ln a=Xð Þ ¼

ðt
0
c � dt

� ln ln
a
X

� �
� ln ln

a
X0

� �� �
¼ ct

ln
ln a

X0

ln a
X

� �
¼ ct

ln a
X0

ect
¼ ln

a
X

Since a and X0 are constants, the following consideration can be made:

ln
a
X0

¼ B ¼ eb

ee
�ctþb ¼ a

X0

Therefore, Eq. (7) is obtained, which describes the cellular concentration in the
reactor for each instant. This equation is the true contribution of the Gompertz:

X ¼ a � e �e�ctþb½ � (7)

When analyzing the limits in zero and infinity, we observe that the initial
concentration of cells is X1 and that a represents an asymptote corresponding to the
maximum cell potential, which would occur in the steady state:

lim
t!0

X ¼ a � e�B ¼ a � eln X0
a ¼ X0

lim
t!∞

X ¼ a

3.1 Considerations to the Gompertz model

If we accept the Gompertz model, Zwietering et al. [28] suggest modifications
providing physical meaning to these variables. The rate of growth can be redefined
as Eq. (8):

dX
dt

¼ a � e �e�ctþb½ � � �e�ctþb� � � �c ¼ a � c � e �e�ctþb½ � � e�ctþb
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dM
dt

¼ Yp=s � μX0 � eμ t�tlagð Þ

M ¼ Yp=s � X0 � eμ t�tlagð Þ � 1
� �

whereas the value of Yp=s � X0 is negligible compared to the exponential, that is
Yp=s � X0<<<Yp=s � X0 � eμ t�tlagð Þ, the accumulated volume obtained in each experi-
ment can be graphically represented with the model of Eq. (1), calculating the cell
growth rate, the productivity of the substrate, and the optimum retention time for a
greater use of energy:

M ¼ Yp=s � X0 � eμ t�tlagð Þ

3. Model of Gompertz

Despite the practicality of the exponential model when complemented by the
Monod equation, it is not completely satisfactory because it does not describe well
the variation of cell concentration as the substrate is being consumed and the
stationary phase approaches. Knowing how cell growth behaves in this area is
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To find an adequate adjustment function for all phases of the process, Winsor
[26] proposes to use an equation developed by Gompertz [27] in human demogra-
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dX
dt

¼ c � ln a=Xð Þ � X (5)

μ ¼ c � ln a=Xð Þ (6)

According to Eq. (6), Gompertz moves radically away from the Monod
approach, since the cell growth rate has no maximum. If there was a maximum, the
derivative of Eq. (6) would be canceled at some point, something that does not
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lim
X!0

μ ¼ lim
X!0

c � ln a=Xð Þ ¼ ∞

lim
X!∞

μ ¼ lim
X!∞

c � ln a=Xð Þ ¼ �∞

dμ
dt

¼ c
X
a
� �a

X2

� �
¼ �c

X

To obtain the function of cell concentration in time according to Gompertz, we
must solve Eq. (5), which is a differential equation of separable variables:

dX
X � ln a=Xð Þ ¼ c � dt

ðX
X0

dX
X � ln a=Xð Þ ¼

ðt
0
c � dt

� ln ln
a
X

� �
� ln ln

a
X0

� �� �
¼ ct

ln
ln a

X0

ln a
X

� �
¼ ct

ln a
X0

ect
¼ ln

a
X

Since a and X0 are constants, the following consideration can be made:

ln
a
X0

¼ B ¼ eb

ee
�ctþb ¼ a

X0

Therefore, Eq. (7) is obtained, which describes the cellular concentration in the
reactor for each instant. This equation is the true contribution of the Gompertz:

X ¼ a � e �e�ctþb½ � (7)

When analyzing the limits in zero and infinity, we observe that the initial
concentration of cells is X1 and that a represents an asymptote corresponding to the
maximum cell potential, which would occur in the steady state:

lim
t!0

X ¼ a � e�B ¼ a � eln X0
a ¼ X0

lim
t!∞

X ¼ a

3.1 Considerations to the Gompertz model

If we accept the Gompertz model, Zwietering et al. [28] suggest modifications
providing physical meaning to these variables. The rate of growth can be redefined
as Eq. (8):

dX
dt

¼ a � e �e�ctþb½ � � �e�ctþb� � � �c ¼ a � c � e �e�ctþb½ � � e�ctþb
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dX
dt

¼ a � c � e �e�ctþb½ � � e�ctþb (8)

The instant in which the maximum growth velocity tm occurs would be calcu-
lated from the first derivative of the velocity equal to zero, which is the same as the
second derivative of the Gompertz Eq. (7). This implies that at that point where the
growth speed is at maximum, the Gompertz function has a turning point:

d2X
dt2

¼ a � c2 � e �e�ctþb½ � � e�ctþb� �2 � a � c2 � e �e�ctþb½ � � e�ctþb� �

d2X
dt2

¼ a � c2 � e �e�ctþb½ � � e�ctþb� � � e�ctþb� �� 1
� �

d2X
dt2

¼ a � c2 � e �e�ctmþb½ � � e�ctmþb� � � e�ctmþb� �� 1
� � ¼ 0

�ctm þ b ¼ 0

tm ¼ b
c

The concentration of cells where the maximum reproduction speed occurs is
calculated by entering the value of tm in Eq. (7), and it is shown that the growth rate
where the reproduction speed is at maximum equals c:

X ¼ a � e �e�ctmþb½ � ¼ a � e �e�cbcþb
� �

¼ a
e

μm ¼ c � ln a= a=eð Þ ¼ cð

The maximum reproduction speed value is obtained by substituting tm in
Eq. (8):

vmax ¼ dXtm

dt
¼ a � c � e �e�ctmþb½ � � e�ctþb ¼ a � c � e �e�cbcþb

� �
� e�cbcþb ¼ a � c

e

According to the previous thing, the curve tangent X in the point of inflection tm
has the form:

X ¼ a � c
e

tþ k

Given the t ¼ tm ¼ b
c
y Xtm ¼ a

e,
so :

a
e
¼ a � c

e
� b
c
þ k ! k ¼ a

e
� a � b

e
¼ a

e
1� bð Þ

X ¼ a � c
e

tþ a
e

1� bð Þ ¼ a
e
� ctþ 1� bð Þð Þ

If we define the latency time, tlag, as the time in which the tangent line at the
curve inflection point (point that coincides with maximum velocity) cuts the axis of
the abscissa, we have that the latency time is in X ¼ 0:

0 ¼ ctlag þ 1� bð Þ
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tlag ¼ b� 1ð Þ
c

From this equation, b can also be expressed as.

b ¼ c � tlag þ 1

And vmax ¼ a � c
e

, the result

b ¼ vmax � e
a

� tlag þ 1

Obtaining the Gompertz equation is Eq. (9). This equation has become popular-
ized as the modified Gompertz equation:

X ¼ a � e �e
vmax �e

a � tlag�tð Þþ1
h i

(9)

This equation has been used in current research, such as Bah et al. [29], Capson-
Tojo et al. [3], Bayrakdar et al. [4], Mancini et al. [8], Martín Juárez et al. [9], and Li
et al. [7].

To experimentally obtain the maximum reproduction speed and the latency
time, X is measured as well as the reactor time. Next by defining the value of a as
the maximum cell concentration obtainable, Eq. (9) then can be linearized:

ln ln
X
a

� �
¼ � vmax � e

a
tþ 1þ vmax � e

a
tlag

� �

The latency time and the maximum speed of cellular reproduction will be char-
acteristics of the microbial group in certain conditions.

3.2 Cumulative production curve of methane applying Gompertz

If we consider the product/biomass yield, we have.

Yp=x ¼ P1 � P0

X1 � X0
¼ dM

dX

dM
dt

¼ Yp=x
dX
dt

(10)

dM
dt

¼ Yp=x � a � c � e �e�ctþb½ � � e�ctþb

dM
dt

¼ Yp=x � a � c � e �e�
vmax �e

a tþvmax �e
a �tlagþ1

� �
� e�vmax �e

a tþvmax �e
a �tlagþ1

dM
dt

¼ Yp=x � a � c � e
�e

vmax �e
a tlag�tð Þþ1

h i
� evmax �e

a tlag�tð Þþ1

M ¼
ðt
0
Yp=x � a � c � e

�e
vmax �e

a tlag�tð Þþ1
h i

� evmax �e
a tlag�tð Þþ1dt

From Eq. (10), we obtain the cumulative methane production Eq. (11):
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If we define the latency time, tlag, as the time in which the tangent line at the
curve inflection point (point that coincides with maximum velocity) cuts the axis of
the abscissa, we have that the latency time is in X ¼ 0:
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tlag ¼ b� 1ð Þ
c

From this equation, b can also be expressed as.

b ¼ c � tlag þ 1

And vmax ¼ a � c
e

, the result

b ¼ vmax � e
a

� tlag þ 1

Obtaining the Gompertz equation is Eq. (9). This equation has become popular-
ized as the modified Gompertz equation:

X ¼ a � e �e
vmax �e

a � tlag�tð Þþ1
h i

(9)

This equation has been used in current research, such as Bah et al. [29], Capson-
Tojo et al. [3], Bayrakdar et al. [4], Mancini et al. [8], Martín Juárez et al. [9], and Li
et al. [7].

To experimentally obtain the maximum reproduction speed and the latency
time, X is measured as well as the reactor time. Next by defining the value of a as
the maximum cell concentration obtainable, Eq. (9) then can be linearized:

ln ln
X
a

� �
¼ � vmax � e

a
tþ 1þ vmax � e

a
tlag

� �

The latency time and the maximum speed of cellular reproduction will be char-
acteristics of the microbial group in certain conditions.

3.2 Cumulative production curve of methane applying Gompertz

If we consider the product/biomass yield, we have.

Yp=x ¼ P1 � P0

X1 � X0
¼ dM

dX

dM
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¼ Yp=x
dX
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(10)
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� �
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vmax �e
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From Eq. (10), we obtain the cumulative methane production Eq. (11):
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M ¼ Yp=x � a � e
�e

vmax �e
a � tlag�tð Þþ1

h i
(11)

Taking limit when the time tends to infinity, it is shown that the methane
potential produced is Yp=x � a:

lim
t!0

M ¼ Yp=x � a � e�B ¼ Yp=x � a � eln
X1
a ¼ Yp=x � X0

lim
t!∞

M ¼ Yp=x � a

If we calculate the second derivative of the methane production curve and we
equate to zero, then a maximum methane speed production point occurs:

d2M
dt2

¼ 0

Yp=x � a � c � e
�e

vmax �e
a tlag�tð Þþ1

h i
� � vmax � e

a

� �
� evmax �e

a tlag�tð Þþ1 � �e
vmax �e

a tlag�tð Þþ1
� �

þ 1
� �

¼ 0

vmax � e
a

tlag � t
� �þ 1 ¼ 0

t ¼ a
vmax � eþ tlag ¼ b

c

The maximum methane production rate is vCH4max:

vMmax ¼ Yp=x
a � c
e

Lay et al. [30] proposed to modify the Gompertz Eq. (9) by applying the
potential of producible methane, Me ¼ Yp=x � a, expressed as Eq. (12):

M ¼ Me � e
�e

vMmax �e
Me

� tlag�tð Þþ1
h i

(12)

Table 1 shows the values obtained from the methane potential in various co-
digestion studies. All of them were carried out in mesophilic conditions, between 30
and 37°C. It can be observed that the production of methane in most cases ranges
between 0.15 and 0.65 m3 kg�1SV. Based on this calculation, we could classify the
digestion processes into three groups: (a) low-production processes, the amount of
methane produced is between 0.15 and 0.30 m3 kg�1SV, (b) medium-production
processes, the amount of methane produced is between 0.300 and 0.45 m3 kg�1SV,
and (c) high-production processes, the amount of methane produced is greater than
0.45 m3 kg�1SV.

These types of productions and their energy equivalence mean that anaerobic
digestion processes are considered more as a waste management and treatment
process with a complementary energy product than as an alternative energy source
to the problems derived from the limitation of fossil fuels.

3.3 Conclusions of the Gompertz model

The Gompertz model provides an equation that describes cell concentration over
time in a fermentation process.
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To define this equation, it is necessary to obtain the value of three constants: a is
the maximum cellular concentration, b is a constant that depends on the initial
concentration of cells and a, and c is the value of the cell growth rate where the
growth velocity is at maximum, that is, at the inflection point of the curve.

The Gompertz model implies that there is no maximum cell growth rate.

4. Kinetic models

The complexity of the Gompertz model and the problems that exist when
applying the derivatives of the Monod and Contois equation have led some
researchers to suggest models that do not focus on the growth rate but on the
kinetics of substrate degradation or product formation. Brulé et al. [31] classify the
kinetic models into four groups:

a. Reaction in a single step with first-order kinetics.

b.Two-step reaction with first-order kinetics.

c. Reaction in two speeds of a single step with first-order kinetics.

d.Reaction in two speeds of two steps with first-order kinetics.

4.1 One-step reaction with first-order kinetics

This model shows reaction rate is proportional to the amount of reagent, in this
case substrate. So

dS
dt

¼ k � S ! S ¼ S0 � e�k�t

where S is the amount of substrate at a time t, S0 is the initial substrate amount,
and k is the kinetic constant.

As the mass in the reaction is conserved, the mass of product M (methane) is
calculated as

M ¼ S0 � 1� e�k�t� �

Angelidaki et al. [32] used this kinetic type, relating the concentration of meth-
ane that is generated in a reactor with the maximum potential through the following
equation:

ln
Me �M

Me

� �
¼ �k � t

M ¼ Me � 1� e�k�t� �

where M is the methane produced at a given time t, Me is the value of the final
methane production, and k is the constant of the hydrolysis rate.

Díaz et al. [33] evaluated the digestion of cellulose with manure by comparing
the first-order equation, including in the equation the latency time (13) and the
modified Gompertz equation. They concluded that both models did not offer sig-
nificant differences in the coefficient of determination obtained in the models (r2),

79

Review of Mathematical Models for the Anaerobic Digestion Process
DOI: http://dx.doi.org/10.5772/intechopen.80815
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�e

vmax �e
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h i
(11)
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a

� �
� evmax �e
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vmax �e

a tlag�tð Þþ1
� �

þ 1
� �
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a
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c

The maximum methane production rate is vCH4max:

vMmax ¼ Yp=x
a � c
e

Lay et al. [30] proposed to modify the Gompertz Eq. (9) by applying the
potential of producible methane, Me ¼ Yp=x � a, expressed as Eq. (12):

M ¼ Me � e
�e

vMmax �e
Me

� tlag�tð Þþ1
h i

(12)

Table 1 shows the values obtained from the methane potential in various co-
digestion studies. All of them were carried out in mesophilic conditions, between 30
and 37°C. It can be observed that the production of methane in most cases ranges
between 0.15 and 0.65 m3 kg�1SV. Based on this calculation, we could classify the
digestion processes into three groups: (a) low-production processes, the amount of
methane produced is between 0.15 and 0.30 m3 kg�1SV, (b) medium-production
processes, the amount of methane produced is between 0.300 and 0.45 m3 kg�1SV,
and (c) high-production processes, the amount of methane produced is greater than
0.45 m3 kg�1SV.

These types of productions and their energy equivalence mean that anaerobic
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3.3 Conclusions of the Gompertz model
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To define this equation, it is necessary to obtain the value of three constants: a is
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concentration of cells and a, and c is the value of the cell growth rate where the
growth velocity is at maximum, that is, at the inflection point of the curve.

The Gompertz model implies that there is no maximum cell growth rate.

4. Kinetic models

The complexity of the Gompertz model and the problems that exist when
applying the derivatives of the Monod and Contois equation have led some
researchers to suggest models that do not focus on the growth rate but on the
kinetics of substrate degradation or product formation. Brulé et al. [31] classify the
kinetic models into four groups:

a. Reaction in a single step with first-order kinetics.

b.Two-step reaction with first-order kinetics.

c. Reaction in two speeds of a single step with first-order kinetics.

d.Reaction in two speeds of two steps with first-order kinetics.

4.1 One-step reaction with first-order kinetics

This model shows reaction rate is proportional to the amount of reagent, in this
case substrate. So

dS
dt

¼ k � S ! S ¼ S0 � e�k�t

where S is the amount of substrate at a time t, S0 is the initial substrate amount,
and k is the kinetic constant.

As the mass in the reaction is conserved, the mass of product M (methane) is
calculated as
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Angelidaki et al. [32] used this kinetic type, relating the concentration of meth-
ane that is generated in a reactor with the maximum potential through the following
equation:

ln
Me �M

Me

� �
¼ �k � t
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where M is the methane produced at a given time t, Me is the value of the final
methane production, and k is the constant of the hydrolysis rate.

Díaz et al. [33] evaluated the digestion of cellulose with manure by comparing
the first-order equation, including in the equation the latency time (13) and the
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nificant differences in the coefficient of determination obtained in the models (r2),
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neither in the methane potential predicted Me nor between the constant kinetics k
and vMmax. However, it shows that the first-order kinetic model provides a longer
latency time. The maximum methane potential Me was between 0.30 and 0.33 m3/
kg SV:

M ¼ Me � 1� e�k� t�tlagð Þ� �
(13)

Zhang et al. [34] also compared the modified Gompertz equation and thefirst-
order kinetic model according to Eq. (13). Zhang confirms that the first-order
kinetic model provides longer latency times and methane potentials than Gompertz.
However, it provides slightly lower coefficients of determination.

4.2 Two-step reaction with first-order kinetics

Shin and Song [35] considered anaerobic digestion as a two-step process that
could work at different speeds. Although this comprises a complex hydrolytic,
acetogenic, and methanogenic process, a more suitable kinetic model than the
previous one would consist in first considering the formation of volatile fatty acids
(VFAs) from the substrate Se and, subsequently, the conversion of these acids into
methane (M).

The formation of volatile fatty acids depends on the substrate concentration,
following first-order kinetics, where k1 is the kinetic constant of transformation of
the substrate to VFA, S is the substrate concentration, and SVFA is the concentration
of acid grades:

dSVFA
dt

¼ k1 � S

Given the S ¼ S0 � e�k1�t
, you have the equation:

dSVFA
dt

¼ k1 � S0 � e�k1�t

On the other hand, the elimination of the fatty acids will depend on the concen-
tration of the same, also following first-order kinetics, being k2 as the kinetic
constant of transformation of the VFA to M.

According to the mass balance in the formation of the VFA, a differential
equation of constant coefficients of first order (14) is obtained:

dSVFA
dt

¼ k1 � S0 � e�k1�t � k2 � SVFA
dSVFA
dt

þ k2 � SVFA ¼ k1 � S0 � e�k1�t (14)

such as

y
0 þ a xð Þ � y ¼ b xð Þ

y ¼ e�
Ð
a xð Þdx �

ð
b xð Þ � e

Ð
a xð Þdxdxþ C � e�

Ð
a xð Þdx

The solution to Eq. (14) results
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SVFA ¼ k1 � S0 � e
�k2�t � e�k1�t

k2 � k1

From this equation, the accumulated methane production is obtained as

dM
dt

¼ k2 � SVFA
dM
dt

¼ k2 � k1 � S0 � e
�k2�t � e�k1�t

k2 � k1

M ¼ S0 � 1� k1e�k2�t � k2e�k1�t

k1 � k2

� �

4.3 Reaction in two speeds of a single step with first-order kinetics

The chemical composition of the substrates is generally heterogeneous and can be
constituted by several fractions with different hydrolysis rates. This implies that we
can consider the process as two parallel but independent mechanisms that occur
simultaneously. If we define α as the relation between the amount of rapidly degrad-
able substrate and the total a, kF as the first-order kinetic constant for degradation of
rapidly degradable substrate, and kL as the first-order kinetic constant for the degra-
dation of slowly degradable substrate, the amount of methane produced can be
defined with the model used by Kusch et al. [36] or Luna del Risco [37]:

M ¼ Se � 1� α � e�kF �t � 1� αð Þ � e�kL�t� �

Dennehy et al. [15] compared three different kinetic models to determine the
most suitable to describe the kinetics of the discontinuous co-digestion of food
waste and pig manure at 37°C: (1) first order, (2) Gompertz, and (3) two-speed
one-step reaction with first-order kinetics. They showed that the three models
provide similar determination coefficients; however, the RMSE (root of the mean of
the squares of the errors) is significantly reduced when the two-speed digestion is
considered. The worst RMSE was for the Gompertz model. The first-order kinetic
model reduced the RMSE by 39%, and the first-order kinetic model with two speeds
reduced the RMSE by 80%. The highest methane yields they obtained were
0.521 � 29 m3 CH4 kg�1 VS.

4.4 Reaction in two speeds of two steps with first-order kinetics

If we consider two steps in each of the fractions of which the substrate is
composed, both for the rapidly degradable substrate fraction and for the slowly
degradable substrate fraction, we can obtain the following equation:

M ¼ Se � α � 1� kHFe�kMF �t � kMFe�kHF �t

kHF � kMF

� �
þ 1� αð Þ � 1� kHLe�kML�t � kMLe�kHL�t

kHL � kML

� �� �

Brulé et al. [31] evaluated the four kinetic models described, concluding that
the models that consider an easy speed in both a step and two steps yield a
reasonable estimate. In contrast, the model that considers two speeds with a single
step produces overestimates. Therefore, it is considered inadequate. This
overestimation is corrected by applying the two-step model at two speeds but
complicates its application.
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neither in the methane potential predicted Me nor between the constant kinetics k
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latency time. The maximum methane potential Me was between 0.30 and 0.33 m3/
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(13)
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(VFAs) from the substrate Se and, subsequently, the conversion of these acids into
methane (M).

The formation of volatile fatty acids depends on the substrate concentration,
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dSVFA
dt

¼ k1 � S

Given the S ¼ S0 � e�k1�t
, you have the equation:

dSVFA
dt

¼ k1 � S0 � e�k1�t

On the other hand, the elimination of the fatty acids will depend on the concen-
tration of the same, also following first-order kinetics, being k2 as the kinetic
constant of transformation of the VFA to M.

According to the mass balance in the formation of the VFA, a differential
equation of constant coefficients of first order (14) is obtained:

dSVFA
dt

¼ k1 � S0 � e�k1�t � k2 � SVFA
dSVFA
dt

þ k2 � SVFA ¼ k1 � S0 � e�k1�t (14)

such as

y
0 þ a xð Þ � y ¼ b xð Þ

y ¼ e�
Ð
a xð Þdx �

ð
b xð Þ � e

Ð
a xð Þdxdxþ C � e�

Ð
a xð Þdx

The solution to Eq. (14) results
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SVFA ¼ k1 � S0 � e
�k2�t � e�k1�t

k2 � k1

From this equation, the accumulated methane production is obtained as

dM
dt

¼ k2 � SVFA
dM
dt

¼ k2 � k1 � S0 � e
�k2�t � e�k1�t

k2 � k1

M ¼ S0 � 1� k1e�k2�t � k2e�k1�t

k1 � k2

� �
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5. Model based on the transfer function

Several studies, such as Ghufran and Charles [38], Li et al. [39], or Zahan et al.
[13], have used a function derived from the first-order kinetic model but which
substitutes the kinetic constant for the ratio between the maximum and the meth-
ane velocity:

M ¼ Me � 1� e�k� t�tlagð Þ� �

M ¼ Me � 1� e�
vmaxM
Me

� t�tlagð Þ� �

6. Cone model

On the other hand, researchers, such as Pitt et al. [40], El-Mashad [41], Li et al.
[39], and Zahan et al. [13], analyzed the cone model. This model describes the
fermentation according to Eq. (15):

M ¼ Me

1þ k � tð Þ�n (15)

7. Comparison of models

For the evaluation of the models, most researchers usually use two statistics: (a)
coefficient of determination of the fit (r2) and (b) root of the mean of the squares of
the errors (RMSE) calculated by Eq. (16), where Mmodel is the value of methane
predicted by the model at an instant t and Mob is the value of methane observed
experimentally:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑ Mmodel �Mobð Þ2

n

s
(16)

Pitt et al. [40], Ghufran and Charles [38], El-Mashad [41], Li et al. [39], and
Zahan et al. [13] compared the modified Gompertz model, the first-order kinetic
model, the transfer function model, and the cone model, for different types of
substrates and combinations in co-digestion.

Figure 2.
LSD intervals of the analysis of variance at 95% confidence level for the comparison of the RMSE and the r2 of
the different models applied to the fermentation of different substances and combinations in co-digestion.
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Comparing the values of r2, RMSE, and lag time provided by analysis of vari-
ance, the results shown in Figures 2 and 3 were obtained.

As you can see, all the models provide high coefficients of determination, and
there are few differences between them. The transfer model and the first-order
kinetic model generally produce higher RMSE, so the modified Gompertz model
and the cone model make more accurate estimates. However, the Gompertz model
estimates higher latency periods.

8. Conclusion

In this research work, the most important kinetic models used to describe
anaerobic fermentation have been developed. The comparison between them is a
subject currently studied as demonstrated in recent publications. All of them pro-
vide high coefficients of determination; however, they present significant differ-
ences in the RMSE.

The production of methane in most cases ranges between 0.15 and
0.65 m3 kg�1SV, under mesophilic conditions (30–37°C). However, digestion pro-
cesses can be classified into three groups according to the methane production
potential:

a. low-production processes, when the amount of methane produced is between
0.15 and 0.30 m3 kg�1SV.

b.medium-production processes, when the amount of methane produced is
between 0.30 and 0.45 m3 kg�1SV.

c. high-production processes, when the amount of methane produced is greater
than 0.45 m3 kg�1SV.

The average lag time is 14 days.
The mean of the first-order kinetic constant is 0.11 d�1.

Figure 3.
LSD intervals of the analysis of variance at 95% confidence level for the comparison of the latency time of the
different models applied to the fermentation of different substances and combinations in co-digestion.
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Chapter 5

Biomass Pretreatment for
Enhancement of Biogas
Production
Tamilarasan Karuppiah and Vimala Ebenezer Azariah

Abstract

Biomass is a renewable energy source developed from living or recently living
plant and animal materials, which can be used as fuel. The main components
present in biomass are polymers such as carbohydrate, protein, cellulose, lignin and
fat. Biogas is produced when the biomass is anaerobically degraded by micro-
organisms. The process of anaerobic digestion (AD) takes place in four steps:
hydrolysis, acidogenesis, acetogenesis, and methanogenesis. The hydrolysis step is
rate limiting due to the presence of complex polymers in biomass. Pretreatment is a
process in which the biomass is made ready for microbial attack. This pretreatment
can be physical operations such as communition, irradiation etc.; chemical treat-
ment with alkali, acids, wet oxidation etc.; biological pretreatment, by fungi or
enzymes; or a combination of these processes. During the pretreatment process, the
compact structure of biomass is disrupted and exposed which.

Keywords: biomass, biogas production, anaerobic digestion, pretreatment,
technologies

1. Introduction

Rapidly increasing energy demands worldwide has resulted in tremendous
depletion of fossil fuel resources. This makes it necessary to find alternative energy
sources which have a minimum impact on the environment. In this context, biogas
is one of the sustainable energy sources that can be produced from many types of
biomass including waste. AD technology is one of the most promising technologies,
having the potential to convert various biomass into methane-rich biogas, a carbon-
neutral alternative to fossil fuels. In addition, AD technology has a number of
benefits including solids reduction, decreased odor, reduced greenhouse gas emis-
sions, and increased income from non-market benefits compared to conventional
waste treatment systems [1, 2]. In Germany, which is the leading country in this
field, greater than 50% of the biogas potential results from energy crops treated in
over 7000 biogas plants [3]. AD has wide application in sludge stabilization due to
its low cost, energy recovery and minimized biosolids production.

AD system utilizes anaerobic microorganisms to convert the organic matter in
the biomass, into biogas in an oxygen free environment. Biogas is the main
byproduct of AD and contains about 60% methane by volume. Digestate is pro-
duced as a byproduct, which after an appropriate treatment can have agricultural
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applications as fertilizer [4]. It reduces organic matter to more stable solids by
complex biochemical reactions. There are three consecutive steps of biological
process in AD. The first step involves hydrolysis of complex organic matter into
simpler compounds. The second step is the acidogenesis, which involves conversion
of these organics to form organic acids and hydrogen. The final step is methane and
carbon dioxide production from organic acids and hydrogen, by methanogens. The
high methane content makes biogas a useful fuel that can displace natural gas in
pipelines or be converted to electricity and heat. AD typically require long residence
times, as certain anaerobic microorganisms have slow rate of growth. Long resi-
dence times lead to large volumes of tanks. Therefore, to improve digestion effi-
ciency, the most efficient approach is to disrupt the chemical bonds in the material
prone to hydrolysis [5]. Other factors limiting its performance are slow hydrolysis,
low biodegradability, inhibition due to toxic compounds and toxic intermediates
formed and poor methanogenesis. To overcome this recalcitrant property and to
improve the degradation rate, a pretreatment prior to the AD process is introduced.
Thus the goal of a pretreatment is to open up the structure of the substrate, making
it more accessible for enzymatic attack [6] which aids in increasing biogas yield.
The effects of various pretreatment methods highly differ, depending on the char-
acteristics of the substrates and the pretreatment type. Recently, a lot of interest has
been devoted to biomass disintegration and solubilization techniques in order to
overcome the biological limitations of anaerobic digestion. The pretreatment tech-
niques include mechanical treatment [7], ultrasonic treatment [8, 9] and biological
hydrolysis with enzymes [10–12], alkaline treatment [13], oxidative treatments
using ozone [14, 15], microwave irradiation [5, 16, 17], thermal treatment [18]
thermochemical [19], sono-thermal [20–22] etc.

2. Microbiology of anaerobic digestion

AD process is mediated through four main steps—hydrolysis, acidogenesis,
acetogenesis and methanogenesis. These are carried out by a consortium of micro-
organisms: acidogenic bacteria, acetogenic bacteria and methanogenic bacteria [23].
The microbial community of the anaerobic process is very complex. There are two
prokaryotic kingdoms that closely interact with each other: Bacteria and Archaea.
The first step involves hydrolysis of complex organic matter into simpler com-
pounds. In the second step, the acidogenesis of these organics take place to form
organic acids and hydrogen. In the final step, methane and carbon dioxide are
produced from organic acids and hydrogen by archael methanogens.

Figure 1 summarizes the overall process of AD. Organic matter consists of
particulate, water-insoluble polymers such as carbohydrates, lipids and proteins.
Insoluble polymers cannot penetrate cellular membranes and are therefore not
directly available to the microorganisms. During hydrolysis, appropriate strains of
hydrolytic bacteria excrete hydrolytic enzymes [23] which break up the insoluble
polymers to soluble mono and oligomers. Carbohydrates are converted to sugars,
lipids are broken down to long-chain fatty acids and proteins are split into amino
acids [24]. These soluble molecules are converted by acidogens to acetic acid and
other longer volatile fatty acids, alcohols, carbon dioxide and hydrogen on
acidogenesis. The foremost acids produced are acetic acid (CH3COOH), propionic
acid (CH3CH2COOH), butyric acid (CH3CH2CH2COOH), and ethanol (C2H5OH).
Other acid formers are Clostridium, Peptococcusanerobus, Lactobacillus, and Actino-
myces. The next process is acetogenesis during which, the longer volatile fatty
acids and alcohols are oxidized by proton-reducing acetogens to acetic acid and
hydrogen. An acetogenesis reaction is shown below:
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C6H12O6 ! 2C2H5OHþ 2CO2 (1)

In the last step of the process, methanogens use acetic acid or carbon dioxide and
hydrogen, to produce methane and carbon dioxide. For mesophilic bacteria, the
optimal methane production rate is mostly reached at 35–37°C. The thermophilic
methanogens differ from the mesophilic one and their maximum methanogenic
activity is reached at about 55°C. A thermophilic digestion process can sustain a
higher organic loading compared to a mesophilic one. But the thermophilic process
produces gas with a lower methane concentration [25] and is more sensitive to
toxicants [26]. Methanogens are also sensitive towards changes in temperature than
the other species, because of their slower growth rate in the reactor environment.
Methanogenesis occurs at neutral pH- in the range of 6.5–7.5, although optimum lies
at pH 7.0–7.2 [26]. If, for example, a temperature shift affects the methanogens
negatively, there can be a build-up of volatile fatty acids (VFAs). This lowers the
pH which further affects the methanogens in a negative way which leads to a
vicious circle of negative feedback. The methanogenesis reactions can be expressed
as follows [27] in Eqs. (2)–(4):

CH3COOH ! CH4 þ CO2 (2)

2C2H5OHþ CO2 ! CH4 þ 2CH3COOH (3)

CO2 þ 4H2 ! CH4 þ 2H2O (4)

The digestion efficiency and its stability can vary significantly depending upon
the wastewater characteristics and type and design of the treatment system. The
longer a substrate is kept under proper reaction conditions, the more complete its
degradation will become. Longer retention time demands the provision of reactor
with large volume for a given amount of substrate to be treated. On the other hand,

Figure 1.
Schematic representation of anaerobic digestion (source: https://www.e-education.psu.edu/egee439).
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with shorter retention time washout of microorganism takes place with a lower
overall degradation [25]. Therefore, these two effects have to be balanced in the
design of AD for the efficient and proper operation of the full scale reactor. This
needs operation of AD through skilled supervision for optimal performance.

3. Need for pretreatment

Several renewable matters have been tried for biogas production which are
classified into crop biomass such as maize, wheat, barley, sweet sorghum, etc.;
organic wastes such as municipal solid waste, municipal and industrial wastewater
sludge, animal manure, and residues from various processing; energy crops like
sunflower, rape, jatropha, etc.; crop residues which include banana stem, barley
straw, rice straw, softwood spruce, etc.; and non-conventional biomass like glyc-
erol, microalgae, etc. [28–34]. Figures 2–4 show the effect of pretreatment of
lignocellulosic, sludge and macroalgal biomass respectively.

The diverse composition of lignocellulose biomass and the interactions between
fractions make its structure very complex and resistant to deconstruction. Cellulose
and hemicellulose are polysaccharides that can be hydrolyzed to simple sugars.
Lignin which acts as a support to the cell structure, embedding cellulose and hemi-
cellulose, hinders the susceptibility to microbial attack during hydrolysis process
[35]. The aim of pretreatment is to break the lignin layer that protects the cellulose
and hemicellulose, in order to make the biomass more accessible for digestion [6].
Pretreatment also helps to decrease the crystallinity of cellulose and to increase the
porosity. Furthermore, biomass such as fruit wastes is easily degraded but result in
low yield due to the presence of inhibitors.

Keratin, which is present in horns and feathers, is an insoluble protein in which
the polypeptides chain is tightly packed and highly cross-linked with disulfide
bonds, hydrogen bonds, and hydrophobic interactions [36]. This insoluble protein
is extremely resistive to the proteolytic enzyme action, which is a major hindrance
in the biological processing of these wastes. For such biomass, if the crosslinking
between the polypeptides chain breaks, the keratin becomes more accessible and
easier to digest. Contrarily, while keratin-rich waste is pretreated using a strong

Figure 2.
Effect of pretreatment on lignocellulosic biomass (source: https://www.e-education.psu.edu/egee439/node/653).
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acid, alkali, or other harsh physicochemical methods, severe degradation and
destruction of the keratin occurs [37].

Activated sludge, a bio product of aerobic wastewater treatment, can be a better
raw material for generating energy because of its high organic content [38]. Sec-
ondary wastewater sludge consists of numerous microbial cells, the cell walls of
which act as barriers against exo-enzyme degradation. Besides microbial cells,
exocellular polymeric substances (EPS) comprise a major organic fraction in acti-
vated sludge floc structure and binding mechanisms of EPS to cations appear to be a
significant factor determining the digestibility of activated sludge. Hence hydrolysis
becomes the rate-limiting step and degree of degradation achieved is limited to 30–
35% chemical oxygen demand (COD) reduction in conventional anaerobic sludge
treatment [23]. Pretreatment of sludge is required to rupture the cell wall and to
facilitate the release of intracellular matter into the aqueous phase, which improves
the biodegradability thereby enhancing the AD with lower retention time and with
higher biogas production [20].

The macroalgal cell envelope made of thick and hard layer composed of complex
proteins and carbohydrates with more mechanical power and high chemical resis-
tance, restricts the attack of the biopolymers by methanogenic bacteria during

Figure 4.
Effect of pretreatment of macroalgal biomass.

Figure 3.
Effect of pretreatment on sludge biomass.
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with shorter retention time washout of microorganism takes place with a lower
overall degradation [25]. Therefore, these two effects have to be balanced in the
design of AD for the efficient and proper operation of the full scale reactor. This
needs operation of AD through skilled supervision for optimal performance.
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Several renewable matters have been tried for biogas production which are
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Figure 2.
Effect of pretreatment on lignocellulosic biomass (source: https://www.e-education.psu.edu/egee439/node/653).
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acid, alkali, or other harsh physicochemical methods, severe degradation and
destruction of the keratin occurs [37].

Activated sludge, a bio product of aerobic wastewater treatment, can be a better
raw material for generating energy because of its high organic content [38]. Sec-
ondary wastewater sludge consists of numerous microbial cells, the cell walls of
which act as barriers against exo-enzyme degradation. Besides microbial cells,
exocellular polymeric substances (EPS) comprise a major organic fraction in acti-
vated sludge floc structure and binding mechanisms of EPS to cations appear to be a
significant factor determining the digestibility of activated sludge. Hence hydrolysis
becomes the rate-limiting step and degree of degradation achieved is limited to 30–
35% chemical oxygen demand (COD) reduction in conventional anaerobic sludge
treatment [23]. Pretreatment of sludge is required to rupture the cell wall and to
facilitate the release of intracellular matter into the aqueous phase, which improves
the biodegradability thereby enhancing the AD with lower retention time and with
higher biogas production [20].

The macroalgal cell envelope made of thick and hard layer composed of complex
proteins and carbohydrates with more mechanical power and high chemical resis-
tance, restricts the attack of the biopolymers by methanogenic bacteria during

Figure 4.
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AD [39]. Pretreatment leads to improvement in the liquefaction process, enhancing
the biopolymer release [28]. Several pretreatment methods have been reported in
detail, aiming to make these biomass viable to digestion by microorganisms, and
increase the biogas yield. It is necessary to carry out the pretreatment at mild
conditions to prevent excessive sugar degradation.

Several pretreatment processes such as ball mill [40], microwave irradiation [2],
sodium hydroxide [13], steam explosion [41], ultrasonic [42], biological [43],
ozonation [14] have been shown to enhance biodegradability of biomass by pro-
moting the hydrolysis process. Since most available articles are addressed based on
pretreatment of lignocellulosic biomass, this chapter is mainly focused towards
sludge pretreatment.

4. Pretreatment technologies

The lower hydrolysis rates during conventional AD process, results in higher
hydraulic retention time (HRT) in the digester and larger digester volume, consti-
tutes the prime drawbacks of the conventional AD [6]. The non-availability of the
readily biodegradable, soluble organic matters and lower digestion rate constantly
necessitates the pretreatment of sludge. Pretreatment of biomass enhances the AD,
with lower retention time and with higher biogas production [17]. With the
advancements in various pretreatment techniques like thermal, chemical, mechan-
ical, biological and physical and several combinations such as physicochemical,
biological–physicochemical, mechanical–chemical and thermal–chemical, biode-
gradability of sludge can be enhanced by several orders. Extensive research has
been carried throughout the world to establish the best economically feasible
pretreatment technology to enhance the digestibility of biomass [12].
Tables 1 and 2 show the specific energy consumed and methane yield with
various chemo-mechanical and physico-chemical pretreatment.

4.1 Physical

In physical pretreatment, the structure of the biomass gets altered and the size of
the particles reduced, by the application of physical force. This leads to an increase
in the surface area of the particles thereby making it susceptible to microbial and
enzymatic attacks, which enhances the AD process for methane production [61].
Physical pretreatment may be done by employing microwave irradiation, sonica-
tion, mechanical beating, deflaking, dispersing, extruding, refining, milling, and
cavitation etc. [62].

4.1.1 Milling

Milling pretreatment is carried out, especially for lignocellulose and algal bio-
mass to reduce the size of the substrate to break open the cellular structure, and
improve their bio accessibility to the cell tissues, by increasing the specific surface
area of the biomass [40]. Particle size reduction not only increases the rate of
enzymatic degradation, but also reduces viscosity in digesters thus making mixing
easier and can reduce the problems of floating layers. For effective hydrolysis of
lignocellulose, beta particle size of 1–2 mm has been recommended [63]. Using
three batch reactors, Motte et al. [40] demonstrated, treating straw particle milled
to different sizes 0.25 mm, 1 mm and 10 mm followed during 62 days. They
achieved the highest methane production for straw with 10 mm particle size
(192 � 25 Nm L/g VS) which was associated with a straw biodegradability of 43%.
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4.1.2 Cavitation

The most frequently applied cavitation techniques include acoustic cavitation,
which is produced by passing ultrasonic waves through the liquid medium and
hydrodynamic cavitation produced using hydraulic systems. In acoustic cavitation,
microbubbles called cavitation were developed when the ultrasound waves propa-
gate in a liquid medium, due to a repeating pattern of compressions and

S. No. Name of the
pretreatment

Specific energy
consumed (KJ/kg TS)

Solubilization
achieved (%)

Biomethane
yield

References

1 Disperser +
alkali

4544 24 1391 ml Rani et al. [21]

2 Thermo chemo
disperser

3360.94 18.6 0.455 L/g VS Kavitha et al.
[44]

3 Chemo
disperser

5013 20 0.522 L/g VS Poornima Devi
et al. [45]

4 Sono alkaline 4172 59 0.108 ml/g VS
removed

Rani et al. [46]

5 Thermo chemo
sonic

5290.5 27 0.413 g COD/
g COD

Kavitha et al.
[47]

6 Citric acid +
ultrasonic

171.9 22.7 0.435 L/g VS Gayathri et al.
[29]

7 Fenton +
ultrasonic

641 34.4 0.3 g COD/g
COD

Kavitha et al.
[48]

8 Thermo chemo
sonic

5500 35 0.60 g COD/g
COD

Kavitha et al.
[49]

9 Disperser +
microwave

18,000 22 0.28 g COD/g
COD

Kavitha et al.
[50]

10 Chemo
mechanical

7377 38 50 ml/g VS
removed

Kavitha et al.
[51]

11 Sonic mediated
biological

2.45 23 0.19 d1 Kavitha et al.
[52]

12 Chemo thermo
disperser

174 60 0.84 g COD/g
COD

Kavitha et al.
[43]

13 Surfactant sonic 5120 24.7 0.24 g/g COD Ushani et al.
[53]

14 Chemo
disperser

3312.6 15 0.14 g COD/g
COD

Tamilarasan
et al. [28]

15 Surfactant +
sonic

5400 26 0.6 g/g COD Santhi et al.
[54]

16 Disperser +
bacterial

9.5 22.4 0. 279 g COD/
g COD

Banu et al. [55]

17 Ultrasound +
microwave

16,700 33.2 0.3 L/g COD Kavitha et al.
[56]

18 Surfactant +
sonic

9600 23.9 0.239 g/g
COD

Tamilarasan
et al. [57]

Table 1.
Specific energy consumed and methane yield with various chemo-mechanical pretreatment.
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enzymatic degradation, but also reduces viscosity in digesters thus making mixing
easier and can reduce the problems of floating layers. For effective hydrolysis of
lignocellulose, beta particle size of 1–2 mm has been recommended [63]. Using
three batch reactors, Motte et al. [40] demonstrated, treating straw particle milled
to different sizes 0.25 mm, 1 mm and 10 mm followed during 62 days. They
achieved the highest methane production for straw with 10 mm particle size
(192 � 25 Nm L/g VS) which was associated with a straw biodegradability of 43%.
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rarefactions. These cavitation expand to unstable size, and then rapidly collapse
resulting in temperatures up to 5000 K and pressures up to 180 MPa. The rapid
collapse of a numerous microbubbles generates powerful shear forces in the sur-
rounding liquid, which damages the cell walls of microorganisms [21, 53]. However,
higher sonication power level is reported to adversely affect the pretreatment pro-
cess. At higher power level, bubbles are formed near the tip of the ultrasound
transducer, which hinders the transfer of energy to the liquid medium [64].

In the ultrasonic pretreatment study on waste activated sludge (WAS), Apul &
Sanin [7] investigated an improvement in anaerobic biodegradability at 15 min of
sonication. They achieved an increase in daily biogas production and methane
production by 49 and 74% respectively compared to control in semi continuous
reactors at a solid retention time (SRT) of 15 days and organic loading rate of
0.5 kg/m3 d. Zeynali et al. [42] studied the efficiency of ultrasonic pretreatment in
improving biogas production from fruits and vegetable waste. They adopted three
sonication times of 9, 18, 27 min operating at 20 kHz and amplitude of 80 μm on the
substrate. The highest methane yield they obtained was at 18 min sonication with
specific energy 2380 kJ/kg TS (Total solids) for a 12 d batch period, while longer
exposure to sonication led to lower methane yield. The energy content of the biogas
obtained by them was twice that of input energy for sonication. Alzate et al. [65]
reported that, the sonication applied to macro algae at a specific energy input of
75 MJ/kg TS produced just 20% of the methane production. Upon increasing the
specific energy to about 100–200 MJ/kg TS, they reported an increase in the meth-
ane production rate between 80 and 90%.

In hydrodynamic systems, cavitation is generated by forcing fluid flow through
cavitating devices, where pressure substantially drops. Many microbubbles formed
as a consequence of this pressure drop subsequently collapse. The collapse of the
cavitation, results in release of large magnitudes of energy which helps in dissolu-
tion of biomass and makes it more suitable for subsequent bacterial decomposi-
tion, improving biogas yield during the AD process [66]. They investigated the
application of hydrodynamic cavitation (HC) for the pretreatment of wheat straw
with an objective of enhancing the biogas production. They observed the methane
yields of 31.8 ml with untreated wheat straw, 77.9 ml with HC pre-treated wheat
straw and a maximum yield of 172.3 ml with the combined pre-treatment using
KOH and HC.

S. No. Name of the
pretreatment

Specific energy
consumed (KJ/kg TS)

Solubilization
achieved (%)

Biomethane
yield

References

1. Microwave 1844 18.6 0.162 ml/g VS
removed

Rani et al.
[33]

2. Microwave + citric
acid

14,000 31 0.615 L/g VS Ebenezer
et al. [38]

3. Microwave +
surfactant

14,000 28 0.47 L/g VS Ebenezer
et al. [58]

4. Microwave + H2O2 18,600 56 0.323 L/g VS Eswari
et al. [59]

5. H2O2 + microwave 18,910 46.6 250 ml/g VS Eswari
et al. [60]

6. Thermo ozone 141.02 30.4 0.32 g COD/g
COD

Kannah
et al. [1]

Table 2.
Specific energy consumed with various physico-chemical pretreatment.
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4.1.3 Microwave irradiation

During microwave irradiation the destruction of the microbial cells is caused by
the disruption of the chemical (hydrogen) bonds in the cell walls and membranes,
by polarized parts of macromolecules aligning with the poles of the electromagnetic
field, which results in denaturation. Microwaves can induce an athermal effect in
addition to their thermal effect due to dipole orientation, which results in possible
breakage of hydrogen bonds and subsequently leads to the disintegration of the floc
matrix [17]. They observed that, microbial cells exposed to MW showed greater
damage at similar applied temperatures compared to conventional heating. Rincón
et al. [67] studied the effect of a MW pre-treatment on olive mill solid residue to
enhance its anaerobic digestibility. They carried out the experiment at a power of
800 W and temperature 50°C and observed a maximum methane yield of
395 � 1 ml CH4/g VS for an applied specific energy 7660 kJ/kg TS. Beszédes et al.
[16] focused on the effects of MW irradiation at different power levels on biodeg-
radation and subsequent AD of sludge from the dairy and meat industry. Compared
to their results obtained from conventional heat treatment of the same sludge, the
MW treatment proved to increase the methane yield.

4.1.4 Extrusion

In extrusion pretreatment, the biomass is allowed to experience heat, compression
and shear force, which creates physical damage and chemical alterations of biomass
cells while passing through the extruder. The extruder arrangement consists of
single or twin screws that spin into a tight barrel, which is equipped with tempera-
ture control. When a biomass material passes through the barrel, it is exposed to
friction and vigorous shearing causing an increase in temperature and pressure.
When it exits the finishing end, the biomass material experiences a pressure release,
which causes structural changes in the processed biomass enabling easy digestion in
the subsequent step [61].

Maroušek [68] evaluated extrusion parameters of pelleted hay for maximal
cumulative biogas production, and reported that, at optimal conditions of pressure
1.3 MPa, reaction time 7 min, and 8% dry matter, the maximal biogas production
was 405 m3/ton TS (with 52.3% methane), which was about a 33% increase over the
biogas yield of control. Novarino and Zanetti [69] employed extrusion pretreatment
to improve biogas production from the organic fraction of municipal solid waste,
resulting in a biogas yield of 800 L/kg VS containing about 60% methane content.

4.2 Thermal

Thermal pretreatment improves hydrolysis, with increased methane yield dur-
ing subsequent anaerobic digestion. A wide range of temperatures has been studied,
ranging from 60 to 270°C, but temperatures above 200°C have been found respon-
sible for the production of recalcitrant soluble organics or toxic/inhibitory interme-
diates during the pretreatment process [70]. Many studies employed at an optimum
thermal range of 160–180°C for hydrolysis of wastewater sludge have proved an
increase in methane yield during AD. Higher temperatures lead to a sharp reduction
in biodegradability of sludge hydrolysate, due to production of recalcitrant soluble
organics or toxic/inhibitory intermediates during the process [71]. The effect of
thermal treatment of anaerobic sludge on the disintegration of the remaining
organic fraction was evaluated by Borges and Chernicharo [18]. At 75°C, they
observed an increase of 30–35 times increase in the concentrations of protein,
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4.1.4 Extrusion
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cells while passing through the extruder. The extruder arrangement consists of
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the subsequent step [61].
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1.3 MPa, reaction time 7 min, and 8% dry matter, the maximal biogas production
was 405 m3/ton TS (with 52.3% methane), which was about a 33% increase over the
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ranging from 60 to 270°C, but temperatures above 200°C have been found respon-
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carbohydrate, lipid and COD and an increase of 50% in the biogas production, thus
characterizing a higher biodegradability of the remaining organic fraction.

4.3 Chemical

4.3.1 Acid

Acid pretreatment causes sludge disintegration and cell lysis which releases the
intracellular organics, which become more bioavailable and thus increases the rate
and efficiency of the digestion process [17]. In lignocellulosic biomass, the
pretreatment results in the disruption of the Van der Waals forces, hydrogen bonds
and covalent bonds that hold together the biomass components, which conse-
quently causes the breaking of hemicellulose and the reduction of cellulose [72].
Devlin et al. [73] showed the improved effects of HCl pretreatment at pH 2 on
subsequent digestion of WAS. In semi-continuous digestion experiments conducted
for 12 day hydraulic retention time at 35°C, they found a 14.3% increase in methane
yield compared to untreated WAS. Taherdanak et al. [74] used dilute sulfuric acid
pretreatment, to improve the biomethane production from wheat plant under
mesophilic anaerobic digestion. At 121°C, they obtained a maximum methane yield
of 15.5% higher than that of the untreated wheat plant after pretreatment for
120 min.

4.3.2 Alkali

The mechanism of alkaline pretreatment mainly induces swelling of particulate
organics at elevated pH, enabling the biomass cellular substances more susceptible
to enzymatic action [24]. The complex cell gets damaged by the hydroxyl anions
available in the alkali. In macroalgae, it enhances hydrolysis of RNA, organic lique-
faction of proteins and saponification [28]. In lignocellulosic biomass, it causes
swelling, delignification and de-esterification of intermolecular ester bonds. With
the disintegration of the bonds the porosity and internal surface area of the biomass
increases, the degree of polymerization and crystallinity decreases. This makes it
more accessible for enzymes and bacteria [6]. Regarding WAS, at higher pH, the
microbial cell walls are broken and intracellular material is released into the liquid
phase.

Studies were explored by Banu et al. [13] to evaluate the advantage of sodium
hydroxide (NaOH) for its higher sludge solubilization potential and lime. They
conducted experiments at a fixed alkali strength (35 meq/l) and varying concentra-
tion of NaOH and lime to demonstrate the role of alkalis in solubilizing sludge. The
highest solubilization they achieved, was at an optimum dosage of NaOH and lime
1.6 and 0.7 g/l respectively at time 3 h. Sambusiti et al. [75] investigated the effect of
alkaline (NaOH) pretreatment on ensiled sorghum forage in semi continuous
digesters. They observed that pretreatment with 10 g NaOH/100 g TS increased the
methane yield by 25% compared to untreated sorghum without experiencing any
inhibition of the process.

4.3.3 Oxidative

Wet air oxidation is a pretreatment option that enhances contact between
molecular oxygen and organic matter for the complete degradation of organic
compounds into carbon dioxide and water. In order to achieve this, high tempera-
ture (and subsequently high pressure) conditions are required [22]. The corre-
spondingly high pressure required is to maintain the high temperature conditions,
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as well as to help increase the concentration of dissolved oxygen, and thus oxidation
rate. Chandra et al. [76] employed wet air oxidation to enhance the biodegradability
of the complex biomethanated distillery effluent. They reported an enhanced biogas
yield of pretreated effluent up to 2.8 times higher than the untreated effluent with
methane content up to 64.14%.

4.3.4 Ozonation

Ozone is a strong oxidant and hence powerful in oxidizing substrates. It has
potential to degrade lignin in diverse feedstocks. It reacts with the polysaccharides,
proteins, lipids and other recalcitrant compounds and transform them into biode-
gradable molecules. The ozonation process can result in efficient cell wall rupture
and release of more soluble and easily biodegradable organics, which can be easily
accessed and assimilated by anaerobic microorganisms. Thus it leads to improve-
ment in the AD process [15].

AD of ozone pretreated excess sludge was studied by Goel et al. [14] through
long-term operation of laboratory-scale reactors. They found that ozone
pretreatment was effective in partially solubilizing the sludge solids and leading to
subsequent improvement in anaerobic degradability. The extent of solubilization
and digestion efficiency depended on the applied ozone doses. At 0.05 g O3/g TS,
the AD efficiencies improved to about 59% as compared to 31% for the control run.
Different process indicators like specific methane production and ammonia con-
centration in the reactor, also specify the higher observed solid degradation rates for
ozonated sludge.

4.4 Biological

The biological mediated pretreatment process is based on the function of multi-
ple form of heterotrophic microbes. Complex biopolymers such as protein and
carbohydrate can be transformed into simpler end products due to the action of
various enzymes produced by the bacteria. The significance of biological
pretreatment lies in the fact that is solubilizes the organic compounds present in the
biomass with minimum energy, with no severe changes in substrate environment.
Biological pretreatment is done with or without enzyme addition some of which can
be produced endogenously by microorganisms present in the sludge. Some of the
enzymes like protease, lipase, cellulase, alpha-amylase and dextranase [11] can
effectively improve the hydrolysis rate and release of biopolymers to a large extent.
Contrarily, these enzymes are more costly and difficult to preserve. Bonilla et al.
[77] evaluated the potential for enzymatic pretreatment of pulp mill biosludge with
protease from B. licheniformis for biodegradability. Carrying out BMP test, they
arrived at a maximum improvement of 26% in biogas yield.

Saranya et al. [10] studied the impacts of phase separated disintegration
pretreatment using calcium chloride (CaCl2) and bacteria. For their study a pH of
6.5, temperature of 40°C and treatment period of 42 h were the optimum condi-
tions for pretreatment. In the initial phase, they achieved the floc disruption
(deflocculation) with 0.06 g/g SS of CaCl2 and in the latter phase, cell disintegration
through potent biosurfactant producing bacteria, Planococcus jake 01. They were
able to achieve 17.14% SS reduction and 14.14% COD solubilization for
deflocculated and bacterially pretreated sludge, which were comparatively higher
than for sludge treated with bacteria alone. They observed a biogas yield potential
for pretreated sludge of 0.322 L/g VS as against 0.145 L/g VS for control. Kavitha
et al. [43] investigated the bacterial-based biological pretreatment on liquefaction of
microalga Chlorella vulgaris with cellulase-secreting bacteria prior to anaerobic
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more accessible for enzymes and bacteria [6]. Regarding WAS, at higher pH, the
microbial cell walls are broken and intracellular material is released into the liquid
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Studies were explored by Banu et al. [13] to evaluate the advantage of sodium
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conducted experiments at a fixed alkali strength (35 meq/l) and varying concentra-
tion of NaOH and lime to demonstrate the role of alkalis in solubilizing sludge. The
highest solubilization they achieved, was at an optimum dosage of NaOH and lime
1.6 and 0.7 g/l respectively at time 3 h. Sambusiti et al. [75] investigated the effect of
alkaline (NaOH) pretreatment on ensiled sorghum forage in semi continuous
digesters. They observed that pretreatment with 10 g NaOH/100 g TS increased the
methane yield by 25% compared to untreated sorghum without experiencing any
inhibition of the process.

4.3.3 Oxidative

Wet air oxidation is a pretreatment option that enhances contact between
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compounds into carbon dioxide and water. In order to achieve this, high tempera-
ture (and subsequently high pressure) conditions are required [22]. The corre-
spondingly high pressure required is to maintain the high temperature conditions,
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as well as to help increase the concentration of dissolved oxygen, and thus oxidation
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yield of pretreated effluent up to 2.8 times higher than the untreated effluent with
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proteins, lipids and other recalcitrant compounds and transform them into biode-
gradable molecules. The ozonation process can result in efficient cell wall rupture
and release of more soluble and easily biodegradable organics, which can be easily
accessed and assimilated by anaerobic microorganisms. Thus it leads to improve-
ment in the AD process [15].

AD of ozone pretreated excess sludge was studied by Goel et al. [14] through
long-term operation of laboratory-scale reactors. They found that ozone
pretreatment was effective in partially solubilizing the sludge solids and leading to
subsequent improvement in anaerobic degradability. The extent of solubilization
and digestion efficiency depended on the applied ozone doses. At 0.05 g O3/g TS,
the AD efficiencies improved to about 59% as compared to 31% for the control run.
Different process indicators like specific methane production and ammonia con-
centration in the reactor, also specify the higher observed solid degradation rates for
ozonated sludge.

4.4 Biological

The biological mediated pretreatment process is based on the function of multi-
ple form of heterotrophic microbes. Complex biopolymers such as protein and
carbohydrate can be transformed into simpler end products due to the action of
various enzymes produced by the bacteria. The significance of biological
pretreatment lies in the fact that is solubilizes the organic compounds present in the
biomass with minimum energy, with no severe changes in substrate environment.
Biological pretreatment is done with or without enzyme addition some of which can
be produced endogenously by microorganisms present in the sludge. Some of the
enzymes like protease, lipase, cellulase, alpha-amylase and dextranase [11] can
effectively improve the hydrolysis rate and release of biopolymers to a large extent.
Contrarily, these enzymes are more costly and difficult to preserve. Bonilla et al.
[77] evaluated the potential for enzymatic pretreatment of pulp mill biosludge with
protease from B. licheniformis for biodegradability. Carrying out BMP test, they
arrived at a maximum improvement of 26% in biogas yield.

Saranya et al. [10] studied the impacts of phase separated disintegration
pretreatment using calcium chloride (CaCl2) and bacteria. For their study a pH of
6.5, temperature of 40°C and treatment period of 42 h were the optimum condi-
tions for pretreatment. In the initial phase, they achieved the floc disruption
(deflocculation) with 0.06 g/g SS of CaCl2 and in the latter phase, cell disintegration
through potent biosurfactant producing bacteria, Planococcus jake 01. They were
able to achieve 17.14% SS reduction and 14.14% COD solubilization for
deflocculated and bacterially pretreated sludge, which were comparatively higher
than for sludge treated with bacteria alone. They observed a biogas yield potential
for pretreated sludge of 0.322 L/g VS as against 0.145 L/g VS for control. Kavitha
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biodegradation. The biomethanation studies implied that bacterial pretreatment
increased the bioavailability of biomass and hence methane generation. They
arrived at a methane yield of nearly twice that of control.

Fungal pretreatment improves degradation of lignin and hemicellulose and
hence result in increased digestibility of cellulose, which is preferably essential for
AD process. Several fungal classes, including brown-, white- and soft-rot fungi,
have been used for pretreatment of lignocellulosic biomass for biogas production,
with white-rot fungi being the most effective. Amirta et al. [78] employed four
fungal species to pretreat Japanese cedar wood chips in the presence of wheat bran
which supplements nutrition for fungal growth. They revealed that wood chips
pretreated by Ceriporiopsis subvermispora ATCC 90467 produced the highest meth-
ane yield, which was 4 times higher than that of the control biomass at the end of
8 weeks.

4.5 Combined treatment

4.5.1 Steam explosion

Steam explosion pretreatment is an effort to expose the biomass to high tem-
perature and pressure for short period of time and then reducing the pressure
rapidly. This stops the reactions, causing the biomass to decompose explosively.
This pretreatment condition may involve temperatures as high as 260°C and pres-
sure up to 4.5 MPa. A study was investigated by Nges et al. [79] to improve the
anaerobic biodegradability of Miscanthus lutarioriparius for biogas production.
Employing steam explosion pretreatment with 0.3 M NaOH with particle size
reduced to 0.5, they achieved a methane yield of 57% higher than that for the
untreated samples. Their result was estimated to be 71% of theoretical methane
yield of the biomass. Wang et al. [80] achieved a 24% higher methane yield than
untreated bulrush at 1.72 MPa steam pressure, 8.14 min residence time, and 11%
moisture content employing steam-explosion treatment of bulrush. During the
pretreatment they observed the breakage, disruption, and redistribution of the rigid
lignin structure which was proved by thermos gravimetric analysis. Srisang and
Chavalparit [81] optimized a pre-treatment condition of 1.0% acetic acid, 17.45 min
reaction time of sugarcane bagasse using steam explosion at 180° C. They achieved a
maximum biogas production (434.47 L/kg VS) which was 91.88% higher than that
of control (226.42 L/kg VS).

4.5.2 Physico chemical

The combination of thermal and chemical pre-treatments have been investi-
gated in a number of studies in which the enhancement of the anaerobic digestibil-
ity of sludge was reported. Yi et al. [19] has used combined alkaline and low-
temperature thermal pretreatment to enhance the subsequent AD of WAS. Differ-
ent combinations of these two methods were investigated and biochemical methane
potential (BMP) test was used to assess the anaerobic digestibility of pretreated
WAS. With the combined treatment of adding 0.05 g NaOH/g TS and temperature
maintained at 70°C for 9 h, they achieved a ratio of 72.8% soluble carbohydrate/
total carbohydrate. Biogas production achieved through their BMP experiment was
six times higher than the control and the average value of methane content of the
produced biogas was 64%. In another study, Kavitha et al. [56], employed micro-
wave irradiation to disintegrate the dairy WAS biomass after deagglomerating the
sludge using a mechanical device, ultrasonicator. The outcomes of their study
revealed that a higher biomass lysis efficiency of about 33.2% was possible through
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ultrasonic assisted microwave disintegration (UMWD) when compared to micro-
wave disintegration MWD (20.9%). Their results of BMP test showed that UMWD
has better amenability towards AD with 50% higher methane production
representing enhanced liquefaction potential of disaggregated sludge biomass.

Jang and Ahn [5] determined the effect of MW irradiation with NaOH
pretreatment on AD of thickened municipal WAS in semi-continuous mesophilic
digesters at HRT of 15, 10, 7, and 5 days. They combined MW pretreatment at
temperature of 135°C with the input power of 1000 W with 60 ml of alkaline
(20 meq NaOH/l) pretreated sludge. The degree of substrate solubilization arrived
was 18 times higher in pretreated sludge (53.2%) than in raw sludge (3.0%). With
HRT reduced to 5 days, they observed an improvement in biogas production (205%
higher) for pretreated sludge compared with the control. The results show that MW
irradiation combined with alkali pretreatment is effective in increasing mesophilic
anaerobic biodegradability of sewage sludge. Ebenezer et al. [58] reported an
increased COD and biopolymers release of WAS treated with Sodium citrate, a
cationic binding agent, followed by microwaves pretreatment. They also concluded
that the above pretreatment made the biomass more amenable for batch AD and
hence higher biogas production with a methane content of 60–70% of biogas vol-
ume. Tamilarasan et al. [28] has made an attempt, by coupling a mechanical dis-
perser with a chemical Sodium tripolyphosphate (STPP) for pretreatment of macro-
algal biomass. They arrived at a 15% liquefaction and more than 5 times higher
methane production compared to control at an optimal disperser-specific energy
input of about 3312.67 kJ/kg TCOD (total COD) and an STPP dosage of about
0.04 g/g COD. Thus the combined pretreatment showed a greater biodegradability
and biomethanation properties.

4.5.3 Ammonia fiber expansion

Ammonia fiber expansion is a promising method especially to pretreat agricul-
tural materials for bioenergy production. Ammonia can be easily recovered and
presents a high selectivity towards the lignin reactions, while preserving the carbo-
hydrates. Ammonia can also penetrate the crystalline structure of cellulose and
causes swelling [30]. The method involves treating the lignocellulosic biomass with
liquid ammonia under mild temperature (70–200°C) and pressure (100–400 psi)
for a specific time. This explosion results in several physical and chemical alter-
ations in the structure of biomass. Jurado et al. [32] studied the effect of aqueous
ammonia soaking (AAS) as a method to disrupt the lignocellulosic structure and
increase the methane yield of wheat straw, miscanthus and willow. In all three
cases, with AAS they observed an increase in methane yield from 37 to 41%,
25 to 27% and 94 to 162% for wheat straw, miscanthus and willow, respectively.
Antonopoulou et al. [30] employed AAS as a pretreatment method, for the AD of
three lignocellulosic biomass—poplar sawdust, sunflower straw and grass. In their
study, they arrived at an increase in the ultimate methane yield being 148.7, 37.7
and 26.2% of poplar, sunflower straw and grass, respectively. They did not observe
any toxic compounds such as furaldehydes, during AAS pretreatment.

4.6 Electrical

In this pretreatment, a very short burst (�100 μs) of rapidly pulsed (several
kHz), high voltage (about 20 kV) electric field is utilized to disrupt and break up
the cell membrane of microorganism. This focused pulse (FP) induces a critical
electrical potential across the cell membrane, causing cell lysis by direct attack on
phospholipids and the peptidoglycan, respectively. Once the cell membranes get
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biodegradation. The biomethanation studies implied that bacterial pretreatment
increased the bioavailability of biomass and hence methane generation. They
arrived at a methane yield of nearly twice that of control.
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AD process. Several fungal classes, including brown-, white- and soft-rot fungi,
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with white-rot fungi being the most effective. Amirta et al. [78] employed four
fungal species to pretreat Japanese cedar wood chips in the presence of wheat bran
which supplements nutrition for fungal growth. They revealed that wood chips
pretreated by Ceriporiopsis subvermispora ATCC 90467 produced the highest meth-
ane yield, which was 4 times higher than that of the control biomass at the end of
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rapidly. This stops the reactions, causing the biomass to decompose explosively.
This pretreatment condition may involve temperatures as high as 260°C and pres-
sure up to 4.5 MPa. A study was investigated by Nges et al. [79] to improve the
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reduced to 0.5, they achieved a methane yield of 57% higher than that for the
untreated samples. Their result was estimated to be 71% of theoretical methane
yield of the biomass. Wang et al. [80] achieved a 24% higher methane yield than
untreated bulrush at 1.72 MPa steam pressure, 8.14 min residence time, and 11%
moisture content employing steam-explosion treatment of bulrush. During the
pretreatment they observed the breakage, disruption, and redistribution of the rigid
lignin structure which was proved by thermos gravimetric analysis. Srisang and
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maximum biogas production (434.47 L/kg VS) which was 91.88% higher than that
of control (226.42 L/kg VS).
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gated in a number of studies in which the enhancement of the anaerobic digestibil-
ity of sludge was reported. Yi et al. [19] has used combined alkaline and low-
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WAS. With the combined treatment of adding 0.05 g NaOH/g TS and temperature
maintained at 70°C for 9 h, they achieved a ratio of 72.8% soluble carbohydrate/
total carbohydrate. Biogas production achieved through their BMP experiment was
six times higher than the control and the average value of methane content of the
produced biogas was 64%. In another study, Kavitha et al. [56], employed micro-
wave irradiation to disintegrate the dairy WAS biomass after deagglomerating the
sludge using a mechanical device, ultrasonicator. The outcomes of their study
revealed that a higher biomass lysis efficiency of about 33.2% was possible through
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ultrasonic assisted microwave disintegration (UMWD) when compared to micro-
wave disintegration MWD (20.9%). Their results of BMP test showed that UMWD
has better amenability towards AD with 50% higher methane production
representing enhanced liquefaction potential of disaggregated sludge biomass.

Jang and Ahn [5] determined the effect of MW irradiation with NaOH
pretreatment on AD of thickened municipal WAS in semi-continuous mesophilic
digesters at HRT of 15, 10, 7, and 5 days. They combined MW pretreatment at
temperature of 135°C with the input power of 1000 W with 60 ml of alkaline
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hence higher biogas production with a methane content of 60–70% of biogas vol-
ume. Tamilarasan et al. [28] has made an attempt, by coupling a mechanical dis-
perser with a chemical Sodium tripolyphosphate (STPP) for pretreatment of macro-
algal biomass. They arrived at a 15% liquefaction and more than 5 times higher
methane production compared to control at an optimal disperser-specific energy
input of about 3312.67 kJ/kg TCOD (total COD) and an STPP dosage of about
0.04 g/g COD. Thus the combined pretreatment showed a greater biodegradability
and biomethanation properties.

4.5.3 Ammonia fiber expansion

Ammonia fiber expansion is a promising method especially to pretreat agricul-
tural materials for bioenergy production. Ammonia can be easily recovered and
presents a high selectivity towards the lignin reactions, while preserving the carbo-
hydrates. Ammonia can also penetrate the crystalline structure of cellulose and
causes swelling [30]. The method involves treating the lignocellulosic biomass with
liquid ammonia under mild temperature (70–200°C) and pressure (100–400 psi)
for a specific time. This explosion results in several physical and chemical alter-
ations in the structure of biomass. Jurado et al. [32] studied the effect of aqueous
ammonia soaking (AAS) as a method to disrupt the lignocellulosic structure and
increase the methane yield of wheat straw, miscanthus and willow. In all three
cases, with AAS they observed an increase in methane yield from 37 to 41%,
25 to 27% and 94 to 162% for wheat straw, miscanthus and willow, respectively.
Antonopoulou et al. [30] employed AAS as a pretreatment method, for the AD of
three lignocellulosic biomass—poplar sawdust, sunflower straw and grass. In their
study, they arrived at an increase in the ultimate methane yield being 148.7, 37.7
and 26.2% of poplar, sunflower straw and grass, respectively. They did not observe
any toxic compounds such as furaldehydes, during AAS pretreatment.
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In this pretreatment, a very short burst (�100 μs) of rapidly pulsed (several
kHz), high voltage (about 20 kV) electric field is utilized to disrupt and break up
the cell membrane of microorganism. This focused pulse (FP) induces a critical
electrical potential across the cell membrane, causing cell lysis by direct attack on
phospholipids and the peptidoglycan, respectively. Once the cell membranes get
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damaged, the intracellular organic material are released, making complex organic
macromolecules more biodegradable [82]. They evaluated the effects of FP treat-
ment and SRT on WAS in laboratory-scale digesters operated at SRTs of 2–20 days.
They achieved an increased methane production rate and TCOD removal efficiency
of about 33% and 18%, respectively, at a SRT of 20 days. They also concluded that,
an increase in the hydrolysis rate was caused by FP-treatment of WAS, particularly
at lower SRTs. Salerno et al. [83] applied FP to WAS and pig manure for increasing
the production of methane during AD. In their work, methane production increased
200% for sludge and 80% for pig manure as compared to untreated sludge and
manure. Thus PEF technology is advantageous due to low energy requirement for
very short pulse time.

5. Future challenges and conclusion

The global energy supply is highly relying on fossil sources (crude oil, coal,
natural gas) till now. According to the current energy policies and management,
world market energy consumption is forecast to increase by 44% from 2006 to 2030
[84]. At the same time, concentrations of greenhouse gases in the atmosphere are
rising rapidly, with fossil fuel-derived CO2 emissions being the most important
contributor. Nowadays, increasing attention has been gained on various strategies
for the bioconversion of biomass into methane-rich biogas, due to increased global
warming, the need for sustainable waste management and high energy costs [41].
The production of biogas through AD offers significant advantages over other
forms of bioenergy production. Unlike fossil fuels, biogas from AD is permanently
renewable, as it is produced from biomass, which is a living form of storage of solar
energy through photosynthesis [85]. It has been evaluated as one of the most
energy-efficient and environmentally beneficial technology for bioenergy produc-
tion [86]. It can drastically reduce GHG emissions compared to fossil fuels by
utilization of locally available resources.

Many sources, such as crops, grasses, leaves, manure, fruit, and vegetable wastes
or algae can be used, and the process can be applied in small and large scales in
many parts of the world. Energy crops digestion requires prolonged HRT of several
weeks to month to achieve complete fermentation with high gas yields and mini-
mized residual gas potential of the digestate [4]. For an increased dissemination of
biogas plants, further improvements of the process efficiency, and the development
of new technologies for mixing, process monitoring, and process control are neces-
sary. Pretreatment of substrates and the addition of micronutrients offers a major
potential for increasing the biogas yield. With the increasing number of biogas
plants, also an improvement of the effluent quality is necessary, in order to avoid a
contamination of ground water with pathogens and nutrients [3]. The choice of a
pretreatment should be made not only based on energy balance and economy, but
also various environmental factors such as pathogen removal, use of chemicals, and
the possibility for a sustainable use of the residues, impacts on human health and
the environment [8]. Carballa et al. [87] evaluated the environmental aspects of
different pretreatment methods in terms of abiotic resources depletion potential,
eutrophication potential, global warming potential, human and terrestrial toxicity
potential through a life cycle assessment.

The profitable operation of a biogas plant relies on low capital and operational
expenditures [28]. The frequent approaches including physical, thermal and chem-
ical processes have been commercially implemented nowadays with a number of
patented technologies. But research on biological techniques is still undergoing
investigations from bench scale to full scale applications. Many pretreatment
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methods are expensive or have a high energy demand. The performance of any
pretreatment method is quantified based on the economic feasibility of the method
in terms of the cost of pretreatment versus the value of added methane yield. The
effect of the pretreatment is however mostly dependent on the biomass composi-
tion and operating conditions. The investment costs for pretreatment of recalcitrant
substrates are high at the moment due to high expenditure in process engineering.
Biological disintegration is devoid of chemical contamination and energy inputs and
the use of an enzyme secreting bacterial consortium for biomass is beneficial, as
commercial enzymes are expensive [55]. But the need for long reaction times
renders biological pretreatment unsuitable for large scale plants where land space is
expensive or restricted.

Most studies reviewed assessed the impact of pretreatment processes on the
biogas yield on a laboratory scale with a few determining the net energy gain/loss
obtained after pretreatment [11, 28, 58]. Most studies in the literature are conducted
as lab scale experiments and do not represent the same output that could be
achieved through large scale biogas production facilities. Hence, there is a continu-
ous need for newer and cleaner methods of biomass processing with less energy
demand and lower waste generation.

This chapter concludes the effect of various biomass pretreatment for enhance-
ment of biogas production and the future challenges for an energy efficient and eco-
friendly manner. Therefore, optimizing the pretreatment conditions in order to
lower production costs, improving the process performance and production of
fewer residues is needed. A pretreatment method optimized based on the above
situations may enhance the performance of individual pretreatments and achieve
technical, environmental and financial feasibility. However, a further research on
combined pretreatments is necessary in the future to get useful information that
may lead to the necessary improvements in the AD industry.
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damaged, the intracellular organic material are released, making complex organic
macromolecules more biodegradable [82]. They evaluated the effects of FP treat-
ment and SRT on WAS in laboratory-scale digesters operated at SRTs of 2–20 days.
They achieved an increased methane production rate and TCOD removal efficiency
of about 33% and 18%, respectively, at a SRT of 20 days. They also concluded that,
an increase in the hydrolysis rate was caused by FP-treatment of WAS, particularly
at lower SRTs. Salerno et al. [83] applied FP to WAS and pig manure for increasing
the production of methane during AD. In their work, methane production increased
200% for sludge and 80% for pig manure as compared to untreated sludge and
manure. Thus PEF technology is advantageous due to low energy requirement for
very short pulse time.

5. Future challenges and conclusion

The global energy supply is highly relying on fossil sources (crude oil, coal,
natural gas) till now. According to the current energy policies and management,
world market energy consumption is forecast to increase by 44% from 2006 to 2030
[84]. At the same time, concentrations of greenhouse gases in the atmosphere are
rising rapidly, with fossil fuel-derived CO2 emissions being the most important
contributor. Nowadays, increasing attention has been gained on various strategies
for the bioconversion of biomass into methane-rich biogas, due to increased global
warming, the need for sustainable waste management and high energy costs [41].
The production of biogas through AD offers significant advantages over other
forms of bioenergy production. Unlike fossil fuels, biogas from AD is permanently
renewable, as it is produced from biomass, which is a living form of storage of solar
energy through photosynthesis [85]. It has been evaluated as one of the most
energy-efficient and environmentally beneficial technology for bioenergy produc-
tion [86]. It can drastically reduce GHG emissions compared to fossil fuels by
utilization of locally available resources.

Many sources, such as crops, grasses, leaves, manure, fruit, and vegetable wastes
or algae can be used, and the process can be applied in small and large scales in
many parts of the world. Energy crops digestion requires prolonged HRT of several
weeks to month to achieve complete fermentation with high gas yields and mini-
mized residual gas potential of the digestate [4]. For an increased dissemination of
biogas plants, further improvements of the process efficiency, and the development
of new technologies for mixing, process monitoring, and process control are neces-
sary. Pretreatment of substrates and the addition of micronutrients offers a major
potential for increasing the biogas yield. With the increasing number of biogas
plants, also an improvement of the effluent quality is necessary, in order to avoid a
contamination of ground water with pathogens and nutrients [3]. The choice of a
pretreatment should be made not only based on energy balance and economy, but
also various environmental factors such as pathogen removal, use of chemicals, and
the possibility for a sustainable use of the residues, impacts on human health and
the environment [8]. Carballa et al. [87] evaluated the environmental aspects of
different pretreatment methods in terms of abiotic resources depletion potential,
eutrophication potential, global warming potential, human and terrestrial toxicity
potential through a life cycle assessment.

The profitable operation of a biogas plant relies on low capital and operational
expenditures [28]. The frequent approaches including physical, thermal and chem-
ical processes have been commercially implemented nowadays with a number of
patented technologies. But research on biological techniques is still undergoing
investigations from bench scale to full scale applications. Many pretreatment
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methods are expensive or have a high energy demand. The performance of any
pretreatment method is quantified based on the economic feasibility of the method
in terms of the cost of pretreatment versus the value of added methane yield. The
effect of the pretreatment is however mostly dependent on the biomass composi-
tion and operating conditions. The investment costs for pretreatment of recalcitrant
substrates are high at the moment due to high expenditure in process engineering.
Biological disintegration is devoid of chemical contamination and energy inputs and
the use of an enzyme secreting bacterial consortium for biomass is beneficial, as
commercial enzymes are expensive [55]. But the need for long reaction times
renders biological pretreatment unsuitable for large scale plants where land space is
expensive or restricted.

Most studies reviewed assessed the impact of pretreatment processes on the
biogas yield on a laboratory scale with a few determining the net energy gain/loss
obtained after pretreatment [11, 28, 58]. Most studies in the literature are conducted
as lab scale experiments and do not represent the same output that could be
achieved through large scale biogas production facilities. Hence, there is a continu-
ous need for newer and cleaner methods of biomass processing with less energy
demand and lower waste generation.

This chapter concludes the effect of various biomass pretreatment for enhance-
ment of biogas production and the future challenges for an energy efficient and eco-
friendly manner. Therefore, optimizing the pretreatment conditions in order to
lower production costs, improving the process performance and production of
fewer residues is needed. A pretreatment method optimized based on the above
situations may enhance the performance of individual pretreatments and achieve
technical, environmental and financial feasibility. However, a further research on
combined pretreatments is necessary in the future to get useful information that
may lead to the necessary improvements in the AD industry.
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Chapter 6

Techno-Economic Analysis 
of Biogas Production from 
Microalgae through Anaerobic 
Digestion
Na Wu, Cesar M. Moreira, Yingxiu Zhang, Nguyet Doan, 
Shunchang Yang, Edward J. Phlips, Spyros A. Svoronos  
and Pratap C. Pullammanappallil

Abstract

Microalgae are a promising feedstock for bioenergy due to higher productiv-
ity, flexible growing conditions, and high lipid/polysaccharide content compared 
to terrestrial biomass. Microalgae can be converted to biogas through anaerobic 
digestion (AD). AD is a mature technology with a high energy return on energy 
invested. Microalgae AD can bypass energy intensive dewatering operations 
that are associated with liquid fuel production from algae. A techno-economic 
assessment of the commercial feasibility of algae-based biogas production was 
conducted using Cyanothece BG0011 biomass as an example. BG0011 is a naturally 
occurring, saline cyanobacterium isolated from Florida Keys. It fixes atmospheric 
nitrogen and produces exopolysaccharide (EPS). Maximum cell density and EPS 
concentration of 2.7 and 2.1 g afdw1/L (for total algae biomass concentration of 4.8 
g afdw/L) were obtained by air sparging. For an areal cell and EPS productivity of 
12.4 and 9.6 g afdw/m2/day, respectively, the biomethane production cost was 14.8 
$/MMBtu using covered anaerobic lagoon and high-pressure water scrubbing for 
biogas purification. Electricity production from biogas costs 13 cents/kwh. If areal 
productivity was increased by 33% from the same system, by sparging air enriched 
with 1% CO2, then biomethane cost was reduced to 12.16 $/MMBtu and electricity 
cost to 11 cents/kwh.

Keywords: microalgae, anaerobic digestion, biogas, techno-economic analysis, 
Cyanothece BG0011

1. Introduction

Resource depletion and carbon emissions caused by using fossil fuels have 
increased interest in alternative fuel sources. Utilization of biomass resources 
is one option to meet the energy requirements for rapid industrialization and 

1 Ash free dry weight.
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Abstract

Microalgae are a promising feedstock for bioenergy due to higher productiv-
ity, flexible growing conditions, and high lipid/polysaccharide content compared 
to terrestrial biomass. Microalgae can be converted to biogas through anaerobic 
digestion (AD). AD is a mature technology with a high energy return on energy 
invested. Microalgae AD can bypass energy intensive dewatering operations 
that are associated with liquid fuel production from algae. A techno-economic 
assessment of the commercial feasibility of algae-based biogas production was 
conducted using Cyanothece BG0011 biomass as an example. BG0011 is a naturally 
occurring, saline cyanobacterium isolated from Florida Keys. It fixes atmospheric 
nitrogen and produces exopolysaccharide (EPS). Maximum cell density and EPS 
concentration of 2.7 and 2.1 g afdw1/L (for total algae biomass concentration of 4.8 
g afdw/L) were obtained by air sparging. For an areal cell and EPS productivity of 
12.4 and 9.6 g afdw/m2/day, respectively, the biomethane production cost was 14.8 
$/MMBtu using covered anaerobic lagoon and high-pressure water scrubbing for 
biogas purification. Electricity production from biogas costs 13 cents/kwh. If areal 
productivity was increased by 33% from the same system, by sparging air enriched 
with 1% CO2, then biomethane cost was reduced to 12.16 $/MMBtu and electricity 
cost to 11 cents/kwh.

Keywords: microalgae, anaerobic digestion, biogas, techno-economic analysis, 
Cyanothece BG0011

1. Introduction

Resource depletion and carbon emissions caused by using fossil fuels have 
increased interest in alternative fuel sources. Utilization of biomass resources 
is one option to meet the energy requirements for rapid industrialization and 

1 Ash free dry weight.
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population growth with potential environmental and economic benefits. Energy 
could be derived from a variety of terrestrial, renewable, bio-based feedstocks 
like sugar-based biomass (e.g. corn, sugarcane, sugarbeet) and lignocellulosic 
biomass (e.g. wheat straw, corn stover, sugarcane bagasse, forestry residues, 
switchgrass, energy cane, sorghum, short rotation woody crops). However, 
production and conversion of these feedstocks could entail risks associated with 
disruption of the food chain and biodiversity, depletion of freshwater resources 
and eutrophication.

Aquatic biomass like microalgae is a promising feedstock with many advantages 
over terrestrial plants. Its use dates to 1940s [1, 2]. To meet an energy shortage 
during this period, microalgal biomass was proposed to be used as a source for 
lipids. Microalgae have higher yield from incident solar energy and higher areal 
productivity. The photosynthetic efficiency of microalgae (around 3–8%) is 
substantially higher than that of terrestrial plants (typically 0.5%) due to their 
simple structure and convenient access to nutrients [3–5, 108]. Therefore, less 
land area is required and non-arable, non-productive land could be used for their 
cultivation. Some species could be cultivated using low quality water such as 
seawater, brackish water, desalination reject water and wastewater. A microalgae 
production facility could be operated as a closed loop system by allowing for 
recycling of water, nutrients and energy from downstream production processes 
[6, 7, 144]. Microalgae are characterized by high lipid/starch/protein content with 
a lack of lignin, which makes them well-suited for different conversion technolo-
gies [8–10]. Besides, microalgae cultivation has less potential to interfere with food 
and feed production. With such versatility, microalgae appear to be a promising 
biorenewable resource that has the potential to completely replace fossil resources 
[11]. Research in microalgae biotechnology has increased dramatically since 2005 
and has been a very active field in recent years, especially to produce biomass and 
biofuels [12, 110, 111, 117, 118, 136, 143].

Though microalgae may demonstrate benefits over terrestrial feedstocks, the 
major challenges for their production include significant utilization of nutrients, 
high energy input for harvesting and dewatering, and complex downstream 
conversion processes for usable fuels like ethanol and biodiesel [6, 8, 100, 109, 
131]. An alternative which can potentially decrease the energy footprint could 
be biogas production through anaerobic digestion [122, 125, 127, 137]. Anaerobic 
digestion (AD) is a biochemical process that mineralizes organic compounds to 
biogas through the synergistic and concerted action of microorganisms under 
anaerobic (O2 free) conditions. Dry biogas is primarily a mixture of methane 
and carbon dioxide with traces of ammonia, volatile organic compounds and 
hydrogen sulfide. Methane content of dry biogas usually ranges between 50 and 
70% (by volume). Methane has a higher heating value on a mass basis when 
compared to liquid fuels, such as biodiesel and bioethanol [13, 145]. AD has been 
recognized as a mature technology to treat organic waste streams and is widely 
practiced due to its high energy output to input ratio, environmental benefits, 
as well as for its process simplicity—compared to bioethanol/biodiesel processes 
[13, 14]. It is suitable for organic feedstock with high moisture content [15] and 
so can directly be applied to wet algae biomass feedstock with perhaps little 
dewatering. Besides, no harsh pretreatment is necessary for algal biomass due to 
the negligible lignin content [14]. The algal biorefinery could be engineered to be 
resource efficient by recycling phosphorus and nitrogen nutrients in the digestate 
effluent and carbon dioxide from biogas upgrading processes for microalgae 
cultivation [13, 14, 16, 17].

In addition to the physical and chemical properties of the fuel as specified by 
technical standards, the characteristics desired by the stakeholders, distributors 
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and, consumers could also include sustainability indices related to environmental, 
social and economic performance. Techno-economic analysis (TEA) establishes a 
capital and operating cost profile to determine the potential economic viability of 
the production process for realizing its commercial feasibility. It can be an integral 
tool to direct research during development of specific technology and assist with 
investment by averting unnecessary expenditures. A number of techno-economic 
assessments have been completed to evaluate the economic feasibility of biodiesel 
derived from microalgae [9, 22, 69, 140, 141]. However, there is a lack of techno-
economic analysis on anaerobic digestion of microalgae for biogas production, 
especially full-scale production taking the characteristics of algae species into con-
sideration. In this chapter, the entire production process from algae cultivation to 
biogas upgrading will be discussed emphasizing the key cost drivers. TEA literature 
is reviewed for methodology and state of art technologies. An example of TEA was 
conducted based on the biogas production process from a microalgae/cyanobacteria 
species Cyanothece BG0011 [82].

2. Anaerobic digestion

An anaerobic digestion (AD) process can biochemically convert the whole, 
wet biomass rather than specific components. The emissions and effluents 
from the process can be captured for reuse of components like carbon diox-
ide, ammonia, and phosphorus, and therefore has the potential for economic 
and environmental benefits. The general biochemical steps in the AD process 
include: (1) hydrolysis: the breakdown of macromolecules like proteins, lipids, 
polysaccharides into simpler compounds such as amino acids, sugars, fatty acids 
and glycerol; (2) acidogenesis and acetogenesis: the hydrolyzed molecules are 
converted to volatile fatty acids, primarily acetate, hydrogen, and carbon dioxide; 
(3) methanogenesis: methane production from acetate, hydrogen and carbon 
dioxide. The hydrolysis step plays a crucial role in determining the successful 
production of methane [37, 145]. The biochemical processes in AD also occur in 
nature. AD technology is well established and recognized as a robust technology 
to convert biomass to bioenergy [146].

Despite the potential, questions related to the economic feasibility and the 
net energy output are the main hurdles hampering the development of biogas 
production from microalgae [14, 18–20]. For example, due to the specific 
structure and composition of the microalgae cell wall, the yield of biogas could 
be low. Pretreatment to disrupt the cell walls could require high energy inputs. 
The algae productivity could be low and cultivation cost could be high. Thus, 
the viability of microalgal biogas production may depend on improvements 
of efficiency and economic performance. Ongoing efforts include develop-
ing inexpensive biomass feedstock, maximizing energy return on investment, 
and minimizing environmental risks. As only a few studies are available in the 
literature on the economic feasibility of microalgal biogas exploitation [14], 
the evaluation and analysis of microalgal biogas production cost will be based 
on conversion efficiency, technological design aspects as well as available cost 
information.

3. Key drivers of microalgal biogas production cost

The production of biogas from microalgae feedstock entails a series of steps 
starting with algae cultivation. Implementation of each step involves capital and 
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Though microalgae may demonstrate benefits over terrestrial feedstocks, the 
major challenges for their production include significant utilization of nutrients, 
high energy input for harvesting and dewatering, and complex downstream 
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131]. An alternative which can potentially decrease the energy footprint could 
be biogas production through anaerobic digestion [122, 125, 127, 137]. Anaerobic 
digestion (AD) is a biochemical process that mineralizes organic compounds to 
biogas through the synergistic and concerted action of microorganisms under 
anaerobic (O2 free) conditions. Dry biogas is primarily a mixture of methane 
and carbon dioxide with traces of ammonia, volatile organic compounds and 
hydrogen sulfide. Methane content of dry biogas usually ranges between 50 and 
70% (by volume). Methane has a higher heating value on a mass basis when 
compared to liquid fuels, such as biodiesel and bioethanol [13, 145]. AD has been 
recognized as a mature technology to treat organic waste streams and is widely 
practiced due to its high energy output to input ratio, environmental benefits, 
as well as for its process simplicity—compared to bioethanol/biodiesel processes 
[13, 14]. It is suitable for organic feedstock with high moisture content [15] and 
so can directly be applied to wet algae biomass feedstock with perhaps little 
dewatering. Besides, no harsh pretreatment is necessary for algal biomass due to 
the negligible lignin content [14]. The algal biorefinery could be engineered to be 
resource efficient by recycling phosphorus and nitrogen nutrients in the digestate 
effluent and carbon dioxide from biogas upgrading processes for microalgae 
cultivation [13, 14, 16, 17].

In addition to the physical and chemical properties of the fuel as specified by 
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and, consumers could also include sustainability indices related to environmental, 
social and economic performance. Techno-economic analysis (TEA) establishes a 
capital and operating cost profile to determine the potential economic viability of 
the production process for realizing its commercial feasibility. It can be an integral 
tool to direct research during development of specific technology and assist with 
investment by averting unnecessary expenditures. A number of techno-economic 
assessments have been completed to evaluate the economic feasibility of biodiesel 
derived from microalgae [9, 22, 69, 140, 141]. However, there is a lack of techno-
economic analysis on anaerobic digestion of microalgae for biogas production, 
especially full-scale production taking the characteristics of algae species into con-
sideration. In this chapter, the entire production process from algae cultivation to 
biogas upgrading will be discussed emphasizing the key cost drivers. TEA literature 
is reviewed for methodology and state of art technologies. An example of TEA was 
conducted based on the biogas production process from a microalgae/cyanobacteria 
species Cyanothece BG0011 [82].

2. Anaerobic digestion

An anaerobic digestion (AD) process can biochemically convert the whole, 
wet biomass rather than specific components. The emissions and effluents 
from the process can be captured for reuse of components like carbon diox-
ide, ammonia, and phosphorus, and therefore has the potential for economic 
and environmental benefits. The general biochemical steps in the AD process 
include: (1) hydrolysis: the breakdown of macromolecules like proteins, lipids, 
polysaccharides into simpler compounds such as amino acids, sugars, fatty acids 
and glycerol; (2) acidogenesis and acetogenesis: the hydrolyzed molecules are 
converted to volatile fatty acids, primarily acetate, hydrogen, and carbon dioxide; 
(3) methanogenesis: methane production from acetate, hydrogen and carbon 
dioxide. The hydrolysis step plays a crucial role in determining the successful 
production of methane [37, 145]. The biochemical processes in AD also occur in 
nature. AD technology is well established and recognized as a robust technology 
to convert biomass to bioenergy [146].

Despite the potential, questions related to the economic feasibility and the 
net energy output are the main hurdles hampering the development of biogas 
production from microalgae [14, 18–20]. For example, due to the specific 
structure and composition of the microalgae cell wall, the yield of biogas could 
be low. Pretreatment to disrupt the cell walls could require high energy inputs. 
The algae productivity could be low and cultivation cost could be high. Thus, 
the viability of microalgal biogas production may depend on improvements 
of efficiency and economic performance. Ongoing efforts include develop-
ing inexpensive biomass feedstock, maximizing energy return on investment, 
and minimizing environmental risks. As only a few studies are available in the 
literature on the economic feasibility of microalgal biogas exploitation [14], 
the evaluation and analysis of microalgal biogas production cost will be based 
on conversion efficiency, technological design aspects as well as available cost 
information.

3. Key drivers of microalgal biogas production cost

The production of biogas from microalgae feedstock entails a series of steps 
starting with algae cultivation. Implementation of each step involves capital and 
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operational expenditures. The key drivers such as algal biomass productivities, 
harvesting and dewatering techniques, AD designs, biogas utilization options, 
integration of algal production, and AD with other bioprocesses were addressed. 
The production cost breakdown was illustrated in a harmonized framework and 
a dynamic connection between the technological and economic/environmental 
assessments was established.

3.1 Microalgae cultivation, harvesting and dewatering

A photobioreactor is the essential component of an algae cultivation facility. 
An open raceway pond (ORP) and a closed photobioreactor (PBR) are two major 
cultivation platforms. These two platforms for algae biomass production have been 
extensively studied [22–27, 83–85, 101]. The main differences are highlighted in 
Table 1. In addition, the steps from inoculum preparation to obtaining the wet algal 
paste typically include systems for culture circulation, growth medium supply, 
air/flue gas supply, culture cooling, culture harvesting, and process monitoring. 
Heat exchangers, pumps, and a piping network are also required. The location and 
climate are important factors for algae cultivation.

Due to the high methodological variation of TEA in literature, drawing a generic 
conclusion over the economic feasibility of microalgal cultivation could be impossi-
ble. From the technological and economic perspective, the factors presented below 
are the ones most prominent in the existing literature and identified as important 
topics in the development of algae fuels.

1. Microalgae productivity and culture stability. According to Davis et al. [23], 
achievable productivity has a strong influence on the economics. Productivity 
of more than 25 g/m2/day annual average is critical for maintaining a relatively 
low minimum biomass selling price. A significant increase in productiv-
ity has to be achieved to reduce cost substantially [25]. The cultured strain 
should have high growth rate and a steady biomass composition. GMOs or 
extremophiles could provide culture robustness [22]. However, due to lack 
of regulations for managing GMOs, it is unlikely permits could be obtained 
for commercial cultivation of GMO algae strains. For commercial outdoor 
systems, uncertainties could be associated with seasons of the year and across 
multiple locations. Thus, the productivity data should be integrated with 
meteorological data for geographically and seasonally resolved assessments 
using a robust strain.

2. Photobioreactor design, construction, and operating conditions. For the open pond 
system, pond liners were found to be one of the primary cost contributors 
[22, 23, 28]. The location of the pond facilities could be selected according to 
the nature of the soil. For example, ponds built on soil with high native clay 
content could avoid full liners to reduce the cost. Acién et al. [26] presented a 
cost analysis of microalgae production using tubular photobioreactors. In these 
systems, photobioreactors were found to be one of the significant cost contrib-
utors. Generally, open raceway ponds are economically advantageous by more 
than a factor of 2, compared to closed photobioreactors [29]. However, due to 
increased productivity and culture stability, closed photobioreactors still have 
the potential for commercial applications.

3. Energy consumption. Primary energy consumption is due to the energy required 
for mixing, circulation, aeration and CO2 sparging. The energy consump-
tion for mixing at experimental scales usually exceeded commercial-scale 
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operations requirements and needs to be optimized to determine the minimum 
energy requirement [27, 28]. Mixing devices such as the paddle wheels are 
significant capital cost contributors besides the photobioreactors.

4. Nutrients and carbon dioxide supply. Higher productivity usually involves 
higher consumption of nutrients. Thus, nutrient input needs to be adjusted 
to balance the tradeoff against productivity [23]. Carbon dioxide was found 
to be the most expensive consumable among the raw materials [26]. Siting 
algae cultivation facilities on land adjacent to industrial CO2 sources like flue 
gases may be effective in reducing cost. However, the substantial logistical and 
practical constraints of using flue gases in facilities of varying sizes are still a 
challenge [23].

5. Land and water. Even though, microalgae can be cultivated on nonarable land, 
the soil composition, climate, solar radiation have a substantial influence on 
their growth. The most suitable location should be warm places or close to the 
equator where insolation is not less than 3000 h/year [24]. Water is required 
during algae cultivation to compensate for evaporation or for cooling purposes. 
Availability of water at low cost is critical for process success. Water reuse, 
wastewater, seawater, brackish water and reasonable distance to the water 
source has the potential to reduce costs.

6. Scaling. It is critical to quantify the economy of scale for algae production to 
achieve economic viability [23]. However, large uncertainties and unrealistic 
assumptions will exist in the research where the productivity potential for 
microalgae at large-scale is being estimated through linear extrapolation for 
laboratory-based growth data [30]. Data variability and growth modeling 
considering geographical information should be considered in large-scale 
assessments.

7. Labor and depreciation. Tredici et al. [21] performed a TEA of the microalga 
Tetraselmis suecica production based on a 1-ha plant in Tuscany, Italy. Cost data 
were collected from manufacturers and suppliers as well as operating data 
from pilot and commercial facilities. This study found that the major frac-
tion of cost was labor at small scales (1 ha) and when the pilot plant is scaled 
to 100 ha, capital expenses contribute the most to the production cost. This 
assessment is site and strain-specific, but still provides valuable insights for the 
economic evaluation.

Algae harvesting and dewatering methods include gravity settling, chemical 
coagulation, flocculation, filtration, centrifuge, and drying. The economic feasibil-
ity and energy consumption are two criteria for assessing the performance of unit 
operations for harvesting and dewatering methods. It was found that the cost of 
separation takes 20–30% of the biomass production costs [32, 33]. Gravity settling, 
chemical coagulation, and flocculation usually concentrate the microalgal slurries 
to 2–7% while filtration and centrifugation concentrate microalgal slurry to 15–25% 
of total suspended solids [32]. The suitability of microalgal dewatering methods 
has been investigated for scalability, species flexibility, and downstream processing 
efficacy [33–36]. Dewatering methods reaching high biomass concentrations are 
usually associated with high energy input and cost. Thus, a combination of dewa-
tering methods such as flocculation followed by filtration is generally considered to 
be economical due to the increased harvest efficiency. For downstream processing, 
methods such as flocculation using flocculants comprised of cationic and anionic 



Anaerobic Digestion

116

operational expenditures. The key drivers such as algal biomass productivities, 
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the nature of the soil. For example, ponds built on soil with high native clay 
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utors. Generally, open raceway ponds are economically advantageous by more 
than a factor of 2, compared to closed photobioreactors [29]. However, due to 
increased productivity and culture stability, closed photobioreactors still have 
the potential for commercial applications.

3. Energy consumption. Primary energy consumption is due to the energy required 
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operations requirements and needs to be optimized to determine the minimum 
energy requirement [27, 28]. Mixing devices such as the paddle wheels are 
significant capital cost contributors besides the photobioreactors.

4. Nutrients and carbon dioxide supply. Higher productivity usually involves 
higher consumption of nutrients. Thus, nutrient input needs to be adjusted 
to balance the tradeoff against productivity [23]. Carbon dioxide was found 
to be the most expensive consumable among the raw materials [26]. Siting 
algae cultivation facilities on land adjacent to industrial CO2 sources like flue 
gases may be effective in reducing cost. However, the substantial logistical and 
practical constraints of using flue gases in facilities of varying sizes are still a 
challenge [23].

5. Land and water. Even though, microalgae can be cultivated on nonarable land, 
the soil composition, climate, solar radiation have a substantial influence on 
their growth. The most suitable location should be warm places or close to the 
equator where insolation is not less than 3000 h/year [24]. Water is required 
during algae cultivation to compensate for evaporation or for cooling purposes. 
Availability of water at low cost is critical for process success. Water reuse, 
wastewater, seawater, brackish water and reasonable distance to the water 
source has the potential to reduce costs.

6. Scaling. It is critical to quantify the economy of scale for algae production to 
achieve economic viability [23]. However, large uncertainties and unrealistic 
assumptions will exist in the research where the productivity potential for 
microalgae at large-scale is being estimated through linear extrapolation for 
laboratory-based growth data [30]. Data variability and growth modeling 
considering geographical information should be considered in large-scale 
assessments.

7. Labor and depreciation. Tredici et al. [21] performed a TEA of the microalga 
Tetraselmis suecica production based on a 1-ha plant in Tuscany, Italy. Cost data 
were collected from manufacturers and suppliers as well as operating data 
from pilot and commercial facilities. This study found that the major frac-
tion of cost was labor at small scales (1 ha) and when the pilot plant is scaled 
to 100 ha, capital expenses contribute the most to the production cost. This 
assessment is site and strain-specific, but still provides valuable insights for the 
economic evaluation.

Algae harvesting and dewatering methods include gravity settling, chemical 
coagulation, flocculation, filtration, centrifuge, and drying. The economic feasibil-
ity and energy consumption are two criteria for assessing the performance of unit 
operations for harvesting and dewatering methods. It was found that the cost of 
separation takes 20–30% of the biomass production costs [32, 33]. Gravity settling, 
chemical coagulation, and flocculation usually concentrate the microalgal slurries 
to 2–7% while filtration and centrifugation concentrate microalgal slurry to 15–25% 
of total suspended solids [32]. The suitability of microalgal dewatering methods 
has been investigated for scalability, species flexibility, and downstream processing 
efficacy [33–36]. Dewatering methods reaching high biomass concentrations are 
usually associated with high energy input and cost. Thus, a combination of dewa-
tering methods such as flocculation followed by filtration is generally considered to 
be economical due to the increased harvest efficiency. For downstream processing, 
methods such as flocculation using flocculants comprised of cationic and anionic 
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poly-electrolytes, synthetic polyacrylamide polymers and starch-based polymers 
can be employed. However, the detrimental effect of these flocculants on the sub-
sequent microbial processes need to be considered. For example, anaerobic digester 
stability and gas production could be affected by metal contamination. Future work 
should include replacing chemical coagulants with natural and low-cost organic 
ones for harvesting algal biomass.

3.2 Anaerobic digestion systems

3.2.1 Pretreatment

The efficiency of biogas production has been shown to be species-dependent 
[39]. One crucial factor is the differences in structure of microalgae cell walls. The 
role of the cell wall in the microbial degradability of algae biomass is highlighted in 
many investigations [6, 13, 37, 38, 40–43]. Many microalgae species (e.g. Chlorella 
kessleri, Scenedesmus) have recalcitrant cell walls, which make it difficult for anaero-
bic cultures to hydrolyze microalgal intracellular organic matter. Thus, to improve 
the biodegradability of microalgal biomass, pretreatments methods have been 
developed to disrupt or solubilize cell walls [112–116]. General insights from these 
studies are: (1) pretreatment methods are species-specific and their success depends 
on the nature of the cell wall; (2) mechanical pretreatments which consume electric-
ity are more energy intensive than thermal, chemical and enzyme pretreatments; (3) 
chemical pretreatments usually have a low cost but produce inhibitory substances 
which could hamper the AD process; (4) for pretreatment mechanisms such as dis-
ruption of microalgal cell walls, the synergistic effects of the enzymes need further 
investigation; (5) combined pretreatments may provide energy and cost-effective 
options; (6) multi-objective optimization techniques could be used to obtain a high 
biogas yield with a positive energy balance; (7) enzyme/biological pretreatments 
have high selectivity, low inhibitory effects and higher probability of positive energy 
return [147]; (8) research on pilot/demonstration scale pretreatments is rare; (9) 
thermal pretreatments have been employed widely and proven to be the most 
efficient in microalgae pretreatment for AD; and (10) a detailed economic/energy 
analysis of microalgal AD for biogas production with pretreatment is still missing.

Open raceway Closed bioreactor

Biomass productivities Low High

Harvesting biomass concentration Low High

Total capital cost (CAPEX) Relatively low High

Total operational cost (OPEX) Relatively low High

Reliability (low contamination risk, stable yield) Low High

Net energy ratio (energy output/input) >1 >1 in some cases

Area required High Low

Process control Low High

CO2 loss High Low

Water evaporation High Low

Photosynthesis efficiency Low High

Scale-up Easy Difficult

Table 1. 
A comparison of the open raceway and closed bioreactor systems for algae cultivation.
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3.2.2  Hydraulic retention time (HRT), organic loading rate (OLR), and reactor 
configurations

The capital cost of the anaerobic digester could be reduced by using reactors 
designed for high OLR and low HRT [37]. The OLRs are typically between 1 and 6 g 
VS/L/d while the HRT varies between 10 and 30 days [37, 38]. Although high OLR 
will increase the methane productivity, overloading will decrease the biogas produc-
tion efficiency due to the accumulation of inhibitors such as ammonia and acids  
[6, 37, 38]. Also, prolonged HRT could lead to ammonia inhibition due to slow liquid 
removal rate [41], while a low HRT could cause the washout of the anaerobic bacteria 
community [6]. Thus, an optimized OLR and HRT should be applied to achieve the 
expected specific methane yield. Possible solutions could be improving anaerobic 
digester configurations such as using membrane reactors or upflow anaerobic sludge 
blanket reactors to decouple the OLR and HRT [37, 119] and on-line control of 
anaerobic digester operation [124]. These have not been applied for digesting algal 
biomass. Additional costs for land and infrastructure and energy expenditures for 
heating the digesters should be included in the economic analysis.

3.2.3 Temperature, pH, salinity, sulfur, and lipids content

AD microorganisms can grow in three temperature regimes: (1) psychrophilic 
(5–20°C); (2) mesophilic (25–45°C); and (3) thermophilic (45–65°C). The tempera-
ture effect on AD has been discussed [13, 37, 41]. The beneficial temperature regime 
for AD operation is anaerobic digester is species-specific [44, 45]. The rate of meth-
ane generation can be enhanced under mesophilic and thermophilic conditions. The 
increased temperature could improve enzymatic activity for degrading microorgan-
isms, and at the same time, the photosynthesis activity of viable microalgae within 
the digester could be reduced [13, 37]. However, an increase in temperature beyond 
the tolerable range of each temperature regime could cause inactivation of the 
microbes. Thermophilic temperature may cause increased hydrolysis of nitrogenous 
compounds which may increase ammonia levels and in turn can cause inhibition 
[6]. For large-scale biogas productions, the energy required for heating may be 
more than 1/3 of the total energy output in the form of biogas [46]. Thus, the net 
energy production from algae biogas may still be limited due to the high heat input 
associated with a low concentration of algae substrates.

The pH needs to be maintained at an appropriate level for efficient conversion of 
biomass to biogas. The growth of microbes, enzyme activity, and the biogas com-
positions are influenced by the pH [47]. The optimum pH level depends on each 
step of AD [41]. Generally, the pH values are maintained between 7 and 8 for single 
stage anaerobic digesters [13, 41].

Microalgae grown in a saline environment offer a sustainable alternative to other 
biomass by utilizing non-arable land and seawater. Marine microalgae can usually grow 
in a salinity range of 35–125 ppt [48]. However, when a highly saline culture is processed 
in an anaerobic digester, the high salinity could be inhibitory to the AD process. The 
effects of salinity and concentration of sodium are discussed in previous studies [6, 38]. 
Adaptation of anaerobic digester microbial consortiums under different saline condi-
tions was investigated by Mottet et al. [121]. In a promising study, methane production 
was observed from anaerobically digesting Dunaliella salina biomass at 35 g/L of salinity.

Sulfide is a required micronutrient for anaerobic microorganisms, but high con-
centrations of sulfide (200 mg/L) could be toxic [6]. For saline microalgal species, the 
sulfur inhibition may occur due to the presence of oxidized sulfur compounds in saline 
algae growth medium. Proper inoculum selection for anaerobic digesters could favor the 
growth of methanogenic bacteria and limit the growth sulfate-reducing bacteria [49].



Anaerobic Digestion

118

poly-electrolytes, synthetic polyacrylamide polymers and starch-based polymers 
can be employed. However, the detrimental effect of these flocculants on the sub-
sequent microbial processes need to be considered. For example, anaerobic digester 
stability and gas production could be affected by metal contamination. Future work 
should include replacing chemical coagulants with natural and low-cost organic 
ones for harvesting algal biomass.

3.2 Anaerobic digestion systems

3.2.1 Pretreatment

The efficiency of biogas production has been shown to be species-dependent 
[39]. One crucial factor is the differences in structure of microalgae cell walls. The 
role of the cell wall in the microbial degradability of algae biomass is highlighted in 
many investigations [6, 13, 37, 38, 40–43]. Many microalgae species (e.g. Chlorella 
kessleri, Scenedesmus) have recalcitrant cell walls, which make it difficult for anaero-
bic cultures to hydrolyze microalgal intracellular organic matter. Thus, to improve 
the biodegradability of microalgal biomass, pretreatments methods have been 
developed to disrupt or solubilize cell walls [112–116]. General insights from these 
studies are: (1) pretreatment methods are species-specific and their success depends 
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chemical pretreatments usually have a low cost but produce inhibitory substances 
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designed for high OLR and low HRT [37]. The OLRs are typically between 1 and 6 g 
VS/L/d while the HRT varies between 10 and 30 days [37, 38]. Although high OLR 
will increase the methane productivity, overloading will decrease the biogas produc-
tion efficiency due to the accumulation of inhibitors such as ammonia and acids  
[6, 37, 38]. Also, prolonged HRT could lead to ammonia inhibition due to slow liquid 
removal rate [41], while a low HRT could cause the washout of the anaerobic bacteria 
community [6]. Thus, an optimized OLR and HRT should be applied to achieve the 
expected specific methane yield. Possible solutions could be improving anaerobic 
digester configurations such as using membrane reactors or upflow anaerobic sludge 
blanket reactors to decouple the OLR and HRT [37, 119] and on-line control of 
anaerobic digester operation [124]. These have not been applied for digesting algal 
biomass. Additional costs for land and infrastructure and energy expenditures for 
heating the digesters should be included in the economic analysis.
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(5–20°C); (2) mesophilic (25–45°C); and (3) thermophilic (45–65°C). The tempera-
ture effect on AD has been discussed [13, 37, 41]. The beneficial temperature regime 
for AD operation is anaerobic digester is species-specific [44, 45]. The rate of meth-
ane generation can be enhanced under mesophilic and thermophilic conditions. The 
increased temperature could improve enzymatic activity for degrading microorgan-
isms, and at the same time, the photosynthesis activity of viable microalgae within 
the digester could be reduced [13, 37]. However, an increase in temperature beyond 
the tolerable range of each temperature regime could cause inactivation of the 
microbes. Thermophilic temperature may cause increased hydrolysis of nitrogenous 
compounds which may increase ammonia levels and in turn can cause inhibition 
[6]. For large-scale biogas productions, the energy required for heating may be 
more than 1/3 of the total energy output in the form of biogas [46]. Thus, the net 
energy production from algae biogas may still be limited due to the high heat input 
associated with a low concentration of algae substrates.

The pH needs to be maintained at an appropriate level for efficient conversion of 
biomass to biogas. The growth of microbes, enzyme activity, and the biogas com-
positions are influenced by the pH [47]. The optimum pH level depends on each 
step of AD [41]. Generally, the pH values are maintained between 7 and 8 for single 
stage anaerobic digesters [13, 41].

Microalgae grown in a saline environment offer a sustainable alternative to other 
biomass by utilizing non-arable land and seawater. Marine microalgae can usually grow 
in a salinity range of 35–125 ppt [48]. However, when a highly saline culture is processed 
in an anaerobic digester, the high salinity could be inhibitory to the AD process. The 
effects of salinity and concentration of sodium are discussed in previous studies [6, 38]. 
Adaptation of anaerobic digester microbial consortiums under different saline condi-
tions was investigated by Mottet et al. [121]. In a promising study, methane production 
was observed from anaerobically digesting Dunaliella salina biomass at 35 g/L of salinity.

Sulfide is a required micronutrient for anaerobic microorganisms, but high con-
centrations of sulfide (200 mg/L) could be toxic [6]. For saline microalgal species, the 
sulfur inhibition may occur due to the presence of oxidized sulfur compounds in saline 
algae growth medium. Proper inoculum selection for anaerobic digesters could favor the 
growth of methanogenic bacteria and limit the growth sulfate-reducing bacteria [49].
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Lipids can also be inhibitory to the AD process [6, 18, 50] although lipids have a 
high theoretical methane potential. Generally, inhibition would occur when lipids 
concentrations are higher than 30%. In this case, the high-lipid microalgae are suit-
able for lipid extraction for production of liquid fuels.

3.2.4 C/N ratio

Microalgae biomass generally has a higher composition of protein than terrestrial 
plants [6, 37]. The degradation of protein will cause ammonia accumulation and 
inhibit the methanogenesis process. The optimum C/N ratio for AD is between 15 
and 30 while this C/N ratio for microalgal AD is generally below 10 [13, 38, 41]. 
Thus, increasing C/N ratio and reducing the ammonia toxicity are important to 
enhance the biogas yield and productivity from microalgae. Possible solutions 
to this issue could be; (1) using ammonia-tolerant inoculum generated either by 
bioaugmentation or by acclimation [37, 38]; (2) using microalgae biomass that 
was cultivated under nitrogen-limitation [41, 99, 102, 130]; (3) co-digestion with 
sludge, oil-greases, waste paper and food wastes [13, 41, 54]; and (4) using a two-
stage AD for better control of the anaerobic microbial communities [6]. However, 
these solutions may add more complexity to the system, in which the economic and 
energetic performance is still clear. For example, the co-substrate needs to be secured 
for co-digestion; the digester volume and cost may increase due to the loading of the 
co-substrate; more environmental burdens may be associated with the shipping of 
biomass, and nitrogen-limitation cultivation may affect microalgae productivity.

3.2.5 Other factors

Many other factors could affect the biogas yield and production of microalgal 
biomass. For example, the harvesting time influences the composition and biode-
gradability of algal biomass. Thus, it is essential to harvest algae in the appropriate 
stage of growth [13]. Storage conditions such as temperature also have an impact 
on biomass quality like macromolecular distribution and the content of organic 
compounds. Besides, inoculum to substrate ratio control is instrumental in avoiding 
inhibition problems such as drop in pH [51].

3.2.6 Biochemical methane potential (BMP) of microalgae biomass

The overall biogas yields depend on the chemical composition of the algae 
strains. The target strain should be highly digestible. The volatile solids/ash-free 
dry weight of microalgae plays a significant role in predicting theoretical biogas 
production potential, which is a critical factor in determining biogas productivities. 
Theoretically, the methane yield from different components of microalgae is as 
follows: lipids—1 L CH4/g VS, proteins—0.85 L CH4/g VS, carbohydrates—0.42 L 
CH4/g VS at standard conditions. Although the lipids have a high theoretical 
methane yield in AD, a high lipid content (more than 40%) will produce inhibitory 
substances such as long chain fatty acids [6]. Thus, for high-lipid content micro-
algae, lipid removal for biofuels production may be a better solution than biomass 
sent directly to AD.

The impact of the algae cell wall is another critical factor affecting methane 
yield. Some species either lack cell wall or have cell walls rich in easily-biodegrad-
able proteins as in Dunaliella salina, a halophilic microalgae and Chlamydomonas 
reinhardtii, a fresh water green microalgae [38]. Even easily degradable cell wall 
alone does not ensure efficient methanization. Factors such as the presence of 
methanogenesis inhibitors, anaerobic microbial community, hydraulic retention 
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time, organic loading rates, salinity, carbon to nitrogen ratio, and the concentration 
of digestible substrate will also affect the final methane yield of microalgae.

The microalgal strains which have been investigated extensively include 
Scenedesmus, Chlamydomonas, Chlorella, and Nannochloropsis [12]. The compositions 
of these four species are shown in Table 2. AD conversion process with biochemical 
methane potential (BMP) to theoretical methane potential (TMP) ratio ≥ 70% are 
considered highly efficient. Chlamydomonas reinhardtii could achieve a 74% BMP 
(405 ml methane/g VS) to TMP (549 ml methane/g VS) ratio without any pretreat-
ment [52]. Schwede et al. [53] achieved high digestibility of Nannochloropsis salina 
with thermal pretreatment. The methane yield significantly increased from 0.2 to 
0.57 m3 kg VS−1 under batch conditions with a BMP to TMP ratio increasing from 31 
to 89%. Similarly, Chlorella vulgaris shows a significant increase in BMP after pretreat-
ments: from 54 to 85% BMP/TMP ratio [41, 52] under an enzyme pretreatment; and 
from 62 to 78% BMP/TMP ratio under a biological pretreatment [55, 123]. Scenedesmus 
sp. did not show a BMP/TMP ratio higher than 60%, even after enzyme or thermal 
pretreatments [56, 57]. The BMP varies from species to species, but no significant 
difference was found between fresh water microalgae and saline microalgae [58].

4. Techno-economic analysis

In published TEA works, the process complexity was often simplified in terms 
of limited pathways, few choices of economic drivers and implicit assumptions 
regarding the growth conditions, process modeling factors and financing of the 
production facility. Existing reviews in anaerobic digestion of microalgae biomass 
such as Ward et al. [6] focus on the integration of anaerobic digestion into biodiesel 
refineries. Considering that diesel or ethanol are more valuable products, anaerobic 
digestion was suggested to treat the residual biomass to improve the economic 
viability and sustainability of overall microalgae biodiesel/ethanol stages. Global 
research in various pathways is going on towards the sustainable development 
of algae biofuels. The following sections will review these works, highlight the 
variability of methods of estimating microalgal biogas production cost, find the 
key drivers of cost contributors, pointing out the convergence and difference in 
published results, and give a view of the whole value chain towards scaling-up and 
commercialization when performing a techno-economic analysis (TEA).

4.1 TEA framework

To achieve an optimal facility design, it is necessary to evaluate the tradeoff  
resulting from the interactions between technical advances and financing 

Components Species

Scenedesmus 
sp.

Chlamydomonas 
reinhardtii

Chlorella 
vulgaris

Nannochloropsis 
salina

Protein % of DW 33 65 64 19

Carbohydrates % 
of DW

35 23 18 45

Lipids % of DW 22 13 10 36

Table 2. 
Approximate compositions of four microalgal species: Scenedesmus sp., Chlamydomonas reinhardtii, Chlorella 
vulgaris, and Nannochloropsis salina [41].
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inhibition problems such as drop in pH [51].
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The overall biogas yields depend on the chemical composition of the algae 
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dry weight of microalgae plays a significant role in predicting theoretical biogas 
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time, organic loading rates, salinity, carbon to nitrogen ratio, and the concentration 
of digestible substrate will also affect the final methane yield of microalgae.

The microalgal strains which have been investigated extensively include 
Scenedesmus, Chlamydomonas, Chlorella, and Nannochloropsis [12]. The compositions 
of these four species are shown in Table 2. AD conversion process with biochemical 
methane potential (BMP) to theoretical methane potential (TMP) ratio ≥ 70% are 
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with thermal pretreatment. The methane yield significantly increased from 0.2 to 
0.57 m3 kg VS−1 under batch conditions with a BMP to TMP ratio increasing from 31 
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ments: from 54 to 85% BMP/TMP ratio [41, 52] under an enzyme pretreatment; and 
from 62 to 78% BMP/TMP ratio under a biological pretreatment [55, 123]. Scenedesmus 
sp. did not show a BMP/TMP ratio higher than 60%, even after enzyme or thermal 
pretreatments [56, 57]. The BMP varies from species to species, but no significant 
difference was found between fresh water microalgae and saline microalgae [58].
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In published TEA works, the process complexity was often simplified in terms 
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regarding the growth conditions, process modeling factors and financing of the 
production facility. Existing reviews in anaerobic digestion of microalgae biomass 
such as Ward et al. [6] focus on the integration of anaerobic digestion into biodiesel 
refineries. Considering that diesel or ethanol are more valuable products, anaerobic 
digestion was suggested to treat the residual biomass to improve the economic 
viability and sustainability of overall microalgae biodiesel/ethanol stages. Global 
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of algae biofuels. The following sections will review these works, highlight the 
variability of methods of estimating microalgal biogas production cost, find the 
key drivers of cost contributors, pointing out the convergence and difference in 
published results, and give a view of the whole value chain towards scaling-up and 
commercialization when performing a techno-economic analysis (TEA).

4.1 TEA framework
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parameters. The technical objectives include maximizing microalgal biomass 
productivity, maximizing biogas yield via AD of biomass, and process stabilization. 
The economic objectives are to minimize the production cost and maximize the 
economic benefits. Figure 1 shows the TEA framework for the sustainability analy-
sis of biogas production from microalgal biomass through anaerobic digestion. The 
whole biomass processing value chain is determined by the technology framework 
and progress through experimentally validated process specifics. Economic analysis 
is based on the process design, which includes the cost assessments and investment 
analysis. A decision-making platform is built for raw material suppliers, produc-
ers and stake holders in an economic perspective. Correspondingly, the economic 
consequences will direct the research & development of new technologies, which 
could form a dynamic connection and optimization framework.

Environmental TEA (ETEA) extended the TEA framework with an environ-
mental assessment based on a life cycle analysis [70]. The ETEA is based on the 
technology readiness level, which means the assessments are performed using the 
available data based on technology maturity. This would avoid a mismatch between 
the assessment methodology and the technology readiness level. For example, the 
whole biogas life cycle includes phases from the biomass cultivation to the final 
usage and end of life. Under current technology maturity, the whole data set is 
unavailable, which limits the assessments to certain life cycle phases.

4.2 State of the art: TEA of microalgal biogas

Biorefinery optimization and full utilization of biomass addressing in the eco-
nomic viability and environmental sustainability of the production of algae biofuels 
can be found in [39, 71, 72]. Dutta et al. [72] analyzed the sustainability of micro-
algae-derived biofuel production by performing a TEA and life-cycle assessment 
and found that coproducts valorization is more energy efficient than the processes 
focusing on specific components such as lipids. Biorefineries with coproducts and 
byproducts could have better utilization of the algal biomass and can increase the 
revenue, thus show greater possibility of achieving economic feasibility. In microal-
gae biodiesel and bioethanol productions, anaerobic digestion is usually integrated 
into the biorefinery to treat the residues for energy and nutrient recovery. Sialve 
et al. [18] compared the energy recovery ratio for two scenarios: direct AD of the 
whole algae biomass and AD of residue biomass after lipid extraction. Direct AD of 

Figure 1. 
TEA framework for biogas production from algae biomass.
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the whole biomass was considered to have a higher energetic recovery when the cell 
lipid content does not exceed 40%. Also, increased lipids content in microalgae is 
not generally compensated with increased productivity due to nitrogen limitation. 
The potential of direct AD of microalgae biomass was addressed in their research, 
taking into account the energetic recovery and necessary nutrient recycle for large-
scale productions. Chia et al. [73] discussed the economic potential of biohydrogen 
and biogas production in Germany and Spain. Two processes were compared: direct 
AD of microalgae biomass (DAD) and coupled hydrogen and biogas production 
(CHB). In the CHB process, hydrogen was first produced by dark fermentation then 
effluent from hydrogen fermentation was used for biogas production. The CHB 
was found to have a lower operating cost due to no additional water and nutrients 
requirements for the bioreactor feed while the DAD process requires algal biomass 
in combination with other feedstocks. Both cases have production costs 13–16 times 
higher than the market price for natural gas. A 1/3 higher biogas yield and a 1/2 
lower labor cost did not change the economic status of both processes, due to the 
high cost of fertilizer and building photobioreactors for microalgae cultivation. 
Milledge and Heaven [74, 129] performed an energy balance of biogas production 
from microalgae. Their research emphasized a combination of dewatering methods, 
as well as the efficient exploitation of the heat generated by the combustion of 
biogas in combined heat and power (CHP) units to show the energetic viability of 
the whole process.

Chew et al. [68] assessed the potential of microalgae biorefineries for produc-
ing high-value products such as pigments, proteins, lipids, carbohydrates, and 
vitamins. The high-value products were added to improve the biorefinery econom-
ics. Open pond cultivation and medium recycling were mentioned to have better 
economic performance than other biorefinery structures. Water, land usage and 
capital cost were challenging for the economic viability of algal biofuels. The 
high-value products also need to improve aspects such as separations method, 
energy consumption, and control of product loss. AD was emphasized to recycle 
a considerable amount of nutrient usage to make microalgal fuels head towards 
its large-scale production. Several authors [13, 17, 37, 38, 75, 133, 134] synthesized 
scientific literature on biogas production from algae and suggested integration of 
the technology with other technologies as well as co-digestion with other substrates 
for an optimized biorefinery that sustainably produces biogas. Singh and Gu [76] 
recommended integrated processes that combine algae cultivation and wastewater 
treatment for methane production, which could offset the higher cost in compari-
son to methane production from corn and woody biomass.

Zamalloa et al. [8] evaluated the techno-economic potential of methane produc-
tion from microalgae. The assessment was carried out using high rate anaerobic 
digesters (10–20 kg COD/m3/d) and preconcentrated algae biomass from a full-
scale open pond. The energy production cost from microalgal biogas was estimated 
to be 0.087–0.17 euro/kWh with an algae biomass cost of 86–124 euro/tonne. The 
result was based on a feed-in tariff of 0.133 euro/kWh and a carbon credit of 30 
euro/ton of carbon dioxide. This study is one of the limited works that has been 
done on a comprehensive technological and economic assessment of electrical and 
thermal energy produced by biogas through AD of microalgae.

Collet et al. [77] performed a life-cycle assessment (LCA) of biogas production 
from the microalgae Chlorella vulgaris and found that electricity consumption and 
the impacts generated by the production of methane from microalgae are strongly 
correlated. Decreasing mixing and heating cost in different production steps or 
increasing the efficiency of AD were important to reduce the overall cost.

The studies surveyed show considerable variability in the calculated fuel cost 
and identifying the significant cost contributors. The varied results come from 
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parameters. The technical objectives include maximizing microalgal biomass 
productivity, maximizing biogas yield via AD of biomass, and process stabilization. 
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et al. [18] compared the energy recovery ratio for two scenarios: direct AD of the 
whole algae biomass and AD of residue biomass after lipid extraction. Direct AD of 

Figure 1. 
TEA framework for biogas production from algae biomass.
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a considerable amount of nutrient usage to make microalgal fuels head towards 
its large-scale production. Several authors [13, 17, 37, 38, 75, 133, 134] synthesized 
scientific literature on biogas production from algae and suggested integration of 
the technology with other technologies as well as co-digestion with other substrates 
for an optimized biorefinery that sustainably produces biogas. Singh and Gu [76] 
recommended integrated processes that combine algae cultivation and wastewater 
treatment for methane production, which could offset the higher cost in compari-
son to methane production from corn and woody biomass.

Zamalloa et al. [8] evaluated the techno-economic potential of methane produc-
tion from microalgae. The assessment was carried out using high rate anaerobic 
digesters (10–20 kg COD/m3/d) and preconcentrated algae biomass from a full-
scale open pond. The energy production cost from microalgal biogas was estimated 
to be 0.087–0.17 euro/kWh with an algae biomass cost of 86–124 euro/tonne. The 
result was based on a feed-in tariff of 0.133 euro/kWh and a carbon credit of 30 
euro/ton of carbon dioxide. This study is one of the limited works that has been 
done on a comprehensive technological and economic assessment of electrical and 
thermal energy produced by biogas through AD of microalgae.

Collet et al. [77] performed a life-cycle assessment (LCA) of biogas production 
from the microalgae Chlorella vulgaris and found that electricity consumption and 
the impacts generated by the production of methane from microalgae are strongly 
correlated. Decreasing mixing and heating cost in different production steps or 
increasing the efficiency of AD were important to reduce the overall cost.

The studies surveyed show considerable variability in the calculated fuel cost 
and identifying the significant cost contributors. The varied results come from 
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different conversion pathways, technical assumptions (productivity, reactor 
design, process parameters, etc.) and economic factors (interest rate, raw material 
cost, etc.), diverse environmental and social conditions (consideration of season 
and location), and validation of sub-process models (lab/pilot plant/commercial 
scales). Nevertheless, the contributors to the production cost are mainly identified 
as microalgal strain selection, biomass cultivation and harvesting, AD operating 
conditions, biogas upgrading methods, waste management, and type of biorefinery. 
Thomassen et al. [78] evaluated the methodological reason for the wide variation in 
the results of multiple environmental and economic assessments. They proposed an 
environmental techno-economic assessment which can help to solve the challenges 
for a sustainability assessment: framework for methodology, harmonized assump-
tions, and integration of different dimensions (stages of technological maturity, 
technological process). This method is based on the dynamic technological process 
parameters and the same system boundaries for an integrated TEA and LCA.

4.3 Cost management

Gnansounou and Dauriat [79] investigated TEAs following different types of 
cost management systems in value engineering, target costing and a combination 
of value engineering and target costing. Value engineering includes process design 
via data collection and process flowsheeting. Process simulators such as Aspen Plus 
enables the evaluation of the whole process chain based on scale up of the pilot 
plant, state of art technologies and price quotes. For microalgae to biogas technolo-
gies, key issues along the process chain include the suitable choice and operation 
options of the microalgae species, harvesting/dewatering strategies, pretreatment 
methods, AD configurations, recycling the digestate, and energy integration. Not 
all the steps are necessary for technologies with simplified processes and high 
economic potential. Target costing is a market-oriented method, which means a 
target selling price was set for the cost evaluation based on market and societal 
values. Following the target price, the target cost of the final product and each step 
of the supply process will be estimated, which means the cost allowance will play a 
key role in the process design. Target costing could integrate with value engineering 
in the cost management activities, so the cost allowance and cost target could be 
reconciliated. In the case of biogas production, the target costing evaluation seems 
unfeasible for the whole process due to the weak financial position of the natural 
gas market [80].

Real options analysis framework was employed by Kern et al. [81] for TEA. The 
model was adapted to accept stochastic price data for energy and agricultural 
commodities as well as static operating parameters assumptions for the algal 
biofuel plants. The TEA work was combined with life cycle analysis in a dynamic 
system—the fluctuations in market prices for energy and agricultural commodi-
ties will influence the operation decisions of the biofuels plants and its associated 
environmental impacts. Areas such as carbon tax, resource shortage and market 
forces could be investigated for their impact on biofuel plant design and operations 
in a dynamic system in the future. This gives the stake holders and suppliers more 
flexibility in making decisions.

4.4 TEA limitations

The limitations of TEA include the potential competition for resources. For 
example, the microalgae biomass could have non-energy applications and has 
the potential for producing high value products besides biofuels. Then the bio-
mass cost for the process will be influenced not only by the biomass production 
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activities but also the market price which is determined by both the suppliers and 
purchase competitors.

The sustainability of biogas production from microalgae will depend on not only 
the commercial viability but also environmental improvements such as greenhouse 
gas emission reduction, lack of direct and indirect impacts on land-use as well as 
biodiversity and eutrophication. The scope of TEA is limited for the environmental 
impact assessment, while these impact categories are appropriate for the goals of 
the overall sustainability analysis. Thus, an ETEA would allow assessing the sus-
tainability of the entire value chain. Besides, TEA is not reflecting social impacts 
such as social awareness of algal biofuels’ non-food competitive characteristics, 
rural development, and public recognition.

5. Case study: TEA of anaerobic digestion of Cyanothece BG0011

The microalgae used for this case study is a cyanobacterium, Cyanothece sp. 
BG0011 isolated from a shallow lake in Florida Keys [82]. Compared to other 
algal species, this species is endowed with unique features. First, cyanobacterium 
Cyanothece sp. BG0011 is a saline species and can be adapted to a wide range of 
salinities (10–70 psu). Second, it fixes dinitrogen in the air, which means it does 
not require nitrogenous nutrients in the culture water. Third, it produces exopoly-
saccharide (EPS) which can be converted to a variety of bioproducts. The aim 
of this case study is to assess the economic feasibility of biogas production using 
Cyanothece sp. BG0011 as feedstock by conducting a techno-economic assessment. 
The analysis investigated alternatives to decrease the cost and energy requirement 
of the cultivation and anaerobic digestion of algae. Utilization of biogas to produce 
electrical and thermal energy or upgrading to produce pure methane (renewable 
natural gas) was also considered. A comprehensive TEA was carried out based on 
experimental data and a set of operational assumptions which could be conceiv-
ably achieved in near term. The process flowsheet for biomass to biogas conversion 
through anaerobic digestion and biogas purification processes was implemented 
in Aspen Plus V8.8 to obtain mass balance and energy requirement results. The 
discussion focused on the preliminary exploration of the conceptual design of a 
microalgae cultivation and bioconversion system as well as an investigation on 
improvements that could result in the greatest system flexibility, energy yield and 
cost reductions.

5.1 Cyanothece BG0011 cultivation

Results from many experiments [149] conducted in the Bioprocess Engineering 
Laboratory, Department of Agricultural and Biological Engineering, University 
of Florida gave an average growth rate of 67.5 mg afdw/L/day (20.25 g afdw/m2/
day) for BG0011 cell biomass and an EPS production rate of 52.5 mg afdw/L/day 
(15.75 g afdw/m2/day), resulting in cell density of 2.7 g/L and EPS concentration of 
2.1 g/L. The areal rates were calculated by assuming that the depth of culture was 
30 cm, which is typically the case for open ponds. In the laboratory, the cultures were 
cultivated under air sparging, a constant illumination of 1200 μmol photons m−2 s−1 
light and 13 h to 11 h light-dark cycle. Open raceway ponds are generally used for 
large-scale commercial production of algal biomass [86]. Productivity in industrial-
scale raceway ponds is generally lower than in small experimental reactors. In 
literature, algae biomass productivity performance claims range from 7 to 35 g afdw/
m2/day [23, 87–89] with corresponding net photosynthetic efficiencies from under 
1–4%. Among these, for studies involving techno-economic analyses, the baseline 
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different conversion pathways, technical assumptions (productivity, reactor 
design, process parameters, etc.) and economic factors (interest rate, raw material 
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in the cost management activities, so the cost allowance and cost target could be 
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unfeasible for the whole process due to the weak financial position of the natural 
gas market [80].
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ties will influence the operation decisions of the biofuels plants and its associated 
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in a dynamic system in the future. This gives the stake holders and suppliers more 
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activities but also the market price which is determined by both the suppliers and 
purchase competitors.

The sustainability of biogas production from microalgae will depend on not only 
the commercial viability but also environmental improvements such as greenhouse 
gas emission reduction, lack of direct and indirect impacts on land-use as well as 
biodiversity and eutrophication. The scope of TEA is limited for the environmental 
impact assessment, while these impact categories are appropriate for the goals of 
the overall sustainability analysis. Thus, an ETEA would allow assessing the sus-
tainability of the entire value chain. Besides, TEA is not reflecting social impacts 
such as social awareness of algal biofuels’ non-food competitive characteristics, 
rural development, and public recognition.

5. Case study: TEA of anaerobic digestion of Cyanothece BG0011

The microalgae used for this case study is a cyanobacterium, Cyanothece sp. 
BG0011 isolated from a shallow lake in Florida Keys [82]. Compared to other 
algal species, this species is endowed with unique features. First, cyanobacterium 
Cyanothece sp. BG0011 is a saline species and can be adapted to a wide range of 
salinities (10–70 psu). Second, it fixes dinitrogen in the air, which means it does 
not require nitrogenous nutrients in the culture water. Third, it produces exopoly-
saccharide (EPS) which can be converted to a variety of bioproducts. The aim 
of this case study is to assess the economic feasibility of biogas production using 
Cyanothece sp. BG0011 as feedstock by conducting a techno-economic assessment. 
The analysis investigated alternatives to decrease the cost and energy requirement 
of the cultivation and anaerobic digestion of algae. Utilization of biogas to produce 
electrical and thermal energy or upgrading to produce pure methane (renewable 
natural gas) was also considered. A comprehensive TEA was carried out based on 
experimental data and a set of operational assumptions which could be conceiv-
ably achieved in near term. The process flowsheet for biomass to biogas conversion 
through anaerobic digestion and biogas purification processes was implemented 
in Aspen Plus V8.8 to obtain mass balance and energy requirement results. The 
discussion focused on the preliminary exploration of the conceptual design of a 
microalgae cultivation and bioconversion system as well as an investigation on 
improvements that could result in the greatest system flexibility, energy yield and 
cost reductions.

5.1 Cyanothece BG0011 cultivation

Results from many experiments [149] conducted in the Bioprocess Engineering 
Laboratory, Department of Agricultural and Biological Engineering, University 
of Florida gave an average growth rate of 67.5 mg afdw/L/day (20.25 g afdw/m2/
day) for BG0011 cell biomass and an EPS production rate of 52.5 mg afdw/L/day 
(15.75 g afdw/m2/day), resulting in cell density of 2.7 g/L and EPS concentration of 
2.1 g/L. The areal rates were calculated by assuming that the depth of culture was 
30 cm, which is typically the case for open ponds. In the laboratory, the cultures were 
cultivated under air sparging, a constant illumination of 1200 μmol photons m−2 s−1 
light and 13 h to 11 h light-dark cycle. Open raceway ponds are generally used for 
large-scale commercial production of algal biomass [86]. Productivity in industrial-
scale raceway ponds is generally lower than in small experimental reactors. In 
literature, algae biomass productivity performance claims range from 7 to 35 g afdw/
m2/day [23, 87–89] with corresponding net photosynthetic efficiencies from under 
1–4%. Among these, for studies involving techno-economic analyses, the baseline 
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productivity assumed was 20 g/m2/day, with an optimistic value of 25–30 g afdw/m2/
day, and a conservative value of 15 g afdw/m2/day. In this study, which assumed that 
BG0011 is cultivated in current large commercial open ponds, an average produc-
tivity of 12.4 g afdw/m2/day (corresponding to a net photosynthetic efficiency of 
under 1%) was used. Similar growth rates were obtained by [148] when the algae was 
cultivated by air sparging and exposed to a lower light intensity of 122 μmol photons 
m−2 s−1 light and 13 h to 11 h light-dark cycle. Here, laboratory-scale BG0011 cell 
biomass growth rate is comparable to algae cell growth rates reported from other 
studies, however, in the case of BG0011, it also produces EPS. The average mass ratio 
between EPS and cell biomass is 0.778: 1 and also EPS production is cell-growth 
associated, so for this study it is assumed that in the commercial system, in addi-
tion to BG0011 cells, EPS would be concomitantly produced at 0.778 × 12.4 g afdw/
m2/d = 9.6 g afdw/m2/day. The total algae biomass productivity used was 22 g/m2/d. 
Henceforth, the term “algae biomass” will include both BG0011 cells and EPS.

The scale of algae cultivation in literature for techno-economic analysis ranges 
from 200 to 700 ktonne afdw/year [22, 27, 72, 89]. In the present study, the scale 
of algae cultivation was determined based on a hypothetical 20 million gallons per 
year ethanol plant. The sugar required for such a plant would be 128 ktonnes afdw/
year (assuming yield of around 0.42 g ethanol/g sugar, and 1.1 g sugar/g polysac-
charide). Assuming this amount of sugar will be supplied in the form of EPS, the 
scale of the algae cultivation pond would be 293 ktonnes of algal biomass/year, 
which also includes BG0011 cell biomass. This scale falls into the range of values 
found in literature for TEA. To meet a production capacity of 293 ktonnes/year at 
algal biomass productivity of 22 g afdw/m2/day, land area required would be 3660 
hectares (approximately 4 × 4 miles). For a sanity check, this cultivation area was 
compared to land area required to supplying corn grain for a 20 million gallon per 
year corn-ethanol plant. Based on annual corn grain yield of 7000 kg/ha with starch 
content of 72% [150], and assuming a conversion of 0.5 kg ethanol/kg of starch, 
land required would be 23,700 ha. In this case the total above ground biomass 
productivity of corn, including corn grain, stover and cobs, is 16,700 kg/ha/year 
[150] whereas for BG0011 it is anticipated to be 80,300 kg/ha/year.

The BG0011 cultivation cost was estimated based on vendor quotes, literature, 
or engineering estimates. The installed pond capital cost includes civil work, liner, 
piping, electrical, other pond costs (such as paddlewheels). In addition, pumps for 
pumping water from ponds to refinery and for refilling the pond and required land 
also incur significant capital costs. Plastic lined earthen ponds were chosen for its 
lower cost compared to concrete ponds. Larger pond sizes would enable economi-
cally viable algal biomass production [23]. Here, the installed capital cost was 
estimated based on “dollars/hectare” of growth ponds for simplicity. The installed 
pond cost was set to be 80,000 $/ha. Literature value ranges from 46,000 $/ha to 
more than 150,000 $/ha (value adjusted for inflation) due to different liner scenar-
ios (partial or full) and specific design (e.g. with or without equipment to minimize 
dead zones) [23, 86] which was not included here. A land cost of 3080 $/acre [90] 
was used for low-value land. The operation cost for algae cultivation such as utili-
ties, chemicals, labor, overheads, maintenance, insurance tax, etc. were estimated 
using engineering estimates [91]. BG0011 was assumed to be cultivated in seawater 
or brackish water. The only fertilizer used for BG 0011 cultivation is phosphorus 
since it uses dinitrogen in air as a nitrogen source, and seawater would supply rest of 
micronutrients. From laboratory experiments it was determined that the phospho-
rous requirement of BG001 is 8.9 mg/L [149], so the annual requirement of phos-
phorous will be 1186.7 tonnes. Here, triple superphosphate (Ca(H2PO4)2 H2O) which 
contains 24.6% P is used as phosphorous source with a price of 270 $/tonne (Source: 
World Bank, 2017). The requirement of triple superphosphate is 4945 tonne/year.
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The fixed capital investment was assumed to be borrowed at an interest rate of 
10% for 20 years. The plant operates 24 h a day and 360 days annually. The prices 
were adjusted for Year 2017 using Chemical Engineering Plant Cost Index (CEPCI). 
These assumptions were also used for the analysis of subsequent biogas production, 
conversion and upgrading processes. The production cost was calculated as follows:

        Unit production cost 
=(Annual capital charges+Total operating cost)                                        
   −Coproduct credits)/Annual production            

(1)

Here, the annual capital charges are calculated as follows:

            Annual capital charges  
                       =Total capital cost∗Interest rate∗(1                                                                
      +Interest rate)^Loan period/Interest rate^Loan period−1 

(2)

* Total capital cost = Total fixed cost + Working capital.
* Working capital is 10% of fixed capital.

5.2 Anaerobic digestion

The anaerobic digester was designed to treat the un-dewatered whole algae 
culture from the pond. The energy-intensive steps like algae harvesting and dewater-
ing are avoided in this process which is different from most research [8, 22, 23]. The 
product biogas was analyzed for economic performance in two different applications: 
biogas purification or electricity production through combined heat and power.

The first step in modeling mass flow rate of reactor outputs and determining 
energy requirements is to establish the stoichiometry of reactions. The stoichi-
ometry of methane fermentation of algae biomass was developed based on the 
following assumptions: (1) microbial cells (cyanobacteria and bacteria) can be 
represented by the empirical formula CH1.8O0.5N0.2 [151]; (2) EPS is pure polysac-
charide represented by the empirical formula C6H10O5; (3) algae biomass can be 
represented by an empirical formula containing the elements C, H, O and N in 
the mass ratios in which cells and EPS are produced that is 1:1.2; and (4) methane 
yield from laboratory assays corresponds to complete decomposition of substrate. 
The empirical formula for algae biomass was CH1.73O0.67N0.1. The stoichiometry for 
methane formation is written as follows:

 CH1.73O0.67N0.1 + aNH3 → bCH1.8O0.5N0.2 + cCH4 + dCO2 + eH2O (3)

Methane yield from algae biomass was measured in the laboratory to be 300 ml 
at STP (g afdw)−1. This corresponds to 0.35 moles of methane (mole algae bio-
mass)−1, which is equal to value of ‘c’ in the above stoichiometry. The other stoi-
chiometric coefficients can now be solved from elemental balances for C, H, O and 
N. The stoichiometry is

 CH1.73O0.67N0.1+0.17H2O→0.31CH1.8O0.5N0.2 
+0.35CH4+0.34CO2+0.04NH3 (4)

In the anaerobic digester it was assumed that 98% of the algae biomass is 
converted. Different scenarios (three anaerobic digester types) were investigated 
to evaluate the economic and energetic performance. A schematic of biorefinery 
scenarios are shown in Figure 2.
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productivity assumed was 20 g/m2/day, with an optimistic value of 25–30 g afdw/m2/
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BG0011 is cultivated in current large commercial open ponds, an average produc-
tivity of 12.4 g afdw/m2/day (corresponding to a net photosynthetic efficiency of 
under 1%) was used. Similar growth rates were obtained by [148] when the algae was 
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m2/d = 9.6 g afdw/m2/day. The total algae biomass productivity used was 22 g/m2/d. 
Henceforth, the term “algae biomass” will include both BG0011 cells and EPS.

The scale of algae cultivation in literature for techno-economic analysis ranges 
from 200 to 700 ktonne afdw/year [22, 27, 72, 89]. In the present study, the scale 
of algae cultivation was determined based on a hypothetical 20 million gallons per 
year ethanol plant. The sugar required for such a plant would be 128 ktonnes afdw/
year (assuming yield of around 0.42 g ethanol/g sugar, and 1.1 g sugar/g polysac-
charide). Assuming this amount of sugar will be supplied in the form of EPS, the 
scale of the algae cultivation pond would be 293 ktonnes of algal biomass/year, 
which also includes BG0011 cell biomass. This scale falls into the range of values 
found in literature for TEA. To meet a production capacity of 293 ktonnes/year at 
algal biomass productivity of 22 g afdw/m2/day, land area required would be 3660 
hectares (approximately 4 × 4 miles). For a sanity check, this cultivation area was 
compared to land area required to supplying corn grain for a 20 million gallon per 
year corn-ethanol plant. Based on annual corn grain yield of 7000 kg/ha with starch 
content of 72% [150], and assuming a conversion of 0.5 kg ethanol/kg of starch, 
land required would be 23,700 ha. In this case the total above ground biomass 
productivity of corn, including corn grain, stover and cobs, is 16,700 kg/ha/year 
[150] whereas for BG0011 it is anticipated to be 80,300 kg/ha/year.

The BG0011 cultivation cost was estimated based on vendor quotes, literature, 
or engineering estimates. The installed pond capital cost includes civil work, liner, 
piping, electrical, other pond costs (such as paddlewheels). In addition, pumps for 
pumping water from ponds to refinery and for refilling the pond and required land 
also incur significant capital costs. Plastic lined earthen ponds were chosen for its 
lower cost compared to concrete ponds. Larger pond sizes would enable economi-
cally viable algal biomass production [23]. Here, the installed capital cost was 
estimated based on “dollars/hectare” of growth ponds for simplicity. The installed 
pond cost was set to be 80,000 $/ha. Literature value ranges from 46,000 $/ha to 
more than 150,000 $/ha (value adjusted for inflation) due to different liner scenar-
ios (partial or full) and specific design (e.g. with or without equipment to minimize 
dead zones) [23, 86] which was not included here. A land cost of 3080 $/acre [90] 
was used for low-value land. The operation cost for algae cultivation such as utili-
ties, chemicals, labor, overheads, maintenance, insurance tax, etc. were estimated 
using engineering estimates [91]. BG0011 was assumed to be cultivated in seawater 
or brackish water. The only fertilizer used for BG 0011 cultivation is phosphorus 
since it uses dinitrogen in air as a nitrogen source, and seawater would supply rest of 
micronutrients. From laboratory experiments it was determined that the phospho-
rous requirement of BG001 is 8.9 mg/L [149], so the annual requirement of phos-
phorous will be 1186.7 tonnes. Here, triple superphosphate (Ca(H2PO4)2 H2O) which 
contains 24.6% P is used as phosphorous source with a price of 270 $/tonne (Source: 
World Bank, 2017). The requirement of triple superphosphate is 4945 tonne/year.
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The fixed capital investment was assumed to be borrowed at an interest rate of 
10% for 20 years. The plant operates 24 h a day and 360 days annually. The prices 
were adjusted for Year 2017 using Chemical Engineering Plant Cost Index (CEPCI). 
These assumptions were also used for the analysis of subsequent biogas production, 
conversion and upgrading processes. The production cost was calculated as follows:

        Unit production cost 
=(Annual capital charges+Total operating cost)                                        
   −Coproduct credits)/Annual production            

(1)

Here, the annual capital charges are calculated as follows:

            Annual capital charges  
                       =Total capital cost∗Interest rate∗(1                                                                
      +Interest rate)^Loan period/Interest rate^Loan period−1 

(2)

* Total capital cost = Total fixed cost + Working capital.
* Working capital is 10% of fixed capital.

5.2 Anaerobic digestion

The anaerobic digester was designed to treat the un-dewatered whole algae 
culture from the pond. The energy-intensive steps like algae harvesting and dewater-
ing are avoided in this process which is different from most research [8, 22, 23]. The 
product biogas was analyzed for economic performance in two different applications: 
biogas purification or electricity production through combined heat and power.

The first step in modeling mass flow rate of reactor outputs and determining 
energy requirements is to establish the stoichiometry of reactions. The stoichi-
ometry of methane fermentation of algae biomass was developed based on the 
following assumptions: (1) microbial cells (cyanobacteria and bacteria) can be 
represented by the empirical formula CH1.8O0.5N0.2 [151]; (2) EPS is pure polysac-
charide represented by the empirical formula C6H10O5; (3) algae biomass can be 
represented by an empirical formula containing the elements C, H, O and N in 
the mass ratios in which cells and EPS are produced that is 1:1.2; and (4) methane 
yield from laboratory assays corresponds to complete decomposition of substrate. 
The empirical formula for algae biomass was CH1.73O0.67N0.1. The stoichiometry for 
methane formation is written as follows:

 CH1.73O0.67N0.1 + aNH3 → bCH1.8O0.5N0.2 + cCH4 + dCO2 + eH2O (3)

Methane yield from algae biomass was measured in the laboratory to be 300 ml 
at STP (g afdw)−1. This corresponds to 0.35 moles of methane (mole algae bio-
mass)−1, which is equal to value of ‘c’ in the above stoichiometry. The other stoi-
chiometric coefficients can now be solved from elemental balances for C, H, O and 
N. The stoichiometry is

 CH1.73O0.67N0.1+0.17H2O→0.31CH1.8O0.5N0.2 
+0.35CH4+0.34CO2+0.04NH3 (4)

In the anaerobic digester it was assumed that 98% of the algae biomass is 
converted. Different scenarios (three anaerobic digester types) were investigated 
to evaluate the economic and energetic performance. A schematic of biorefinery 
scenarios are shown in Figure 2.
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Case 1. Above ground mesophilic anaerobic digester. In Aspen, the influent to 
the reactor was 15 ktonne/h. The temperature was maintained at 37°C. It was oper-
ated at an HRT of 25 days.

Case 2. Above ground low-temperature anaerobic digester. Anaerobic digestion 
at low temperatures (LTAD) was applied to improve the energy balance. In this 
scenario the digester is operated in the psychrophilic range (12–20°C) [92–94]. 
However, with the same flow rate, the digester volume is larger to achieve a higher 
HRT for LTAD than mesophilic and thermophilic anaerobic digestion. Here, the 
temperature of LTAD is set to 20°C with an HRT of 50 days.

Case 3. Covered anaerobic lagoon. Covered anaerobic lagoon (CAL) does not 
require additional energy for the biogas production because no heating or mix-
ing processes are involved. Besides, it is economical to construct and operate. The 
CAL in this research was 6 meters deep and covers an area of 1.5 hectares based on 
literature data [95]. The HRT was set to 50 days. The cost includes anaerobic lagoon 
excavation, cut and fill, lagoon liner, inlet and out structures, lagoon cover, ancil-
laries, pipework & installation, contingencies, design, engineering, etc. Operating 
costs including utility usage are minimal.

In all three cases above, the capital cost of anaerobic digester was estimated 
using vendor quotation or literature values. The operating cost was estimated by 
Aspen Process Economic Analyzer.

5.3 Biogas purification

Several biogas upgrading or purification methods are available such as high-
pressure water scrubbing, membrane, pressure swing, gas permeation and chemical 
scrubbing. High pressure water scrubbing and chemical scrubbing (using amine 
solutions—MEA) are two of the most commonly used processes.

The MEA scrubbing method uses aqueous monoethanolamine (MEA) for acidic 
gas removal. The concentration of amine for acidic gas absorption is usually below 
30% (by weight). The amine process has two main steps, absorption and stripping 
[96]. The detailed MEA scrubbing process is shown in Figure 3. Raw biogas goes 

Figure 2. 
Schematic diagram showing biorefinery scenarios.
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through a scrubbing column in which MEA is flowing counter-current to biogas. 
The CO2-rich MEA is collected at the bottom of the scrubbing column and pumped 
into a stripping column to remove CO2 and regenerate MEA by heating. Similar 
to MEA scrubbing, high pressure water scrubbing was also employed for biogas 
upgrading: biogas is fed to the bottom of scrubber after compressing it to 10 bar. At 
the top of scrubber, pressurized water is fed. CO2-rich water is then transferred to 
a flash column with a lower pressure of 3 bar to release gases for feed recirculation 
and minimizing methane loss. Then the CO2-rich water goes through a CO2 desorp-
tion process from the water stream by air [97]. Both biogas purifying approaches 

Figure 3. 
MEA scrubbing for biogas upgrading.

Specification MEA High pressure water 
scrubbing

Thermodynamic method ELECNRTL PSRK

Scrubbing column RadFrac, 15 stages, pressure: 
1.2 bar

RadFrac, 10 stages, pressure: 
10 bar

Stripping column RadFrac, 15 stages, pressure: 
8 bar

RadFrac, 10 stages, pressure: 
1 bar

Make up chemicals Water: 150 kmol/h
MAE: 750 kmol/h

Water: 11500 kmol/h

Solvent recycle rate MEA: 0.99 Water: 0.95

Methane loss 1% 0.3%

Product methane purity 95 wt% 99.2 wt%

Capacity (raw biogas flow rate) 948.5 kmol/h 948.5 kmol/h

Capital cost (million $) 8.2 12

Operating cost (million $/year) 20 4.6

Utility cost (million $/year) 17 2

Purification cost ($/kg of 
methane)

0.3 0.09

Table 3. 
Technical and economic aspects of the biogas purifying systems in ASPEN V 8.8.
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Case 1. Above ground mesophilic anaerobic digester. In Aspen, the influent to 
the reactor was 15 ktonne/h. The temperature was maintained at 37°C. It was oper-
ated at an HRT of 25 days.

Case 2. Above ground low-temperature anaerobic digester. Anaerobic digestion 
at low temperatures (LTAD) was applied to improve the energy balance. In this 
scenario the digester is operated in the psychrophilic range (12–20°C) [92–94]. 
However, with the same flow rate, the digester volume is larger to achieve a higher 
HRT for LTAD than mesophilic and thermophilic anaerobic digestion. Here, the 
temperature of LTAD is set to 20°C with an HRT of 50 days.

Case 3. Covered anaerobic lagoon. Covered anaerobic lagoon (CAL) does not 
require additional energy for the biogas production because no heating or mix-
ing processes are involved. Besides, it is economical to construct and operate. The 
CAL in this research was 6 meters deep and covers an area of 1.5 hectares based on 
literature data [95]. The HRT was set to 50 days. The cost includes anaerobic lagoon 
excavation, cut and fill, lagoon liner, inlet and out structures, lagoon cover, ancil-
laries, pipework & installation, contingencies, design, engineering, etc. Operating 
costs including utility usage are minimal.

In all three cases above, the capital cost of anaerobic digester was estimated 
using vendor quotation or literature values. The operating cost was estimated by 
Aspen Process Economic Analyzer.

5.3 Biogas purification

Several biogas upgrading or purification methods are available such as high-
pressure water scrubbing, membrane, pressure swing, gas permeation and chemical 
scrubbing. High pressure water scrubbing and chemical scrubbing (using amine 
solutions—MEA) are two of the most commonly used processes.

The MEA scrubbing method uses aqueous monoethanolamine (MEA) for acidic 
gas removal. The concentration of amine for acidic gas absorption is usually below 
30% (by weight). The amine process has two main steps, absorption and stripping 
[96]. The detailed MEA scrubbing process is shown in Figure 3. Raw biogas goes 
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Schematic diagram showing biorefinery scenarios.
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through a scrubbing column in which MEA is flowing counter-current to biogas. 
The CO2-rich MEA is collected at the bottom of the scrubbing column and pumped 
into a stripping column to remove CO2 and regenerate MEA by heating. Similar 
to MEA scrubbing, high pressure water scrubbing was also employed for biogas 
upgrading: biogas is fed to the bottom of scrubber after compressing it to 10 bar. At 
the top of scrubber, pressurized water is fed. CO2-rich water is then transferred to 
a flash column with a lower pressure of 3 bar to release gases for feed recirculation 
and minimizing methane loss. Then the CO2-rich water goes through a CO2 desorp-
tion process from the water stream by air [97]. Both biogas purifying approaches 

Figure 3. 
MEA scrubbing for biogas upgrading.

Specification MEA High pressure water 
scrubbing

Thermodynamic method ELECNRTL PSRK

Scrubbing column RadFrac, 15 stages, pressure: 
1.2 bar

RadFrac, 10 stages, pressure: 
10 bar

Stripping column RadFrac, 15 stages, pressure: 
8 bar

RadFrac, 10 stages, pressure: 
1 bar

Make up chemicals Water: 150 kmol/h
MAE: 750 kmol/h

Water: 11500 kmol/h

Solvent recycle rate MEA: 0.99 Water: 0.95

Methane loss 1% 0.3%

Product methane purity 95 wt% 99.2 wt%

Capacity (raw biogas flow rate) 948.5 kmol/h 948.5 kmol/h

Capital cost (million $) 8.2 12

Operating cost (million $/year) 20 4.6

Utility cost (million $/year) 17 2

Purification cost ($/kg of 
methane)

0.3 0.09

Table 3. 
Technical and economic aspects of the biogas purifying systems in ASPEN V 8.8.
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were simulated in ASPEN Plus to determine the economics of each approach. The 
technical specification details are shown in Table 3. The table shows high pressure 
water scrubbing to be a more economical alternative and was chosen for the inte-
grated process.

5.4 Power generation from biogas

While the raw biogas can be purified to obtain biomethane, another option is to 
use the raw biogas to produce heat and power. Steam and electricity can be generated 
by burning the raw biogas through a combined heat and power (CHP) system. For 
reference, the CHP system uses General Electric Jenbacher JGS 420 system which is a 
1425 kw generator. The total capital cost is $ 1,150,000 (including installation, tax, etc. 
2007), which is 807 $/kw. The working capital is 10% of the total capital. The operating 
cost includes direct operating cost such as operating labor, supervised labor, mainte-
nance and repairs, as well as indirect operating cost such as overhead, taxed, insur-
ances. It is assumed that 40% biogas energy is for electricity, 50% for steam, 10% loss.

5.5 Techno-economic analysis of integrated system

5.5.1 Biomass cultivation economics

The BG0011 cultivation economics analysis details are shown in Table 4. In the lit-
erature algae production costs range from 150 to 6000 $/tonne [19, 22, 27, 72, 89, 142], 
however, the studies vary from assumptions (production scale, chemical prices, plant 
life, etc.) to differences in technical specification (photobioreactor design, algal spe-
cies, etc.). Some of the estimates also account costs for dewatering of algae [22, 27]. 
Thus, it is difficult to make a direct comparison between different studies. Besides, 
specific assumptions in each study could be based on different social-economic condi-
tions, which makes comparisons more complicated [98].

Parameters Values

Production scale

BG0011 cells production (ktonne/year) 165

BG0011 EPS production (ktonne/year) 128

Total algae biomass production (ktonne/year) 293

Capital cost (including fixed, installed and working capital)

Pond (million $) 308

Land (million $) 26.6

Pump (million $) 7.85

Total capital cost (million $) 342.45

Annual capital charges (million $/year) 40.22

Operating cost

Chemicals (P fertilizer: Ca (H2PO4)2 H2O) (million $/year) 1.3

Other operating cost (including utilities, maintenance and repairs, labor etc.) (million $/year) 3.26

Total operating cost (million $/year) 4.56

BG0011 algae biomass production cost ($/tonne) 153

Table 4. 
Algae cultivation economics.
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5.5.2 Economics of anaerobic digestion

Details of the production cost of renewable natural gas for the three anaerobic 
digestion scenarios are shown in Table 5. Case 2 contains two scenarios: The size 
of anaerobic digester in Case 2(a) is two times of that in Case 1. This is because 
the hydraulic retention time is longer under lower temperature, the volume of 
digester needs to be larger to keep the same production scale (the inflow rate). 
The size of anaerobic digester in Case 2(b) is the same as Case 1. Keeping the 
digester volume same as Case 1, because the temperature is lower, the productiv-
ity will be lower as well. Thus Case 2(b) has a lower production scale compared 
to other cases. The effect of temperature was incorporated by using the empiri-
cal relationship that for every 10°C rise in temperature the degradation rate is 
doubled. As the difference between the temperature for Case 1 and Case 2 is 17°C, 
it is expected that in Case 1, the digester has a processing capacity twice as much 
as that of the digester in Case 2b. The main contributor to the production cost of 
biogas is the biomass cost. Considering a carbon credit of 10 $/tonne of CO2, the 
production cost of biogas only drops 0.5 $/MMBtu. The results are comparable 
to Zamalloa et al.’s [8] research (the only paper focusing on the economics of 
renewable energy through AD, to our best knowledge): 32.2–61.5 $/MMBtu with 
the algae biomass cost of 115.4–166.4 $/tonne (0.087–0.17 euro/kwh with an algae 
biomass cost of 86–124 euro/tonne, 2011). The methane yield is 0.012 MMBtu/
kg of VS biomass, which is in close agreement to our experimental result 0.0124 
MMBtu/kg of VS biomass.

Item Case 1 
(mesophilic 

anaerobic 
digester)

Case 2(a) (low-
temperature 

anaerobic 
digester)

Case 2(b) (low-
temperature 

anaerobic 
digester

Case 3 
(covered 

anaerobic 
lagoon)

Biogas production scale 
(106 MMBtu/year)

3.7 3.7 1.85 3.7

Fixed capital cost of 
anaerobic digester 
(million $)

67.12 102 67.12 7.5

Capital cost except 
anaerobic digester 
(million $)

16.3 16.3 12.3 16.4 
(including 

land: $11400)

Annual capital charges 
(million $/year)

9.8 13.9 9.3 2.8

Total raw materials (algae 
biomass) cost (million 
$/year)

44.8 44.8 44.8 44.8

Other operating (labor, 
utility, indirect, etc.) cost 
(million $/year)

25.8 7.1 4.4 7.1

Utility cost (million $/
year)

21 2.3 1.4 2.3

Renewable natural gas 
production cost ($/
MMBtu)

21.7 17.8 31.6 14.8

Table 5. 
Process and economic assessment for purified biogas production through anaerobic digestion of Cyanothece 
BG0011 biomass.
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were simulated in ASPEN Plus to determine the economics of each approach. The 
technical specification details are shown in Table 3. The table shows high pressure 
water scrubbing to be a more economical alternative and was chosen for the inte-
grated process.

5.4 Power generation from biogas

While the raw biogas can be purified to obtain biomethane, another option is to 
use the raw biogas to produce heat and power. Steam and electricity can be generated 
by burning the raw biogas through a combined heat and power (CHP) system. For 
reference, the CHP system uses General Electric Jenbacher JGS 420 system which is a 
1425 kw generator. The total capital cost is $ 1,150,000 (including installation, tax, etc. 
2007), which is 807 $/kw. The working capital is 10% of the total capital. The operating 
cost includes direct operating cost such as operating labor, supervised labor, mainte-
nance and repairs, as well as indirect operating cost such as overhead, taxed, insur-
ances. It is assumed that 40% biogas energy is for electricity, 50% for steam, 10% loss.

5.5 Techno-economic analysis of integrated system

5.5.1 Biomass cultivation economics

The BG0011 cultivation economics analysis details are shown in Table 4. In the lit-
erature algae production costs range from 150 to 6000 $/tonne [19, 22, 27, 72, 89, 142], 
however, the studies vary from assumptions (production scale, chemical prices, plant 
life, etc.) to differences in technical specification (photobioreactor design, algal spe-
cies, etc.). Some of the estimates also account costs for dewatering of algae [22, 27]. 
Thus, it is difficult to make a direct comparison between different studies. Besides, 
specific assumptions in each study could be based on different social-economic condi-
tions, which makes comparisons more complicated [98].

Parameters Values

Production scale

BG0011 cells production (ktonne/year) 165

BG0011 EPS production (ktonne/year) 128

Total algae biomass production (ktonne/year) 293

Capital cost (including fixed, installed and working capital)

Pond (million $) 308

Land (million $) 26.6

Pump (million $) 7.85

Total capital cost (million $) 342.45

Annual capital charges (million $/year) 40.22

Operating cost

Chemicals (P fertilizer: Ca (H2PO4)2 H2O) (million $/year) 1.3

Other operating cost (including utilities, maintenance and repairs, labor etc.) (million $/year) 3.26

Total operating cost (million $/year) 4.56

BG0011 algae biomass production cost ($/tonne) 153
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5.5.2 Economics of anaerobic digestion

Details of the production cost of renewable natural gas for the three anaerobic 
digestion scenarios are shown in Table 5. Case 2 contains two scenarios: The size 
of anaerobic digester in Case 2(a) is two times of that in Case 1. This is because 
the hydraulic retention time is longer under lower temperature, the volume of 
digester needs to be larger to keep the same production scale (the inflow rate). 
The size of anaerobic digester in Case 2(b) is the same as Case 1. Keeping the 
digester volume same as Case 1, because the temperature is lower, the productiv-
ity will be lower as well. Thus Case 2(b) has a lower production scale compared 
to other cases. The effect of temperature was incorporated by using the empiri-
cal relationship that for every 10°C rise in temperature the degradation rate is 
doubled. As the difference between the temperature for Case 1 and Case 2 is 17°C, 
it is expected that in Case 1, the digester has a processing capacity twice as much 
as that of the digester in Case 2b. The main contributor to the production cost of 
biogas is the biomass cost. Considering a carbon credit of 10 $/tonne of CO2, the 
production cost of biogas only drops 0.5 $/MMBtu. The results are comparable 
to Zamalloa et al.’s [8] research (the only paper focusing on the economics of 
renewable energy through AD, to our best knowledge): 32.2–61.5 $/MMBtu with 
the algae biomass cost of 115.4–166.4 $/tonne (0.087–0.17 euro/kwh with an algae 
biomass cost of 86–124 euro/tonne, 2011). The methane yield is 0.012 MMBtu/
kg of VS biomass, which is in close agreement to our experimental result 0.0124 
MMBtu/kg of VS biomass.

Item Case 1 
(mesophilic 

anaerobic 
digester)

Case 2(a) (low-
temperature 

anaerobic 
digester)

Case 2(b) (low-
temperature 

anaerobic 
digester

Case 3 
(covered 

anaerobic 
lagoon)

Biogas production scale 
(106 MMBtu/year)

3.7 3.7 1.85 3.7

Fixed capital cost of 
anaerobic digester 
(million $)

67.12 102 67.12 7.5

Capital cost except 
anaerobic digester 
(million $)

16.3 16.3 12.3 16.4 
(including 

land: $11400)

Annual capital charges 
(million $/year)

9.8 13.9 9.3 2.8

Total raw materials (algae 
biomass) cost (million 
$/year)

44.8 44.8 44.8 44.8

Other operating (labor, 
utility, indirect, etc.) cost 
(million $/year)

25.8 7.1 4.4 7.1

Utility cost (million $/
year)

21 2.3 1.4 2.3

Renewable natural gas 
production cost ($/
MMBtu)

21.7 17.8 31.6 14.8

Table 5. 
Process and economic assessment for purified biogas production through anaerobic digestion of Cyanothece 
BG0011 biomass.
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5.5.3 Electricity production cost

On an energy potential basis, 40% of total methane produced per year could 
support a 50 MW power plant. Current residential electricity price is around 12 
cents/kwh, while industrial price is around 7 cents/kwh. As shown in Table 6, the 
electricity production cost from biogas is 13 cents/kwh. Renewable energy technol-
ogies are usually more expensive than fossil fuel technologies. The reasons could be 
environmental costs associated with fossil fuels that are not paid by the rate payers, 
mechanical difficulty in bioenergy production, start-up issues and so on. European 
countries such as Germany and UK governments subsidize the production of 
renewable energy by introducing feed-in tariffs. These tariffs may be important to 
make bioenergy industry profitable.

6. Cost minimization approaches

6.1 Nutrient recycling and biogas upgrading

Nutrient (mostly nitrogen and phosphorous) recycling such as utilizing the 
digestate or wastewater for microalgae cultivation was highlighted in various stud-
ies [59–63, 104–107, 126,  128,  138,  139]. Recycling the effluent from the anaerobic 
digester for algae cultivation could mitigate the costs associated with supplying 
nutrient for algal biomass growth and effluent treatment. Erkelens et al. [59] vali-
dated that microalgae Tetraselmis sp. could utilize its digested effluent as a growth 
medium and thus form a closed loop system. Also, Prajapati et al. [60] showed 
that algal liquid digestate have good potential to be utilized as nutrient supple-
ment (30% concentration) in rural sector wastewater for biomass cultivation. The 
biomass production level is closer to the case in which conventional medium is used. 
Although there are still technological obstacles when growing microalgae on diges-
tate such as low growth rate due to poor nutrient ratios, shading, ammonia inhibi-
tion and bacteria growth, the performance of the nutrient recycling process could 
be further developed by scale up/optimizing strategies such as controlling inoculum 
and substrate concentrations, bacteria growth as well as harvesting strategies [59, 
61, 64, 132].

One option to increase algae biomass productivity and its concentration in 
the culture is to enrich the air with CO2. It has been shown that enriching the air 
with 1% CO2 increases cell concentration to 3.46 g afdw/L and EPS concentration 
to 2.91 g afdw/L, giving an algae biomass concentration of at least 6.37 g afdw/L 

Item Value

Electricity capacity (million kwh/year) 435

Total capital cost of the CHP system (million $) (including fix capital cost and 10% working 
capital)

52.4

Capital charges (million $/year) 6.2

Steam credits (million $/year) 3.7

Raw biogas cost (million $/year) 47.7

Other operating cost (million $/year) 9.5

Electricity production cost ($/kwh) 0.13

Table 6. 
The economics of biogas—electricity and steam system.
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[149], which is 1.33 times more than that used in the case study above. The 
increased productivity of algae biomass will reduce further the cost for biomass 
production. The CO2 released from the biogas upgrading process or waste gases 
from biogas combustion containing CO2 could be recycled to the algae growth 
ponds for enriching the air. The economic analysis for this scenario was also 
performed assuming algae biomass concentration is 1.33 times the previous value 
of 293 ktonne/year. The estimated production cost for Cyanothece BG 0011 algae 
biomass is 121.6 $/tonne. This was calculated by accounting for the following 
additional costs: (1) capital cost associated with pipes and pumps to take CO2 
from biogas purification system or biogas combustion output to the pond and 
(2) operating costs resulting from more nutrient addition to maintain higher cell 
density and power consumption of compressing CO2 for sparging [152]. Only 
biogas production from covered anaerobic lagoon as in Case 3 was considered 
here. Algae production cost was lowered by 20%. The estimated cost of renew-
able natural gas is now reduced to 12.16 $/MMBtu and the electricity production 
cost from biogas is only 10.98 cents/kwh.

Upgrading biogas by fixation of the CO2 in biogas via photosynthesis by micro-
algae has been investigated with respect to CO2 removal capability, biomass pro-
ductivity and O2 desorption minimization [16, 63–67]. Toledo-Cervantes et al. [16] 
optimized the biogas upgrading process by studying the influence of the recycling 
liquid to biogas ratio. The biomethane produced met specification for injection 
into natural gas grids. However, this technique requires closed photobioreactors. 
Hydrogen sulfide (H2S) is another contaminant to be removed from the biogas. 
Hydrogen sulfide removal was realized by the oxidation of H2S to sulfate by sulfur 
oxidizing bacteria that used the oxygen produced photosynthetically in situ. In 
this case, the algae-bacteria symbiosis was employed in the photobioreactors [67]. 
Nutrient recycling and biogas upgrading provides not only the opportunity for 
AD of microalgal biomass to be cost-effective, but also the potential to reduce the 
environmental impacts.

To move industrial application of biogas production from microalgal biomass 
towards commercialization, additional assessment is required regarding large scale 
operations. These include (1) strain robustness, outdoor productivity, location and 
seasonal effects, yield from real production systems, and harvesting strategy for 
algae cultivation (2) for biomass to biogas conversion processes, the conceptual pro-
cess design needs to take the following factors into consideration: costs associated 
with digester heating, land, and infrastructure as well as operational parameters 
such as maintaining pH, temperature, mixing, power consumption, and production 
of coproducts like fertilizer.

6.2 Dynamic growth models

The uncertainty of large-scale algae cultivation is still a challenge which prevents 
commercialization; process modeling could provide useful information about the 
performance of microalgae cultivation systems by estimation and optimization of 
microalgae productivity under different conditions [103]. A growth kinetic model 
is critical in a process model simulating microalgae cultivation which has a direct 
impact on downstream conversion processing systems [135] Lee et al. [31] classified 
the existing kinetic models into three groups: a single limiting substrate (phosphorus, 
or dissolved CO2 concentration), a physical limiting factor (light intensity or tem-
perature), and multiple factors (e.g. both substrate and light). Based on their study, 
there was a tradeoff between the accuracy of the model representation and real-world 
usability. A future modeling framework should consider along with limiting nutri-
ents, integration of light and temperature, and incorporation of species diversity.
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5.5.3 Electricity production cost

On an energy potential basis, 40% of total methane produced per year could 
support a 50 MW power plant. Current residential electricity price is around 12 
cents/kwh, while industrial price is around 7 cents/kwh. As shown in Table 6, the 
electricity production cost from biogas is 13 cents/kwh. Renewable energy technol-
ogies are usually more expensive than fossil fuel technologies. The reasons could be 
environmental costs associated with fossil fuels that are not paid by the rate payers, 
mechanical difficulty in bioenergy production, start-up issues and so on. European 
countries such as Germany and UK governments subsidize the production of 
renewable energy by introducing feed-in tariffs. These tariffs may be important to 
make bioenergy industry profitable.

6. Cost minimization approaches

6.1 Nutrient recycling and biogas upgrading

Nutrient (mostly nitrogen and phosphorous) recycling such as utilizing the 
digestate or wastewater for microalgae cultivation was highlighted in various stud-
ies [59–63, 104–107, 126,  128,  138,  139]. Recycling the effluent from the anaerobic 
digester for algae cultivation could mitigate the costs associated with supplying 
nutrient for algal biomass growth and effluent treatment. Erkelens et al. [59] vali-
dated that microalgae Tetraselmis sp. could utilize its digested effluent as a growth 
medium and thus form a closed loop system. Also, Prajapati et al. [60] showed 
that algal liquid digestate have good potential to be utilized as nutrient supple-
ment (30% concentration) in rural sector wastewater for biomass cultivation. The 
biomass production level is closer to the case in which conventional medium is used. 
Although there are still technological obstacles when growing microalgae on diges-
tate such as low growth rate due to poor nutrient ratios, shading, ammonia inhibi-
tion and bacteria growth, the performance of the nutrient recycling process could 
be further developed by scale up/optimizing strategies such as controlling inoculum 
and substrate concentrations, bacteria growth as well as harvesting strategies [59, 
61, 64, 132].

One option to increase algae biomass productivity and its concentration in 
the culture is to enrich the air with CO2. It has been shown that enriching the air 
with 1% CO2 increases cell concentration to 3.46 g afdw/L and EPS concentration 
to 2.91 g afdw/L, giving an algae biomass concentration of at least 6.37 g afdw/L 

Item Value

Electricity capacity (million kwh/year) 435

Total capital cost of the CHP system (million $) (including fix capital cost and 10% working 
capital)

52.4

Capital charges (million $/year) 6.2

Steam credits (million $/year) 3.7

Raw biogas cost (million $/year) 47.7

Other operating cost (million $/year) 9.5

Electricity production cost ($/kwh) 0.13

Table 6. 
The economics of biogas—electricity and steam system.
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increased productivity of algae biomass will reduce further the cost for biomass 
production. The CO2 released from the biogas upgrading process or waste gases 
from biogas combustion containing CO2 could be recycled to the algae growth 
ponds for enriching the air. The economic analysis for this scenario was also 
performed assuming algae biomass concentration is 1.33 times the previous value 
of 293 ktonne/year. The estimated production cost for Cyanothece BG 0011 algae 
biomass is 121.6 $/tonne. This was calculated by accounting for the following 
additional costs: (1) capital cost associated with pipes and pumps to take CO2 
from biogas purification system or biogas combustion output to the pond and 
(2) operating costs resulting from more nutrient addition to maintain higher cell 
density and power consumption of compressing CO2 for sparging [152]. Only 
biogas production from covered anaerobic lagoon as in Case 3 was considered 
here. Algae production cost was lowered by 20%. The estimated cost of renew-
able natural gas is now reduced to 12.16 $/MMBtu and the electricity production 
cost from biogas is only 10.98 cents/kwh.

Upgrading biogas by fixation of the CO2 in biogas via photosynthesis by micro-
algae has been investigated with respect to CO2 removal capability, biomass pro-
ductivity and O2 desorption minimization [16, 63–67]. Toledo-Cervantes et al. [16] 
optimized the biogas upgrading process by studying the influence of the recycling 
liquid to biogas ratio. The biomethane produced met specification for injection 
into natural gas grids. However, this technique requires closed photobioreactors. 
Hydrogen sulfide (H2S) is another contaminant to be removed from the biogas. 
Hydrogen sulfide removal was realized by the oxidation of H2S to sulfate by sulfur 
oxidizing bacteria that used the oxygen produced photosynthetically in situ. In 
this case, the algae-bacteria symbiosis was employed in the photobioreactors [67]. 
Nutrient recycling and biogas upgrading provides not only the opportunity for 
AD of microalgal biomass to be cost-effective, but also the potential to reduce the 
environmental impacts.

To move industrial application of biogas production from microalgal biomass 
towards commercialization, additional assessment is required regarding large scale 
operations. These include (1) strain robustness, outdoor productivity, location and 
seasonal effects, yield from real production systems, and harvesting strategy for 
algae cultivation (2) for biomass to biogas conversion processes, the conceptual pro-
cess design needs to take the following factors into consideration: costs associated 
with digester heating, land, and infrastructure as well as operational parameters 
such as maintaining pH, temperature, mixing, power consumption, and production 
of coproducts like fertilizer.

6.2 Dynamic growth models

The uncertainty of large-scale algae cultivation is still a challenge which prevents 
commercialization; process modeling could provide useful information about the 
performance of microalgae cultivation systems by estimation and optimization of 
microalgae productivity under different conditions [103]. A growth kinetic model 
is critical in a process model simulating microalgae cultivation which has a direct 
impact on downstream conversion processing systems [135] Lee et al. [31] classified 
the existing kinetic models into three groups: a single limiting substrate (phosphorus, 
or dissolved CO2 concentration), a physical limiting factor (light intensity or tem-
perature), and multiple factors (e.g. both substrate and light). Based on their study, 
there was a tradeoff between the accuracy of the model representation and real-world 
usability. A future modeling framework should consider along with limiting nutri-
ents, integration of light and temperature, and incorporation of species diversity.
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6.3 Biorefinery concepts

AD can be integrated to biorefineries which produce high value products from 
algae such as chemicals for cosmetics, nutraceuticals and pharmaceuticals. This 
requires diversified business strategies which benchmark the market potential for 
the total raw materials and alternative products. In the economic perspective, three 
approaches could be possible for the development of microalgae AD: (1) imple-
menting AD for biogasification of cell debris or waste streams in microalgal based 
processes such as biodiesel/bioethanol/high-value bioproducts (e.g. PHA)/fuel cell/
hydrothermal liquefaction/hydrogen production [68, 120]; (2) investigation of 
high-value products from intermediate metabolites produced during AD such as 
carboxylic acids [37]; (3) electricity production from microalgae derived biogas. In 
previous sections, the cost of electricity from microalgae derived biogas is compa-
rable with market value while cost of the renewable natural gas from microalgae is 
much higher than the current market value of natural gas.

7. Conclusion and future work

This chapter reviewed the literature on TEA of biogas production from algae. 
The key drivers to the overall production cost were identified and possible process 
improvements to reduce cost were discussed. The need for harmonization of 
resource, life cycle and techno-economic assessments in the methodology of TEA 
was highlighted. Modeling efforts, based on well-informed, rigorous engineering-
based process models, should be integrated on a baseline framework such that dif-
ferent process technologies, subprocesses and alternative pathways can be directly 
compared at a system level. TEA model improvements include strategic planning 
and using reliable input data from simple mass balance calculations to geographi-
cally and seasonally specific assessments, as well as risk analysis for large-scale 
productivity. Nutrient recycling process has the potential to reduce both cost and 
environmental burdens.

The cultivation of microalgae BG0011 and its economic feasibility as an energy 
source through anaerobic digestion was evaluated through a techno-economic 
analysis. The main contribution to the biogas cost is the biomass production cost. 
The best-case estimate was a biomethane production cost of 14.8 $/MMBtu using 
covered anaerobic lagoon and high-pressure water scrubbing purification. The 
cost of electricity production from biogas was estimated to be 13 cents/kwh. Even 
though these costs are higher than commercial prices in the United States, these are 
much lower than those costs with production of liquid fuels like ethanol or biodiesel 
from algae.

Improved algal biomass productivities could be essential for lowering the cost 
of algae-derived biogas. This could be achieved by recycling the CO2 released dur-
ing biogas upgrading or combustion for algae cultivation. Algal biogas economics 
could be further improved by marketing the digester sludge as a soil-amendment 
product, considering that nitrogen in the sludge was fixed from atmospheric 
dinitrogen.
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6.3 Biorefinery concepts

AD can be integrated to biorefineries which produce high value products from 
algae such as chemicals for cosmetics, nutraceuticals and pharmaceuticals. This 
requires diversified business strategies which benchmark the market potential for 
the total raw materials and alternative products. In the economic perspective, three 
approaches could be possible for the development of microalgae AD: (1) imple-
menting AD for biogasification of cell debris or waste streams in microalgal based 
processes such as biodiesel/bioethanol/high-value bioproducts (e.g. PHA)/fuel cell/
hydrothermal liquefaction/hydrogen production [68, 120]; (2) investigation of 
high-value products from intermediate metabolites produced during AD such as 
carboxylic acids [37]; (3) electricity production from microalgae derived biogas. In 
previous sections, the cost of electricity from microalgae derived biogas is compa-
rable with market value while cost of the renewable natural gas from microalgae is 
much higher than the current market value of natural gas.

7. Conclusion and future work

This chapter reviewed the literature on TEA of biogas production from algae. 
The key drivers to the overall production cost were identified and possible process 
improvements to reduce cost were discussed. The need for harmonization of 
resource, life cycle and techno-economic assessments in the methodology of TEA 
was highlighted. Modeling efforts, based on well-informed, rigorous engineering-
based process models, should be integrated on a baseline framework such that dif-
ferent process technologies, subprocesses and alternative pathways can be directly 
compared at a system level. TEA model improvements include strategic planning 
and using reliable input data from simple mass balance calculations to geographi-
cally and seasonally specific assessments, as well as risk analysis for large-scale 
productivity. Nutrient recycling process has the potential to reduce both cost and 
environmental burdens.

The cultivation of microalgae BG0011 and its economic feasibility as an energy 
source through anaerobic digestion was evaluated through a techno-economic 
analysis. The main contribution to the biogas cost is the biomass production cost. 
The best-case estimate was a biomethane production cost of 14.8 $/MMBtu using 
covered anaerobic lagoon and high-pressure water scrubbing purification. The 
cost of electricity production from biogas was estimated to be 13 cents/kwh. Even 
though these costs are higher than commercial prices in the United States, these are 
much lower than those costs with production of liquid fuels like ethanol or biodiesel 
from algae.

Improved algal biomass productivities could be essential for lowering the cost 
of algae-derived biogas. This could be achieved by recycling the CO2 released dur-
ing biogas upgrading or combustion for algae cultivation. Algal biogas economics 
could be further improved by marketing the digester sludge as a soil-amendment 
product, considering that nitrogen in the sludge was fixed from atmospheric 
dinitrogen.
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Chapter 7

Biogas for Clean Energy
Demsew Mitiku Teferra and Wondwosen Wubu

Abstract

This chapter demonstrates a biogas renewable energy resource potential
study for electric power generation from easily available biogas feedstock
materials in four selected case study sites. Under this study, the site used in the
model is a rural Kebele in Jama Woreda at 10.548° N, 39.33° E. The common
biogas feedstocks considered under this study are animal slurry, human feces
and jatropha byproducts whereas the biodiesel is considered from jatropha seed.

Keywords: anaerobic digestion, bioenergy, biogas digester, feedstock, Jatropha

1. Introduction

Biogas is a byproduct of biomass which contains methane (CH4) and carbon
dioxide (CO2) as a main gas component in a 3:2 ratio and it is produced through
micro bacterial digestion processes under anaerobic conditions from a variety of
organic material from animal, agricultural, industrial and domestic wastes [1]. The
biogas production level is depending on the ingredient level in the feedstock. For
example; if the material consists of mainly carbohydrates, like glucose and other
simple sugars and high-molecular polymers such as cellulose and hemicelluloses,
the methane production is low. However, if the fat content is high, the methane
production is likewise high (Table 1) [2].

Methane and other additional hydrogen compounds make up the combustible
part of biogas. Methane is a colorless and odorless gas with a boiling point of�162°C
and it burns with a blue flame. At normal temperature and pressure, methane has
a density of approximately 0.75 kg/m3. Due to carbon dioxide being somewhat
heavier, biogas has a slightly higher density of 1.15–1.25 kg/m3. Pure methane has
an upper calorific value of 39.8 MJ/m3 (11.06 kWh/m3) (Table 2) [2].

Table 1.
Biogas composition.
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2. The biogas production process

Anaerobic digestion (AD) is a biochemical process during which complex
organic matter is decomposed in absence of oxygen, by various types of anaerobic
microorganisms. The result of the AD process is the biogas and the digestate.
Biogas is a combustible gas, consisting primarily of methane and carbon dioxide.
Digestate is the decomposed substrate, resulted from the production of biogas.
If the substrate for AD is a homogenous mixture of two or more feedstock types
(e.g., animal slurries and organic wastes from food industries), the process is
called “co-digestion” and is common to most biogas applications today.

The process of biogas formation is a result of linked process steps, in which the
initial material is continuously broken down into smaller units. Specific groups of
micro-organisms are involved in each individual step. The simplified diagram of the
AD process, shown in Figure 1, highlights the four main process steps: hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. The process steps quoted in
Figure 1 run parallel in time and space, in the digester tank. During hydrolysis,
relatively small amounts of biogas are produced. Biogas production reaches its
peak during methanogenesis [3].

Methanogenesis is a critical step in the entire anaerobic digestion process, as
it is the slowest biochemical reaction of the process. Methanogenesis is severely
influenced by operation conditions. Composition of feedstock, feeding rate,

Substrate HRT
(days)

Solid
concentration

(%)

Temperature (°C) Biogas yield
(m3/kg VS)

Methane (%)

Sewage sludge 25 6 35 0.52 68

Domestic
garbage

30 5 35 0.47 —

Piggery waste 20 6.5 35 0.43 69

Poultry waste 15 6 35 0.5 69

Cattle waste 30 10 35 0.3 58

Canteen waste 20 10 30 0.6 50

Food-market
waste

20 4 35 0.75 62

Mango
processing waste

20 10 35 0.45 52

Tomato-
processing waste

24 4.5 35 0.63 65

Lemon waste 30 4 37 0.72 53

Citrus waste 32 4 37 0.63 62

Banana peel 25 10 37 0.60 55

Pineapple waste 30 4 37 0.37 60

Mixed feed of
fruit waste

20 4 37 0.62 50

Table 2.
Potential biogas production from various biomass feedstocks on VS based.
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temperature, water content, NH3 concentration and pH are examples of factors
influencing the methanogenesis process.

Temperature for fermentation will greatly affect biogas production. The AD pro-
cess can take place at different temperatures, divided into three temperature ranges:
psychrophilic (below 20°C), mesophilic (30–42°C), and thermophilic (43–55°C).
There is a direct relation between the process temperature and the HRT. The biogas
production rate increases with increase the process temperature (Table 3).

Figure 1.
Biogas production process by anaerobic digestion.
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In practice most modern biogas plants operate at thermophilic process tempera-
tures because this process provides many advantages, compared to mesophilic and
psychrophilic processes:

• Effective destruction of pathogens

• Fast grow rate of methanogenic bacteria at higher temperature

• Minimization of biogas production period, making the process faster and more
efficient

• Improve digestibility and availability of substrates

• better decomposition and utilization of solid substrates

• Increase the chance to separate liquid and solid fractions

The metabolic processes in the production of biogas from different biomass
feedstocks are hydrolysis, acidogenesis, acetogenesis and methanogenesis and their
byproducts in the process is represented in the figure below.

In this study thermophilic biogas temperature process is chosen in order to get
higher biogas output and to achieve this target flat plate collector can be used to
maintain digester process temperature at 55oc.

3. Biogas plant

A biogas plant is a complex installation, consisting of a variety of elements. The
layout of such a plant depends to a large extent on the types and amounts of
feedstock supplied. Now there are several main types of biogas plants all over the
world. Each time it is necessary to find the most suitable type in different case.
Public acceptance, cost and energy efficiency are the main criteria to install biogas
plant and efficiently utilize the biogas production. In smaller areas with scarcity of
biogas feedstock or slurry to use low cost clay, concert or stone masonry made
biogas digester.

Installation and operation of a biogas plant is a combination of environmental,
safety, economic and technical considerations. Acquiring maximum methane out-
put, by complete digestion of feedstock substrate, would require a long fermenta-
tion or digestion time of the material inside the biogas digester and a
correspondingly large digester size. The ultimate goal of biogas production is get-
ting the highest possible methane output and having justifiable plant economy.
Biogas plants have the following main components and operate with four different
process stages [3].

Thermal stage Process Temperature Minimum HRT

Psychrophilic < 20° C 70–80 days

Mesophilic 30–42° C 30–40 days

Thermophilic 43–55° C 15–20 days

Table 3.
Biogas production thermal stage and their corresponding retention time [4].
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Process stages of biogas production:

• Transport, delivery, storage and pre-treatment of feedstocks

• Biogas production

• Storage of digestate, conditioning and utilization

• Storage of biogas, conditioning and utilization.

Main components of biogas plant:

• Feedstock pre-storage tank

• Substrate mixing Tank

• Biogas digester

• Post storage tank

• Gas holder tank and

• CHP system

The amount and type of available feedstock can determine the size, type and
design structure of the biogas plant. The amount of biogas feedstock could determine
the dimensioning of the digester size, storage capacities and CHP unit (Figure 2).

The CHP system utilizes the biogas either in heat or electrical energy. The
properties of the combustible methane gas (like as shown in Table 4) will affect the
operation of the CHP equipment. The combustion nature of the gas must be

Figure 2.
Main components and general process flow of biogas production.
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guaranteed, to prevent damage to the engines. Further treatment and enhancing
chemical and physical properties of biogas even possible to use it for other utiliza-
tions like as vehicle fuel or in fuel cells application.

4. Design of the biogas plant

The design of the biogas plant includes the design of:

• The digester

• The gas Holder

• Digester heat maintaining system

• Siting of biogas plant

To calculate the scale of a biogas plant, certain characteristic parameters are
used. These are:

• Daily fermentation slurry feeding (Sd), which is an equal mixture of biogas
feedstock (animal dung, human feces, poultry waste and jatropha byproduct)
with water feed in to the biogas digester.

• Retention time (RT), the time by which the fermentation slurry stays in the
digester. It is about 2–5 weeks.

• Digester loading (R). This parameter indicates the amount of biogas feedstock
material per day is fed to the digester or to be digested. It can be measured in
kg/m3/day.

No. Parameter Symbol Value

1. Lower heat value LHV ≥4 kWh/m3

2. Sulfur content S ≤2.2 g/m3 CH4

3. Hydrogen sulfide H2S ≤0.15 Vol. %

4. Chlorine content Cl ≤100 mg/m3 CH4

5. Fluoride content F ≤50 mg/m3 CH4

6. Dust (3–10 μm) — ≤10 mg/m3 CH4

7. Relative humidity ϕ <90%

8. Flow pressure Pgas 20–100 mbar

9. Gas pressure fluctuation — <�10% of set value

10. Gas temperature T 10–50oc

11. Hydro carbon HC <0.4 mg/m3 CH4

12. Silicon Si <10 mg/CH4

Table 4.
Biogas minimum requirement used in an electric engine [3].
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• Specific gas production per day (Gd), which depends on the retention time,
the digestion temperature and the feed material.

4.1 Sizing of biogas digester and gasholder

The size of the digester—the digester volume (VD)—is determined by the length
of the retention time (RT) and by the amount of fermentation slurry supplied daily
(SD). The amount of fermentation slurry consists of the feed material considered in
this study (e.g., cattle dung) and the mixing water.

4.1.1 Sizing of site-A biogas digester and gasholder

Daily average collectable biogas feedstock potential from cow dung, oxen dung,
donkey, mule, and horse waste, chicken waste, human feces and jatropha
byproduct in this study in tons/day is 10.867 = 10,867 kg/day = 15.53 m3/day. Since
the average density of animal slurry mix is 700 kg/m3.

Additional 15.53 m3/day water is required for proper digestion of biogas feed-
stock material to enhance biogas production.

HRT = 20 day, under thermophilic digestion temperature (55°C) the hydraulic
retention time of the digestion process becomes short.

The volume of digester should be, VD = HRT � SD.
= 20 day � (15.53 � 2 m3/day) = 621 m3.
Therefore the size of the digester for site A could be 621 m3.
Where, VD = the size of the digester, HRT = hydraulic retention time,

and SD is the amount of fermentation slurry (water + feedstock) feed in to the
digester per day. Biogas yield in m3/kg of fresh biogas feedstock mix is 1736.4
m3/31850 kg = 0.054 m3/kg; the biogas production rate is 10,867 kg/day � 0.054
m3/kg = 588 m3/day. Therefore the size of gasholder should account this daily biogas
production.

4.1.2 Sizing of site-B biogas digester and gasholder

Daily average collectable biogas feedstock potential from cow dung, oxen dung,
donkey, mule, and horse waste, chicken waste, human feces and jatropha
byproduct of Site-B in tons/day is 9.253 = 9253 kg/day = 13.22 m3/day. Since the
average density of animal slurry mix is 700 kg/m3.

Additional 13.22 m3/day water is required for proper digestion process of biogas
feedstock material to enhance biogas production.

HRT = 20 day, under thermophilic digestion temperature the hydraulic reten-
tion time of the digestion process becomes short.

The volume of digester should be, VD = HRT � SD.
= 20 day � (13.22 � 2 m3/day) = 529 m3. Therefore the size of the digester for

site-B is 529 m3. The biogas gas production rate is 9253 kg/day � 0.054
m3/kg = 501 m3/day. Therefore the size of gasholder should account this daily
biogas production.

4.1.3 Sizing of site-C biogas digester and gasholder

Daily average collectable biogas feedstock potential from cattle dung, donkey,
mule, and horse waste, chicken waste, human feces and jatropha byproduct of site-
C in tons/day is 8.82 = 8820 kg/day = 12.6 m3/day, Since the average density of
animal slurry mix is 700 kg/m3.
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guaranteed, to prevent damage to the engines. Further treatment and enhancing
chemical and physical properties of biogas even possible to use it for other utiliza-
tions like as vehicle fuel or in fuel cells application.

4. Design of the biogas plant

The design of the biogas plant includes the design of:

• The digester

• The gas Holder

• Digester heat maintaining system

• Siting of biogas plant

To calculate the scale of a biogas plant, certain characteristic parameters are
used. These are:

• Daily fermentation slurry feeding (Sd), which is an equal mixture of biogas
feedstock (animal dung, human feces, poultry waste and jatropha byproduct)
with water feed in to the biogas digester.

• Retention time (RT), the time by which the fermentation slurry stays in the
digester. It is about 2–5 weeks.

• Digester loading (R). This parameter indicates the amount of biogas feedstock
material per day is fed to the digester or to be digested. It can be measured in
kg/m3/day.

No. Parameter Symbol Value

1. Lower heat value LHV ≥4 kWh/m3

2. Sulfur content S ≤2.2 g/m3 CH4

3. Hydrogen sulfide H2S ≤0.15 Vol. %

4. Chlorine content Cl ≤100 mg/m3 CH4

5. Fluoride content F ≤50 mg/m3 CH4

6. Dust (3–10 μm) — ≤10 mg/m3 CH4

7. Relative humidity ϕ <90%

8. Flow pressure Pgas 20–100 mbar

9. Gas pressure fluctuation — <�10% of set value

10. Gas temperature T 10–50oc

11. Hydro carbon HC <0.4 mg/m3 CH4

12. Silicon Si <10 mg/CH4

Table 4.
Biogas minimum requirement used in an electric engine [3].
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• Specific gas production per day (Gd), which depends on the retention time,
the digestion temperature and the feed material.

4.1 Sizing of biogas digester and gasholder

The size of the digester—the digester volume (VD)—is determined by the length
of the retention time (RT) and by the amount of fermentation slurry supplied daily
(SD). The amount of fermentation slurry consists of the feed material considered in
this study (e.g., cattle dung) and the mixing water.
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Daily average collectable biogas feedstock potential from cow dung, oxen dung,
donkey, mule, and horse waste, chicken waste, human feces and jatropha
byproduct in this study in tons/day is 10.867 = 10,867 kg/day = 15.53 m3/day. Since
the average density of animal slurry mix is 700 kg/m3.

Additional 15.53 m3/day water is required for proper digestion of biogas feed-
stock material to enhance biogas production.

HRT = 20 day, under thermophilic digestion temperature (55°C) the hydraulic
retention time of the digestion process becomes short.

The volume of digester should be, VD = HRT � SD.
= 20 day � (15.53 � 2 m3/day) = 621 m3.
Therefore the size of the digester for site A could be 621 m3.
Where, VD = the size of the digester, HRT = hydraulic retention time,

and SD is the amount of fermentation slurry (water + feedstock) feed in to the
digester per day. Biogas yield in m3/kg of fresh biogas feedstock mix is 1736.4
m3/31850 kg = 0.054 m3/kg; the biogas production rate is 10,867 kg/day � 0.054
m3/kg = 588 m3/day. Therefore the size of gasholder should account this daily biogas
production.

4.1.2 Sizing of site-B biogas digester and gasholder

Daily average collectable biogas feedstock potential from cow dung, oxen dung,
donkey, mule, and horse waste, chicken waste, human feces and jatropha
byproduct of Site-B in tons/day is 9.253 = 9253 kg/day = 13.22 m3/day. Since the
average density of animal slurry mix is 700 kg/m3.

Additional 13.22 m3/day water is required for proper digestion process of biogas
feedstock material to enhance biogas production.

HRT = 20 day, under thermophilic digestion temperature the hydraulic reten-
tion time of the digestion process becomes short.

The volume of digester should be, VD = HRT � SD.
= 20 day � (13.22 � 2 m3/day) = 529 m3. Therefore the size of the digester for

site-B is 529 m3. The biogas gas production rate is 9253 kg/day � 0.054
m3/kg = 501 m3/day. Therefore the size of gasholder should account this daily
biogas production.

4.1.3 Sizing of site-C biogas digester and gasholder

Daily average collectable biogas feedstock potential from cattle dung, donkey,
mule, and horse waste, chicken waste, human feces and jatropha byproduct of site-
C in tons/day is 8.82 = 8820 kg/day = 12.6 m3/day, Since the average density of
animal slurry mix is 700 kg/m3.
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Additional 12.6 m3/day water is required for proper digestion of biogas feedstock
material to enhance biogas production.

The volume of digester should be, VD = HRT � SD, HRT = 20 day.
= 20 day � (12.6 � 2 m3/day) = 504 m3.
Therefore the size of the digester for site-C is 504 m3.
The gas production rate is 8820 kg/day � 0.054 m3/kg = 477 m3/day. Therefore

the size of gasholder should account this daily biogas production also.

4.1.4 Sizing of site-D biogas digester and gasholder

Daily average collectable biogas feedstock potential of Site-D in tons/day is
3.091 = 3091 kg/day = 4.42 m3/day, since the average density of animal slurry mix is
taken as 700 kg/m3. Additional 4.42 m3/day water is required.

The volume of digester should be, VD = HRT � SD, HRT = 20 day.
= 20 day � (4.42 � 2 m3/day) = 179 m3.
Therefore the size of the digester for site-D is 179 m3.
The gas production rate is 3091 kg/day � 0.054 m3/kg = 168 m3/day. Therefore

the size of gasholder should account this daily biogas production.

4.2 Location of biogas plant

The next planning step in a biogas plant project idea is to find a suitable site for
the establishment of the plant. The list below shows some important considerations
to be made, before choosing the location of the plant: [3].

• The site should be located at suitable distance from residential areas in order to
avoid inconveniences, nuisance and thereby conflicts related to odors and
increased traffic to and from the biogas plant.

• The direction of the dominating winds must be considered in order to avoid
wind born odors reaching residential areas.

• The site should have easy access to infrastructure such as to the electricity grid,
in order to facilitate the sale of electricity and to the transport roads in order to
facilitate transport of feedstock and digestate.

• The soil of the site should be investigated before starting the construction.

• The chosen site should not be located in a potential flood affected area.

• The size of the site must be suitable for the activities performed and for the
amount of biomass supplied.

• The site should be located relatively close (central) to the agricultural feedstock
production (manure, slurry, energy crops) aiming to minimize distances, time
and costs of feedstock transportation.

• For cost efficiency reasons, the biogas plant should be located as close as
possible to potential users of the produced heat and electricity.

The required site space for a biogas plant cannot be estimated in a simple way.
Experience shows that for example a biogas plant of 500 kWel needs an area of
approximate 8000 m2. This figure can be used as a guiding value only, as the actual
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area also depends on the chosen technology [3]. Based on the above criteria of site
selection of biogas plant, the location of the biogas plant for each site of the study
area is chosen and the detail of it is found in the economic analysis section of the
biogas plant in this paper.

5. Biogas potential

5.1 Biogas potential from jatropha

Various literatures show that methane yield of jatropha fruit hull is 0.438 m3/kg
VS, and the VS is 76% of the TS of the jatropha fruit hull. Methane is 50% of the
total biogas yield (1.153 m3/kg). The biogas yield of Jatropha seed presscake is
approximately 1 m3/kg of presscake. The biogas yield of jatropha fruit hull is better
than the seedcake [5]. Based on the jatropha fact sheet given in Table 5, the

Parameter Unit Minimum Average Maximum Source

Seed yield dry ton/
hectare/year

0.3 3.15 6 Position Paper on Jatropha
Large Scale Project
Development, FACT 2007

Fruit hull yield dry ton/
hectare/year

0.2 2.1 4

Rainfall
requirements for
seed production

mm/year 600 1000 1500 Position Paper on Jatropha
Large Scale Project
Development, FACT 2007

Oil content
of seeds

% of mass _ 34% 40% Jatropha bio-diesel production
and use, W. Achten et al., 2008

Oil yield after
pressing

% of mass
of seed input

20% 25% 30% Jatropha handbook, 2010

Presscake yield
after pressing

% of mass of
seed input

70 75 80

Energy content
of Seed

MJ/kg — 37 —

Table 5.
Jatropha fact sheet.

Biogas
feedstock

Jatropha
biomass,
tons/year

Average
jatropha
biomass,
tons/year

Biogas
yield,
m3/kg

Methane
yield,
m3/kg

Total
biogas
yield,
m3

Average
biogas
yield,

m3/year

Average
methane
yield,

m3/year

Presscake 4.2–96 50.1 1 0.5–0.6 4200–
96,000

50,100 25,050-30,060

Fruit hull 4–80 42 1.153 0.576–
0.69

4612–
92,240

48,426 27,894–33,414

Total 8.2–176 92.1 1.07 0.575–
0.689

8812–
188,240

98,526 52,944–63,474

Jatropha biomass (from presscake) = seed yield (ton/hectare) �% of presscake yield during oil production * total land
for Jatropha farming (hectare)
Jatropha biomass (from fruit hull) = hull yield (ton/hectare) � total land for Jatropha farming (hectare).

Table 6.
Jatropha byproduct biomass potential in the study area.
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Additional 12.6 m3/day water is required for proper digestion of biogas feedstock
material to enhance biogas production.

The volume of digester should be, VD = HRT � SD, HRT = 20 day.
= 20 day � (12.6 � 2 m3/day) = 504 m3.
Therefore the size of the digester for site-C is 504 m3.
The gas production rate is 8820 kg/day � 0.054 m3/kg = 477 m3/day. Therefore

the size of gasholder should account this daily biogas production also.

4.1.4 Sizing of site-D biogas digester and gasholder

Daily average collectable biogas feedstock potential of Site-D in tons/day is
3.091 = 3091 kg/day = 4.42 m3/day, since the average density of animal slurry mix is
taken as 700 kg/m3. Additional 4.42 m3/day water is required.

The volume of digester should be, VD = HRT � SD, HRT = 20 day.
= 20 day � (4.42 � 2 m3/day) = 179 m3.
Therefore the size of the digester for site-D is 179 m3.
The gas production rate is 3091 kg/day � 0.054 m3/kg = 168 m3/day. Therefore

the size of gasholder should account this daily biogas production.

4.2 Location of biogas plant

The next planning step in a biogas plant project idea is to find a suitable site for
the establishment of the plant. The list below shows some important considerations
to be made, before choosing the location of the plant: [3].

• The site should be located at suitable distance from residential areas in order to
avoid inconveniences, nuisance and thereby conflicts related to odors and
increased traffic to and from the biogas plant.

• The direction of the dominating winds must be considered in order to avoid
wind born odors reaching residential areas.

• The site should have easy access to infrastructure such as to the electricity grid,
in order to facilitate the sale of electricity and to the transport roads in order to
facilitate transport of feedstock and digestate.

• The soil of the site should be investigated before starting the construction.

• The chosen site should not be located in a potential flood affected area.

• The size of the site must be suitable for the activities performed and for the
amount of biomass supplied.

• The site should be located relatively close (central) to the agricultural feedstock
production (manure, slurry, energy crops) aiming to minimize distances, time
and costs of feedstock transportation.

• For cost efficiency reasons, the biogas plant should be located as close as
possible to potential users of the produced heat and electricity.

The required site space for a biogas plant cannot be estimated in a simple way.
Experience shows that for example a biogas plant of 500 kWel needs an area of
approximate 8000 m2. This figure can be used as a guiding value only, as the actual
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area also depends on the chosen technology [3]. Based on the above criteria of site
selection of biogas plant, the location of the biogas plant for each site of the study
area is chosen and the detail of it is found in the economic analysis section of the
biogas plant in this paper.

5. Biogas potential

5.1 Biogas potential from jatropha

Various literatures show that methane yield of jatropha fruit hull is 0.438 m3/kg
VS, and the VS is 76% of the TS of the jatropha fruit hull. Methane is 50% of the
total biogas yield (1.153 m3/kg). The biogas yield of Jatropha seed presscake is
approximately 1 m3/kg of presscake. The biogas yield of jatropha fruit hull is better
than the seedcake [5]. Based on the jatropha fact sheet given in Table 5, the

Parameter Unit Minimum Average Maximum Source

Seed yield dry ton/
hectare/year

0.3 3.15 6 Position Paper on Jatropha
Large Scale Project
Development, FACT 2007

Fruit hull yield dry ton/
hectare/year

0.2 2.1 4

Rainfall
requirements for
seed production

mm/year 600 1000 1500 Position Paper on Jatropha
Large Scale Project
Development, FACT 2007

Oil content
of seeds

% of mass _ 34% 40% Jatropha bio-diesel production
and use, W. Achten et al., 2008

Oil yield after
pressing

% of mass
of seed input

20% 25% 30% Jatropha handbook, 2010

Presscake yield
after pressing

% of mass of
seed input

70 75 80

Energy content
of Seed

MJ/kg — 37 —

Table 5.
Jatropha fact sheet.

Biogas
feedstock

Jatropha
biomass,
tons/year

Average
jatropha
biomass,
tons/year

Biogas
yield,
m3/kg

Methane
yield,
m3/kg

Total
biogas
yield,
m3

Average
biogas
yield,

m3/year

Average
methane
yield,

m3/year

Presscake 4.2–96 50.1 1 0.5–0.6 4200–
96,000

50,100 25,050-30,060

Fruit hull 4–80 42 1.153 0.576–
0.69

4612–
92,240

48,426 27,894–33,414

Total 8.2–176 92.1 1.07 0.575–
0.689

8812–
188,240

98,526 52,944–63,474

Jatropha biomass (from presscake) = seed yield (ton/hectare) �% of presscake yield during oil production * total land
for Jatropha farming (hectare)
Jatropha biomass (from fruit hull) = hull yield (ton/hectare) � total land for Jatropha farming (hectare).

Table 6.
Jatropha byproduct biomass potential in the study area.
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biomass, biogas and methane yield potential of the jatropha byproduct is estimated
in Tables 6, 7 and 8.

5.2 Biogas energy potential of the study area from animal dung

A wide range of biomass types can be used as substrates (feedstock) for the
production of biogas from AD. The most common biomass categories used in biogas
production are listed in Table 9 for this thesis work. To produce biogas from animal
manure first we have to check whether we have animal livestock potential sufficient
for biogas feedstock production or not. The following Table demonstrates the ani-
mal livestock potential for each sites of the study area.

The average fresh manure obtained from, cattle is 4.5 kg/day/head [1, 6, 7],
donkey, horse and mule is 10 kg/day/head [6, 7], sheep and goat 1 kg/day/head
[6, 7], and chicken is 0.08 kg/day/head [6, 7]. The average biogas yield of cattle,
horse, mule, and donkey manure is 0.24 m3/kg DM [2, 3, 8] and pigs, sheep and
goat is 0.37 m3/kg DM whereas chicken is 0.4 m3/kg of DM [2, 3, 8]. The dry matter

Profile Jatropha biomass,
tons

Biogas yield,
m3/kg

Biogas
yield, m3

Methane yield,
m3/kg

Methane
yield, m3

Yearly
average

92.1 1.07 98,526 0.575–0.689 52,944–63,474

Daily
average

0.253 1.07 270 0.575–0.689 145–174

Table 7.
Jatropha biogas potential of the study area.

Jatropha
product

Jatropha oil
(liter/year)

Jatropha biogas
(m3/year)

Jatropha fertilizer
(kg/year)

Jatropha biomass
(ton/year)

Product
yield

16,090–18,774 98,526 18,420 92.1

Table 8.
Summary of Jatropha potential of the study area.

Animal
livestock

Site-A Site-B Site-C Site-D Ave. no. of animal/
HH

Total livestock in the study
area

Cows 666 566 535 172 1.7 1935

Oxen 719 612 577 184 1.85 2092

Goats 163 139 131 43 0.42 476

Sheep 1841 1567 1477 472 4.72 5350

Mule 12 10 9 3 0.03 29

Chickens 2340 1992 1878 600 6 6810

Pigs 0 0 0 0 0 0

Horse 48 40 37 12 0.12 133

Donkey 345 295 278 89 0.89 1007

Source: Jama Woreda rural development and Kebele-8 administration office, Nov 2012.

Table 9.
Jama Woreda, Kebele-8 districts animal livestock potential.
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content from the total mass of fresh animal manure and the proportion of methane
from the total biogas production is summarized in Table 10 [2, 3, 9] (Table 11).

For a given size of plant (rated gas production capacity per day) the amount of
feedstock required can be estimated using the biogas yield data provided. The
specific biogas consumption in biogas engines is 0.6–0.8 m3/kWh [1]. This specific
fuel consumption value can be used to calculate the requirement for biogas for
power generation purposes. The expected biomass potential from animal manure of
the case study area is 36.2 tons/day and its biogas production capacity is 1850
m3/day. Various literatures show that the collection efficiency of animal manure
varies from country to country and region to region.

Most significantly the collection efficiency varies from 50 to 100% [10]. Let as
consider collection efficiency of 90% for cattle, donkey, mule, horse, pig and
chicken manure, 50% for goat and sheep manure and 100% for human feces based

Biomass
source

Average fresh manure,
kg/day/head

m3 biogas/kg
DM

DM % fresh
manure

Methane %
biogas

Cattle 4.5 0.24 16.7 65

Pigs 2 0.37 4.4 65

Sheep, goats 1 0.37 30.7 65

Chickens 0.08 0.40 30.7 65

Horse, mule 10 0.24 7 65

Donkey 10 0.24 15 65

Total fresh manure potential of the study area (tons/day) = Average fresh manure (kg/day/head) � Total no. of
livestock in study area.
Total dry mater (DM) from fresh manure = DM % of fresh manure � Total fresh manure potential of the study area
(tons/day).
Total biogas production, m3/day = Biogas m3/kg of DM � Total dry mater (DM) from fresh manure in kg/day.
Total electricity production in kWh/day = electricity production by biogas generator from 1 m3 biogas in kWh � total
biogas production in m3/day.
By using biogas generator it is possible to generate 1kWh electricity from 0.7 m3 biogas [42].

Table 10.
Summary of fresh manure, biogas and methane yield of animal livestock.

Animal
livestock

Ave. fresh
manure,

kg/day/head

Total no. of
livestock in
study area

Total fresh
manure
(ton/day)

Total
DM
(kg/
day)

Biogas,
m3/kg
of DM

Total
biogas,
m3/day

Electricity
production,
kWh/day

Cows 4.5 1935 8.708 1455 0.24 350 500

Oxen 4.5 2092 9.414 1573 0.24 378 540

Goats 1 476 0.476 147 0.37 55 79

Sheep 1 5350 5.350 1643 0.37 608 869

Mule 10 29 0.290 24 0.24 6 9

Chicken 0.08 6810 0.545 168 0.40 68 98

Pigs 2 0 0.000 0.00 0.37 0.0 0.0

Horse 10 133 1.330 92 0.24 22 32

Donkey 10 1007 10.070 1511 0.24 363 519

Total animal manure biomass 36.183 6613 0.28 1850 2646

Table 11.
Summary of expected animal manure potential of the study area.
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biomass, biogas and methane yield potential of the jatropha byproduct is estimated
in Tables 6, 7 and 8.

5.2 Biogas energy potential of the study area from animal dung

A wide range of biomass types can be used as substrates (feedstock) for the
production of biogas from AD. The most common biomass categories used in biogas
production are listed in Table 9 for this thesis work. To produce biogas from animal
manure first we have to check whether we have animal livestock potential sufficient
for biogas feedstock production or not. The following Table demonstrates the ani-
mal livestock potential for each sites of the study area.

The average fresh manure obtained from, cattle is 4.5 kg/day/head [1, 6, 7],
donkey, horse and mule is 10 kg/day/head [6, 7], sheep and goat 1 kg/day/head
[6, 7], and chicken is 0.08 kg/day/head [6, 7]. The average biogas yield of cattle,
horse, mule, and donkey manure is 0.24 m3/kg DM [2, 3, 8] and pigs, sheep and
goat is 0.37 m3/kg DM whereas chicken is 0.4 m3/kg of DM [2, 3, 8]. The dry matter

Profile Jatropha biomass,
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Biogas yield,
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Biogas
yield, m3
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Yearly
average

92.1 1.07 98,526 0.575–0.689 52,944–63,474

Daily
average
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Table 7.
Jatropha biogas potential of the study area.
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Jatropha oil
(liter/year)

Jatropha biogas
(m3/year)

Jatropha fertilizer
(kg/year)

Jatropha biomass
(ton/year)

Product
yield

16,090–18,774 98,526 18,420 92.1
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Summary of Jatropha potential of the study area.
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Site-A Site-B Site-C Site-D Ave. no. of animal/
HH

Total livestock in the study
area

Cows 666 566 535 172 1.7 1935

Oxen 719 612 577 184 1.85 2092

Goats 163 139 131 43 0.42 476

Sheep 1841 1567 1477 472 4.72 5350

Mule 12 10 9 3 0.03 29

Chickens 2340 1992 1878 600 6 6810

Pigs 0 0 0 0 0 0

Horse 48 40 37 12 0.12 133

Donkey 345 295 278 89 0.89 1007

Source: Jama Woreda rural development and Kebele-8 administration office, Nov 2012.

Table 9.
Jama Woreda, Kebele-8 districts animal livestock potential.
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content from the total mass of fresh animal manure and the proportion of methane
from the total biogas production is summarized in Table 10 [2, 3, 9] (Table 11).

For a given size of plant (rated gas production capacity per day) the amount of
feedstock required can be estimated using the biogas yield data provided. The
specific biogas consumption in biogas engines is 0.6–0.8 m3/kWh [1]. This specific
fuel consumption value can be used to calculate the requirement for biogas for
power generation purposes. The expected biomass potential from animal manure of
the case study area is 36.2 tons/day and its biogas production capacity is 1850
m3/day. Various literatures show that the collection efficiency of animal manure
varies from country to country and region to region.

Most significantly the collection efficiency varies from 50 to 100% [10]. Let as
consider collection efficiency of 90% for cattle, donkey, mule, horse, pig and
chicken manure, 50% for goat and sheep manure and 100% for human feces based

Biomass
source

Average fresh manure,
kg/day/head

m3 biogas/kg
DM

DM % fresh
manure

Methane %
biogas

Cattle 4.5 0.24 16.7 65

Pigs 2 0.37 4.4 65

Sheep, goats 1 0.37 30.7 65

Chickens 0.08 0.40 30.7 65

Horse, mule 10 0.24 7 65

Donkey 10 0.24 15 65

Total fresh manure potential of the study area (tons/day) = Average fresh manure (kg/day/head) � Total no. of
livestock in study area.
Total dry mater (DM) from fresh manure = DM % of fresh manure � Total fresh manure potential of the study area
(tons/day).
Total biogas production, m3/day = Biogas m3/kg of DM � Total dry mater (DM) from fresh manure in kg/day.
Total electricity production in kWh/day = electricity production by biogas generator from 1 m3 biogas in kWh � total
biogas production in m3/day.
By using biogas generator it is possible to generate 1kWh electricity from 0.7 m3 biogas [42].

Table 10.
Summary of fresh manure, biogas and methane yield of animal livestock.

Animal
livestock

Ave. fresh
manure,

kg/day/head

Total no. of
livestock in
study area

Total fresh
manure
(ton/day)

Total
DM
(kg/
day)

Biogas,
m3/kg
of DM

Total
biogas,
m3/day

Electricity
production,
kWh/day

Cows 4.5 1935 8.708 1455 0.24 350 500

Oxen 4.5 2092 9.414 1573 0.24 378 540

Goats 1 476 0.476 147 0.37 55 79

Sheep 1 5350 5.350 1643 0.37 608 869

Mule 10 29 0.290 24 0.24 6 9

Chicken 0.08 6810 0.545 168 0.40 68 98

Pigs 2 0 0.000 0.00 0.37 0.0 0.0

Horse 10 133 1.330 92 0.24 22 32

Donkey 10 1007 10.070 1511 0.24 363 519

Total animal manure biomass 36.183 6613 0.28 1850 2646

Table 11.
Summary of expected animal manure potential of the study area.
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on their difficulty of collecting it. Therefore the biomass potential available for
biogas generation is estimated as follows.

The total collectable fresh animal manure biomass potential of the study area is
estimated to be 30.235 tons/day and its biogas production capacity is 1398.3 m3/day
(Table 12).

5.3 Biogas potential of the study area from human feces

Human feces are another feedstock for biogas production in the study area and
the potential biogas production from human feces is discussed in this section. Feces
are mostly made of water (about 75%). The rest is made of dead bacteria that helped
us digest our food, living bacteria, protein, undigested food residue (known as
fiber), waste material from food, cellular linings, fats, salts, and substances released
from the intestines (such as mucus) and the liver (Table 13).

One person produces on average 100–140 g of feces per day, the dry matter
content of which is about 25% and its biogas yield of about 0.2 m3/kg DM [11]. The
total collectable fresh manure biomass potential of the case study area from humans
is estimated to be 0.681 tons/day and its biogas production capacity is 34.05 m3/day.
This figure accounts the collection efficiency of human excreta. Table 14 demon-
strates the biogas potential of the study area from human feces.

Animal
livestock

Ave. fresh
manure,
kg/day/
head

Total no. of
livestock in
study area

Total
collectable

fresh
manure,
tons/day

Total
collectable

DM,
kg/day

Biogas,
m3/kg
of DM

Total
biogas,
m3/day

Electricity
production,
kWh/day

Cows 4.5 1935 7.837 1309.5 0.24 315 450

Oxen 4.5 2092 8.473 1415.7 0.24 340 486

Goats 1 476 0.238 73.5 0.37 27.3 39

Sheep 1 5350 2.675 821.5 0.37 304 434.3

Mule 10 29 0.261 21.6 0.24 5.2 7.43

Chicken 0.08 6810 0.491 151.2 0.40 60.5 86.43

Pigs 2 0 0.000 0.00 0.37 0.0 0.0

Horse 10 133 1.197 82.8 0.24 19.9 28.43

Donkey 10 1007 9.063 1360 0.24 326.4 466.3

Total animal manure Biomass 30.235 5235.8 0.27 1398.3 1998

Table 12.
Summary of collectable animal manure potential of the study area.

Population Site-A Site-B Site-C Site-D Total

Number of household 390 332 313 100 1135

Average Family per household 4.39 (5) 4.39 (5) 4.39 (5) 4.39 (5) 4.39 (5)

Total population 1950 1660 1565 500 5675

Table 13.
Jama Woreda, Kebele-8 districts population data.
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5.4 Total biogas potential of the study area

The total biogas potential from Jatropha byproduct, Animal waste and human
feces discussed above can be summarized in this section.

Taking the density of biogas 1.15 kg/m3 and calculating the gasification ratio
(the mass of biogas produced per unit mass of feed stock consumed) of the
biogas system. From Table 15 the mass of biogas feedstock consumed is
31,850 kg/day and the gas produced is 1736.4 m3/day. Therefore the gasifica-
tion ratio of biogas feedstock mix is 1736.4 m3/31850 kg = 0.0545 m3/
kg = 0.0626 kg/kg.

As we have seen from Table 15, animal manure is the major biogas feedstock
constitutes which accounts 97% from the total biogas feedstock potential whereas
jatropha byproducts and human excreta constitute 1 and 2% of the total biogas
feedstock potential of the study area respectively. However, the share of biogas
production from, animal manure is 82%, and human excreta is 2% but biogas
production from jatropha byproduct is increase to 16% regardless of its low contri-
bution to the biomass potential since the biogas yield of jatropha byproduct is high
as compared to both animal and human manure and this can be summarized in
Figure 3 given below.

Live
stock

Ave. fresh
manure, kg/
day/head

Total no.
of

population

Total fresh
manure

potential (ton/
day)

Total
DM
(kg/
day)

Biogas,
m3/kg
DM

Total
biogas,
m3/day

Electricity
production,
kWh/day

Human 0.12 5675 0.681 170.25 0.2 34.05 48.7

Table 14.
Biogas potential of study area from human feces.

Animal
Livestock

Ave. fresh
manure,
kg/day/
head

Total
no. of
live
stock

Total
collectable

fresh manure
(ton/day)

Total
collectable

DM
(kg/day)

Biogas,
m3/kg
DM

Total biogas
production,

m3/day

Electricity
yield,

kWh/day

Cows 4.5 1935 7.837 1309.5 0.24 315 450

Oxen 4.5 2092 8.473 1415.7 0.24 340 486

Goats 1 476 0.238 73.5 0.37 27.3 39

Sheep 1 5350 2.675 821.5 0.37 304 434.3

Mule 10 29 0.261 21.6 0.24 5.2 7.43

Chicken 0.08 6810 0.491 151.2 0.40 60.5 86.43

Pigs 2 0 0.000 0.00 0.37 0.0 0.0

Horse 10 133 1.197 82.8 0.24 19.9 28.43

Donkey 10 1007 9.063 1360 0.24 326.4 466.3

Human 0.12 5675 0.681 170.25 0.2 34.05 48.7

Jatropha byproduct biomass 0.253 253 1.07 270 386

Total 31.85 5829.3 0.3 1736.4 2481.4

Table 15.
The total biogas and collectable feedstock potential of the study area.
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on their difficulty of collecting it. Therefore the biomass potential available for
biogas generation is estimated as follows.

The total collectable fresh animal manure biomass potential of the study area is
estimated to be 30.235 tons/day and its biogas production capacity is 1398.3 m3/day
(Table 12).

5.3 Biogas potential of the study area from human feces

Human feces are another feedstock for biogas production in the study area and
the potential biogas production from human feces is discussed in this section. Feces
are mostly made of water (about 75%). The rest is made of dead bacteria that helped
us digest our food, living bacteria, protein, undigested food residue (known as
fiber), waste material from food, cellular linings, fats, salts, and substances released
from the intestines (such as mucus) and the liver (Table 13).

One person produces on average 100–140 g of feces per day, the dry matter
content of which is about 25% and its biogas yield of about 0.2 m3/kg DM [11]. The
total collectable fresh manure biomass potential of the case study area from humans
is estimated to be 0.681 tons/day and its biogas production capacity is 34.05 m3/day.
This figure accounts the collection efficiency of human excreta. Table 14 demon-
strates the biogas potential of the study area from human feces.

Animal
livestock

Ave. fresh
manure,
kg/day/
head

Total no. of
livestock in
study area

Total
collectable

fresh
manure,
tons/day

Total
collectable

DM,
kg/day

Biogas,
m3/kg
of DM

Total
biogas,
m3/day

Electricity
production,
kWh/day

Cows 4.5 1935 7.837 1309.5 0.24 315 450

Oxen 4.5 2092 8.473 1415.7 0.24 340 486

Goats 1 476 0.238 73.5 0.37 27.3 39

Sheep 1 5350 2.675 821.5 0.37 304 434.3

Mule 10 29 0.261 21.6 0.24 5.2 7.43

Chicken 0.08 6810 0.491 151.2 0.40 60.5 86.43

Pigs 2 0 0.000 0.00 0.37 0.0 0.0

Horse 10 133 1.197 82.8 0.24 19.9 28.43

Donkey 10 1007 9.063 1360 0.24 326.4 466.3

Total animal manure Biomass 30.235 5235.8 0.27 1398.3 1998

Table 12.
Summary of collectable animal manure potential of the study area.

Population Site-A Site-B Site-C Site-D Total

Number of household 390 332 313 100 1135

Average Family per household 4.39 (5) 4.39 (5) 4.39 (5) 4.39 (5) 4.39 (5)

Total population 1950 1660 1565 500 5675

Table 13.
Jama Woreda, Kebele-8 districts population data.
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5.4 Total biogas potential of the study area

The total biogas potential from Jatropha byproduct, Animal waste and human
feces discussed above can be summarized in this section.

Taking the density of biogas 1.15 kg/m3 and calculating the gasification ratio
(the mass of biogas produced per unit mass of feed stock consumed) of the
biogas system. From Table 15 the mass of biogas feedstock consumed is
31,850 kg/day and the gas produced is 1736.4 m3/day. Therefore the gasifica-
tion ratio of biogas feedstock mix is 1736.4 m3/31850 kg = 0.0545 m3/
kg = 0.0626 kg/kg.

As we have seen from Table 15, animal manure is the major biogas feedstock
constitutes which accounts 97% from the total biogas feedstock potential whereas
jatropha byproducts and human excreta constitute 1 and 2% of the total biogas
feedstock potential of the study area respectively. However, the share of biogas
production from, animal manure is 82%, and human excreta is 2% but biogas
production from jatropha byproduct is increase to 16% regardless of its low contri-
bution to the biomass potential since the biogas yield of jatropha byproduct is high
as compared to both animal and human manure and this can be summarized in
Figure 3 given below.

Live
stock

Ave. fresh
manure, kg/
day/head

Total no.
of

population

Total fresh
manure

potential (ton/
day)

Total
DM
(kg/
day)

Biogas,
m3/kg
DM

Total
biogas,
m3/day

Electricity
production,
kWh/day

Human 0.12 5675 0.681 170.25 0.2 34.05 48.7

Table 14.
Biogas potential of study area from human feces.

Animal
Livestock

Ave. fresh
manure,
kg/day/
head

Total
no. of
live
stock

Total
collectable

fresh manure
(ton/day)

Total
collectable

DM
(kg/day)

Biogas,
m3/kg
DM

Total biogas
production,

m3/day

Electricity
yield,

kWh/day

Cows 4.5 1935 7.837 1309.5 0.24 315 450

Oxen 4.5 2092 8.473 1415.7 0.24 340 486

Goats 1 476 0.238 73.5 0.37 27.3 39

Sheep 1 5350 2.675 821.5 0.37 304 434.3

Mule 10 29 0.261 21.6 0.24 5.2 7.43

Chicken 0.08 6810 0.491 151.2 0.40 60.5 86.43

Pigs 2 0 0.000 0.00 0.37 0.0 0.0

Horse 10 133 1.197 82.8 0.24 19.9 28.43

Donkey 10 1007 9.063 1360 0.24 326.4 466.3

Human 0.12 5675 0.681 170.25 0.2 34.05 48.7

Jatropha byproduct biomass 0.253 253 1.07 270 386

Total 31.85 5829.3 0.3 1736.4 2481.4

Table 15.
The total biogas and collectable feedstock potential of the study area.

161

Biogas for Clean Energy
DOI: http://dx.doi.org/10.5772/intechopen.79534



5.5 Monthly variation of the biogas feed stock potential

The variation of jatropha byproduct feedstocks is assumed to be constant
throughout the year and the potential biomass obtained from it was divided to each
site regardless of the total house hold in each of the study area.

However, the biomass obtained from animal is highly depending on the avail-
ability and type of the animal feeding material. The animal feeding materials are
varying in type and amount from month to month in the study area. In June and
July there is enough root grass in addition to the usual animal food, let as consider
this value as the annual average in ton/day (the data obtained by multiplying the
biomass obtained per animal live stock in ton/day with the total number of animal
live stock for each animal group in the district), as a reference frame. In January,
February, and December there is excess dry agricultural farm grass for the animal
food in the study area and assuming a 5% biomass resource increment is expected
from the reference. March and April is a dry season and there is no enough food for
the animal so considering a 5% biomass resource decrement from the reference.
May, extremely drought month and August, animal grazing area are not permitted
for animal food assuming a 10% animal based biomass resource drop is expected.
From September to November there is excess animal food and a 10% biomass
growth is assumed. Also assuming chicken manure and human feces are constant
throughout the year. Taking in to account the assumption listed above the biogas
feedstock potential month to month variation is presented in Tables 16–19.

6. Conclusion

The renewable energy potential of the site is estimated based on the primary
data collected directly from the study area and secondary data obtained from
various sources. The biogas feedstock mix potential of the study area is found to be
10.9 tons/day, 9.25 tons/day, 8.81 tons/day and 3.09 tons/day for Site-A, Site-B,
Site-C and Site-D respectively with a gasification ratio of 0.0626 kg/kg. The study
result shows that there is a sufficient biogas feedstock potential for all districts of
the study area and the feasibility simulation result demonstrates there is an excess
biogas after running a biogas generator in a hybrid system. The excess biogas left
unused from a hybrid electric generating unit would go to biogas cooking applica-
tion for the community cooking loads. Also, the biodiesel potential of the study area
from Jatropha is estimated to be 18.5 m3/year.

Figure 3.
Biogas feedstock contributions for biogas production in the study area.
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5.5 Monthly variation of the biogas feed stock potential

The variation of jatropha byproduct feedstocks is assumed to be constant
throughout the year and the potential biomass obtained from it was divided to each
site regardless of the total house hold in each of the study area.

However, the biomass obtained from animal is highly depending on the avail-
ability and type of the animal feeding material. The animal feeding materials are
varying in type and amount from month to month in the study area. In June and
July there is enough root grass in addition to the usual animal food, let as consider
this value as the annual average in ton/day (the data obtained by multiplying the
biomass obtained per animal live stock in ton/day with the total number of animal
live stock for each animal group in the district), as a reference frame. In January,
February, and December there is excess dry agricultural farm grass for the animal
food in the study area and assuming a 5% biomass resource increment is expected
from the reference. March and April is a dry season and there is no enough food for
the animal so considering a 5% biomass resource decrement from the reference.
May, extremely drought month and August, animal grazing area are not permitted
for animal food assuming a 10% animal based biomass resource drop is expected.
From September to November there is excess animal food and a 10% biomass
growth is assumed. Also assuming chicken manure and human feces are constant
throughout the year. Taking in to account the assumption listed above the biogas
feedstock potential month to month variation is presented in Tables 16–19.

6. Conclusion

The renewable energy potential of the site is estimated based on the primary
data collected directly from the study area and secondary data obtained from
various sources. The biogas feedstock mix potential of the study area is found to be
10.9 tons/day, 9.25 tons/day, 8.81 tons/day and 3.09 tons/day for Site-A, Site-B,
Site-C and Site-D respectively with a gasification ratio of 0.0626 kg/kg. The study
result shows that there is a sufficient biogas feedstock potential for all districts of
the study area and the feasibility simulation result demonstrates there is an excess
biogas after running a biogas generator in a hybrid system. The excess biogas left
unused from a hybrid electric generating unit would go to biogas cooking applica-
tion for the community cooking loads. Also, the biodiesel potential of the study area
from Jatropha is estimated to be 18.5 m3/year.

Figure 3.
Biogas feedstock contributions for biogas production in the study area.
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Abstract

Rich combustion of biogas inside an inert porous media reactor was investigated
to evaluate hydrogen and syngas production. Temperature, velocities, and
product gas composition of the combustion waves were analysed, while varying its
filtration velocity, for a range of equivalence ratios (φ) from φ = 1.0 to φ = 3.5. A
numerical model based on comprehensive heat transfer and chemical mechanisms
was found to be in a good qualitative agreement with experimental data. Partial
oxidation products of biogas (H2 and CO) were dominant on rich combustion.
Different gas mixtures of methane and carbon dioxide, which simulated synthetic
biogas, and the addition of a varying fraction of water steam were experimentally
analysed. It was observed that an increasing steam to carbon ratio (S/C) improved
hydrogen and syngas production. The non-catalytic process investigated results in
an effective biogas upgrading, and to be essentially higher than under natural gas
filtration combustion.

Keywords: biogas reforming, porous media burner, hydrogen, syngas,
non-catalytic

1. Introduction

Large-scale production of hydrogen (H2) is mainly obtained through the ther-
mochemical conversion of methane (CH4) into H2 and carbon monoxide (CO), a
mixture also known as syngas. The main conversion processes are dry reforming,
partial oxidation, steam reforming, and autothermal reforming, all of which typi-
cally use fossil fuels as main carbonaceous feedstock, the natural gas being the most
widely used. However, current efforts have been focused on the development of
sustainable, carbon-neutral alternatives for H2 production. Hence, biogas upgrading
by partial oxidation of CH4 in the presence of oxygen (O2), steam (H2O), or carbon
dioxide (CO2) is considered an interesting alternative to produce syngas while
reducing GHG emissions to the atmosphere.

Accordingly, research has been focused on improving the syngas production
from biogas process efficiency, being the use of fluidized bed reactors a promising
real alternative to effectively increase efficiency. However, they have presented a
major drawback related to catalytic wearing mainly associated to the elevated
temperatures (over 1000 K and up to 1300 K) required for the efficient and
cost-effective conversion of biogas into syngas [1–4].
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Rich combustion of biogas inside an inert porous media reactor was investigated
to evaluate hydrogen and syngas production. Temperature, velocities, and
product gas composition of the combustion waves were analysed, while varying its
filtration velocity, for a range of equivalence ratios (φ) from φ = 1.0 to φ = 3.5. A
numerical model based on comprehensive heat transfer and chemical mechanisms
was found to be in a good qualitative agreement with experimental data. Partial
oxidation products of biogas (H2 and CO) were dominant on rich combustion.
Different gas mixtures of methane and carbon dioxide, which simulated synthetic
biogas, and the addition of a varying fraction of water steam were experimentally
analysed. It was observed that an increasing steam to carbon ratio (S/C) improved
hydrogen and syngas production. The non-catalytic process investigated results in
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1. Introduction

Large-scale production of hydrogen (H2) is mainly obtained through the ther-
mochemical conversion of methane (CH4) into H2 and carbon monoxide (CO), a
mixture also known as syngas. The main conversion processes are dry reforming,
partial oxidation, steam reforming, and autothermal reforming, all of which typi-
cally use fossil fuels as main carbonaceous feedstock, the natural gas being the most
widely used. However, current efforts have been focused on the development of
sustainable, carbon-neutral alternatives for H2 production. Hence, biogas upgrading
by partial oxidation of CH4 in the presence of oxygen (O2), steam (H2O), or carbon
dioxide (CO2) is considered an interesting alternative to produce syngas while
reducing GHG emissions to the atmosphere.

Accordingly, research has been focused on improving the syngas production
from biogas process efficiency, being the use of fluidized bed reactors a promising
real alternative to effectively increase efficiency. However, they have presented a
major drawback related to catalytic wearing mainly associated to the elevated
temperatures (over 1000 K and up to 1300 K) required for the efficient and
cost-effective conversion of biogas into syngas [1–4].
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Moreover, the widely reported effects of sintering and coking on the catalyst
both responsible for the generation of depositions that cause catalytic deactivation
[5–6], observed to occur on high-temperature regimes (over 1100 K), have
prevented the commercial development of the technology. Nevertheless, further
studies related to upgrading the thermal properties of catalysts used in biogas
reforming, and their resistance to the aforementioned phenomena, have been
performed, particularly as a countermeasure to the effects of GHG [7–9].

However, since the catalytic approach has proven to be thermally challenging,
an alternative non-catalytic method, such as partial oxidation (POX) in inert porous
media (IPM), has proven to be an interesting option for high-temperature biogas
conversion. The advantage of using a porous matrix to enhance several reaction
processes, such as combustion, partial oxidation, steam reforming, and dry
reforming, among others, has been extensively studied by numerous researchers,
where the use of a chemically inert porous media enables the propagation of an
autothermal reacting wave which benefits from the increased heat transfer on the
reaction zone due to the solid matrix. Specifically, this enhanced thermal mecha-
nism, mainly attributed to the heat conduction and radiation, and the highly devel-
oped inner surface of the porous media being heated by the reaction wave, acts as a
heat recirculation mechanism which distributes the thermal energy up- and down-
stream of the reacting zone, thus preheating the fresh mixture and homogenising
the reaction temperature across the reacting wave. Furthermore, the existence of
multiple flow paths for the filtered gas increases its diffusion and heat transfer with
the solid phase. Finally, filtration combustion has shown to increase the operational
ranges of free-flame combustion on a wide range of filtration velocities, equivalence
ratios, and power loads.

When combusting gaseous fuels in porous media, steady and transient systems
are the two approaches commonly employed [10–16]. The first approach is widely
used in radiant burners and surface combustor-heaters, where the combustion wave
maintains its position due to an equilibrium of the heat transfer mechanisms. While
the transient operation considers a reaction wave travelling on an upstream or
downstream fashion through the porous media, the direction of wave propagation
depends mostly on the physical properties of solid and gas, filtration velocity,
temperature, and air excess of the mixture. Combining these parameters, it can be
noted that the movement velocities of these waves are much lower than free-flame
combustion velocities [13].

A transient operation mode is characterised by concentrating or diluting the
heat released from the chemical reaction while travelling in a downstream or
upstream direction, respectively; thus the reaction front can reach a temperature
considerably different from the free-flame adiabatic flame temperature. This
phenomenon is mainly attributed to the reaction chemistry and the heat transfer
mechanisms. Under a counterflow configuration, the downstream propagation
results in superadiabatic reaction waves which effectively increase the
conventional free-flame flammability limits for both ultra-lean and ultrarich
operation modes.

Superadiabatic filtration combustion of rich and ultrarich mixtures allows the
stable operation of both partial oxidation and thermal cracking of hydrocarbons.
This technology for hydrogen or syngas production uses an IPM [17–20]. The fuels
used in porous combustion systems are basically of gaseous form due to fluidity,
volumetric capacity, and shorter mixing length scale [21–28]. Accordingly, this
chapter presents the numerical and experimental results obtained for different
biogas compositions (CH4 and CO2) on syngas production by filtration combustion
in an IPM reactor.
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2. Numerical model

Experimental temperature measurements showed a minimal radial gradient;
thus a one-dimensional numerical simulation was considered adequate for
representing the reaction wave inside the porous media. A volume-averaged model
[29] was used to solve the two-temperature mathematical model proposed to
describe the filtration combustion under isobaric, stationary, and one-dimensional
conditions. The combustion wave propagation rate was considered to be at least
three orders of magnitude smaller than the filtration velocity of the gaseous mix-
ture. The two-temperature approximation was formulated in order to describe a
fully developed stationary reaction wave in a coordinate system moving with the
reaction zone [19, 25, 30]. Therefore, this model describes both solid and gaseous
phases through their fluid dynamics and heat transfer interactions.

Continuity equation.

ð1Þ

Gas phase energy equation.

ð2Þ

Solid phase energy equation.

ð3Þ

Species conservation equation.

ð4Þ

Boundary conditions chosen for the inlet and outlet of the reactor consider
thermal equilibrium between gas and solid phases.

Inlet:

Outlet:

An analytical solution of Eqs. (1)–(4) was used to impose the boundary condi-
tions of the reaction wave temperature at the outlet. This is achieved by assuming
the aforementioned conditions for the outlet and adding that _ωk ¼ 0
hv ¼ 6ε=d2� �

Nukg and that radiation can be neglected at the outlet since it is far
from the reaction zone. Thus, calculation for temperature and species in the
reaction wave can be computed for a finite and a well-defined spatial domain. The
convective heat transfer coefficient (hv) was taken from [19] as
hv ¼ 6ε=d2� �

Nu kg, whereas the correlation for Nu was considered as
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Nu ¼ 2þ 1:1Re0:6Pr1=3g as presented by Wakao and Kaguei [31]. A radiant
conductivity model taken from [29] was used to include the effect of radiation,
where kR ¼ 4FσT3

s with F being the radiation exchange factor. This has to be
modelled for each material since it is dependent upon its thermal conductivity
and emissivity. For the solid phase, composed of 5.6 mm in diameter alumina
spheres, values from 0.3 to 0.6 are used. Effective thermal conductivity of the
packed bed and its porosity were estimated as ke ¼ 0:005 ks and ε ¼ 0:4. The
tortuosity of the porous media and its porosity contributes to flow irregularities
which affect the effective mass diffusion of species in the gas phase; this phe-
nomenon is described by an axial gas dispersion coefficient, Dax ¼ 0:5dv [31].
Dispersion coefficients for both thermal and mass diffusivities are considered to
be equal according to a heat/mass transfer analogy. As presented by Henneke
and Ellzey [30], a sum of molecular diffusion and dispersion is used to represent
the effective diffusion.

Finally, all thermophysical properties from the solid phases, such as thermal
conductivity, heat capacity, and radiative properties, were obtained from openly
available technical reports [32] and verified against the technical specifications
from the ceramic manufacturer (Coors, Inc.).

Chemical kinetics of the process was modelled through the implementation of
the GRI 3.0 [33] chemical kinetics mechanism, which includes NOX chemistry,
alongside the CHEMKIN [34] package. Even though this mechanism is not designed
specifically to simulate reactions of ultra-lean nor ultrarich mixtures, it is consid-
ered as an acceptable first approach to understand the possible reaction mechanisms
occurring under these conditions.

The calculations were performed for a given value of the filtration (interstitial)
velocity, and the implemented numerical algorithm in the modified PREMIX [35]
code was used to find the wave propagation velocity.

3. Syngas production by filtration combustion

In this section, numerical and experimental results are showed for wave veloci-
ties, combustion temperature, and H2 and CO concentrations for rich combustion of
biogas in porous media. Additionally, results on rich combustion of natural gas in
porous media are presented.

The combustion system is shown in Figure 1 and consists on a cylindrical quartz
tube. This tube is filled with a bed of alumina spheres (Al2O3) with an average
diameter of 5.6 mm, yielding a porosity of �40%. The inner and outer surfaces of
the tube were covered with a 2 and 25 mm thick Kaowool insulation material,
respectively. System diagnostics were required to assess the temperature profile in
the reactor along with emission concentrations in the product gases. The axial
temperature distribution of the reactor was acquired using S-type thermocouples.
These thermocouples were housed in a long multibore ceramic shell; therefore
measured temperatures were considered to be very close to the temperatures of the
solid phase. Temperature measurements were digitised using a data acquisition
module and transferred to a PC. The reaction wave propagation rates were obtained
from thermocouple measurements over time and the known distance of the ther-
mocouples. The concentrations of H2, CO, CH4, and CO2 in the product gases were
measured using a gas chromatograph fitted with a thermal conductivity detector
(TCD), while gas samples were acquired through an alumina tube immersed at the
end of the reactor. To avoid the effect of external air vortices on the composition,
the probe was inserted 20 mm into the packed bed.
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The methane, carbon dioxide, air and steam mixture flowed continuously
through the quartz tube, and the reactant concentrations were controlled using
Aalborg mass flow controllers. A temperature experimental measurement error was
estimated at 50 K, which is considered mainly as a radial error. The reaction wave
velocity measurement error was estimated at 10%, and the chemical sampling
accuracy was considered close to 10%. The experimental uncertainties were defined
based on the accuracy of the laboratory equipment and the repeatability of the
experimental data.

3.1 Combustion wave temperature and propagation rate

One objective of the numerical simulation was to clarify the effect of interfacial
heat transfer. Calculations performed with the same initial conditions in two-
temperature approximations are presented in Figure 2 for natural gas-air and
biogas-air mixtures. Thermal non-equilibrium between gas and solid phases needs
to be applied for consideration of propagation waves. Downstream, upstream, and
standing waves were observed for natural gas-air and biogas-air mixtures, mainly
depending on the equivalence ratio. Stable combustion of rich and ultrarich mix-
tures was observed experimentally for the region of equivalence ratios studied.

For natural air mixtures (Figure 2A), upstream wave propagation was observed
for the range of equivalence from stoichiometric to 1.7. The velocity of the wave
decreases with an increase of the natural gas concentration, approaching zero at 1.7.
A stationary combustion wave is formed under these conditions. With further
increase of the natural gas content, the regime of propagation changes towards a
downstream direction. This regime is observed for the range of equivalence ratios
from 1.7 to 3.5, where the speed increases with the natural gas content. It was found
experimentally that the maximum combustion temperature remains almost con-
stant (Ts = 1529 K) throughout the rich region and is practically independent of the
natural gas content. These combustion temperatures are attributed to the changes of

Figure 1.
Schematic of the experimental setup.
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Figure 2.
Combustion temperatures and wave velocities for natural gas-air mixtures (A) and biogas (60% CH4/40%
CO2)-air mixtures (B) varying the equivalence ratio from stoichiometry (φ = 1.0) to φ = 3.5.
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combustion chemistry, because all other governing parameters such as flow rates,
porous body properties, and heat content are similar.

For biogas-air mixtures, the combustion in porous media shows similar behav-
iour (Figure 2B). Upstream wave propagation is observed for the range of equiva-
lence from stoichiometric to 1.5. A standing combustion wave was formed at 1.5.
The regime of downstream propagation was observed for the range of equivalence
ratios from 1.5 to 3.5. It was found experimentally that the maximum combustion
temperature remains almost constant (Ts = 1491 K) throughout the rich region and
was practically independent of the biogas content.

3.2 Combustion products

Starting from equivalence ratios higher than 1.0, complete combustion of natural
gas and biogas will not be achieved because of the low oxygen content in the mixture.
Consequently, concentrations of CO2 and H2O decrease, while partial oxidation
products such as H2 and CO increase their presence in the product gases (Figure 3).

Hydrogen and carbon monoxide concentration on the reaction waves of natural
gas and biogas showed a direct relation to an increase of equivalence ratio.
Unburned methane was detected in the gaseous products starting from φ ≈ 1.3. Its
concentration grew with an increasing equivalence ratio. Natural gas and biogas
thermochemical processing could be characterised as fuel reformation or cracking
rather than combustion.

In comparison, product concentration had a similar behaviour for natural gas
and biogas. H2 and CH4 concentrations are highest for natural gas and CO2 and CO
for biogas, in the range of equivalence ratios studied, which is consistent with the
previous results, under similar conditions, as reported by [10, 16, 20].

3.3 Biogas composition

Biogas is obtained from the anaerobic digestion of wet biomass which is a
relevant component of most urban residual wastes, as well as industrial food and

Figure 3.
Composition of chemical products as a function of equivalence ratio for rich and ultrarich mixtures.
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agricultural waste. It is known as a gaseous admixture mainly composed of methane
(40–65% v/v) and carbon dioxide (35–55% v/v) with traces of hydrogen sulphide
(0.1–3.0% v/v), moisture, and other trace contaminants.

This section shows the experimental results of combustion temperatures and
syngas production from filtration combustion of synthetic biogas-air mixtures,
using different compositions of CH4 and CO2 for equivalence ratio of
φ = 1.5 and φ = 2.0. The experimental temperatures reached presented slight differ-
ences (<53 K) between φ = 1.5 and φ = 2.0, for the tested biogas-air mixtures
(Figure 4A). The maximum combustion temperatures experimentally found were
1564 and 1563 K for 55:45 using φ = 1.5 and φ = 2.0, respectively. A temperature
decrease of 31 K (φ = 1.5) and 8 K (φ = 2.0) was observed with an increment of the
CO2 content in the biogas mixtures from 100:0 to 40:60. These peaks in the tem-
perature profile could be associated with the partial oxidation of the CH4 compo-
nent of the biogas (exothermic reaction), while the decline in the temperature
profile corresponds to the dry reforming of biogas (endothermic reaction). Also, the
different behaviours of temperature profile are attributed to the changes of com-
bustion chemistry, CO2 presence, and filtration velocity, since all other parameters
such as heat content (CH4 flow rates), porosity of inert media, geometry, and
dimensions of the reactor were kept constant. The effect of decreasing the filtration
velocity while reducing the CO2 content in the synthetic biogas could be responsible
of the similarity between the peak temperatures recorded for all tested conditions,
since it is well known that an increasing filtration velocity is responsible of enhanc-
ing the diffusion inside the reactor due to larger turbulence inside the pores of the
solid matrix, whereas the peak temperature recorded while operating with a biogas
composition of 55:45 using φ = 1.5 and φ = 2.0 could be attributed to a more intense
role of the exothermic reactions in comparison to the decreasing filtration velocity.

Figure 4B illustrates the hydrogen and carbon monoxide yields for the biogas-
air mixtures in the inert bed. The maximum hydrogen yields recorded were 17.68
and 15.30% for φ = 1.5 and φ = 2.0, respectively, using 100:0 (natural gas-air
mixtures). On the other hand, the maximum peak of hydrogen yields using biogas-
air mixtures (at 55:45) were 23.34 and 20.40% to φ = 1.5 and φ = 2.0, respectively,
before gradually declining with the biogas mixture of 40:60.

Similar results have been previously reported by Zeng et al. [36] while operating
an inert porous media reactor in a stationary regime with a 50:50 CH4/CO2 ratio and
a filtration velocity of 25.6 cm/s.

3.4 Steam addition

Variations on the steam to carbon (S/C) ratio from 0.0 to 2.0 were performed
under constant values of filtration velocity (34.4 cm/s), an equivalence ratio of
φ = 2.0, and biogas composition (60:40 CH4/CO2).

Figure 5A depicts peak operational temperatures, reported as the mean value of
maximum temperatures recorded inside the reactor, for several S/C ratios. A
decreasing temperature in the reaction zone due to an increasing S/C fraction,
which went from 1543 K at baseline conditions to 1501 K at an S/C ratio of 2.0, could
be associated to an increased contribution of endothermic reactions in the thermo-
chemical conversion of the mixture. However, since biogas is mainly composed by
CH4 and CO2, the filtration combustion mode studied could be considered as a tri-
reforming process where thermal partial oxidation (TPOX), dry reforming (DRR),
and steam reforming (STR) simultaneously interact with CH4. Thus, this process
can be considered as a non-catalytic alternative for biogas valorisation. Regarding
the reaction wave propagation rates, Figure 5B shows the values computed for each
experimental run, which for all experiments propagated in a downstream direction
with no relevant variations.
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Figure 4.
Combustion temperatures (A) and hydrogen and carbon monoxide yield (B) for equivalence ratio of φ = 1.5
and φ = 2.0, varying biogas composition and filtration velocities.
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Figure 5C presents the computed values for thermal efficiencies and a simplified
energy return on investment (EROI) of the process as a function of the S/C ratio.
Overall, both values were positively affected by an increasing presence of steam in
the reactants, reaching their maximum values at an S/C fraction of 2.0. In particu-
lar, the peak thermal efficiency was accounted as 64.2% which represents an
upgrade of 69% when compared to baseline conditions, while the EROI, where both
the initial heating value of the biogas and the energy required to supply the steam
were considered, reached a maximum of 46.3%, which corresponded to an effective
increase of 22% relative to baseline conditions. Therefore, an increasing steam

Figure 5.
Combustion temperatures (A), wave propagation rate (B), thermal efficiency, and EROI (C) varying steam to
carbon (S/C) ratio. Energy evaluation parameters.
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presence in the mixture is considered to favour the effective thermochemical con-
version of biogas by means of a non-catalytic filtration combustion reactor.

4. Conclusion

In this chapter numerical and experimental results were presented for filtration
combustion of rich biogas-air mixtures, in comparison with methane-air mixtures.
Predictions of a numerical model, based on the two-temperature approximation
and multistep gas phase combustion mechanism (GRI 3.0), are in good qualitative
agreement with experimental data, including combustion temperatures and wave
velocities.

Applications for the reforming of biogas fuel with different compositions of
methane and carbon dioxide into hydrogen and syngas were presented. Also, some
improvement as steam addition to biogas-air mixtures allows higher efficiency for
hydrogen and syngas production.
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Chapter 9

Biofuel: An Environmental
Friendly Fuel
Adeola Suhud Shote

Abstract

Various types of biofuels and feedstocks are considered and discussed in terms
of their environmental and economic feasibilities. Biofuel is gaining the centre stage
as human activities keep rising and the consequent increase in the discharge of
lethal emissions is also a subject of concern. The need to cut down greenhouse gas
emissions (i.e. CO2, N2O, CO, NO, SO2) is imperative to preserve our natural
biodiversity. Biodiesel and bioethanol are the most common, viable alternatives and
infinite green fuels that can be used in internal combustion engine. Biodiesel
(commonly from waste cooking oil, nonedible vegetable oil, animal fat and tallow)
and bioethanol (usually from forestry waste, Lignocellulosic biomass, starchy and
sugary vegetable sources, and agricultural residues) are synthesized from straight
vegetable feedstocks to bring their characters close to that of the fossil diesel and
gasoline. The candidates as green fuels have the potential to significantly reduce the
greenhouse gas emissions by as much as 30% from their combustion in internal
combustion engine. The various possible methods used for their productions deter-
mine the fuel sensitivity to the environment and the energy balance. In general, the
energy balances are positive for both fuel substitutes.

Keywords: biofuel, biodiesel, bioethanol, emission, combustion

1. Introduction

The serious concerns of the global climate change, the rising trend of environ-
mental pollution among others have necessitated researchers and industries to
develop renewable alternative and cleaner energies across the world. The need for
alternative and sustainable energy sources also arises from the global rise in popu-
lation and the consequent increase in energy demand even as industrialization
keeps on expanding. Therefore, the need to drive the world with efficient and eco-
friendly energy carriers is paramount. Biofuels are one of the renewable, sustainable
sources of energy carriers that can drive the modern day world with the high
prospect and potential of reducing greenhouse gas emissions [1–5]. This reduction
in this greenhouse gas emission will certainly be in line with Kyoto Protocol. Yet, no
fuel system is completely free of environmental concerns [6]. The high dependency
and pressure on finite fossil fuels will be shifted due to the global call to look into
renewable eco-friendly fuel carriers.

The key sectors that need to be driven by efficient and cleaner fuel substitutes
are the aviation, transportation and the manufacturing industries. Over the last two
decades, a number of biofuels have been developed. These include bioethanol,
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biodiesel, biogas, synthetic fuel, hydrogen and so on. Most of these fuels can be
blended or used directly in internal combustion engine (ICE) [7, 8]. The cost of
production of some these fuels is still relatively on the high side even despite the
fact that they have lower environmental consequences when compared with fossil
fuel. The various production methodologies could be responsible for the high cost of
these biofuels [9]. Syntheses like fermentation, alcoholysis, Saccharification,
acidolysis, hydrolysis, esterification, gasification, liquefaction and extraction have
been used to produce biofuels.

The combustion of hydrocarbon fuel with O2 from the atmosphere gives equiv-
alent amount of CO2 and H2O. The other discharges are carbon monoxide (CO),
nitrogen oxides (NO, N2O) and nitrogen compounds (NH3 and HCN), sulfur gases
(SO2, CS2, OCS), compounds of halogens and carbons (CH3Br and CHCl). Com-
bustion of these finite fossil fuels and other biomass led to the global alteration in
the atmosphere with respect to huge emissions discharges from these two main
contributors [10]. Combustion from automobile, stationary sources are largely
responsible for most of the greenhouse gas emissions to date (through CO2, strato-
spheric O3, and soot) and also some opposing effects (through SO2). It has had
minimal effect on stratospheric O3 (through CH3Cl, CH3Br, CH4) but has likely
influenced the stratospheric oxidant levels (through CO, NOx, NMHC), specifically
the Northern Hemisphere [10]. Even though energy is key to drive the daily and
economic activities but it should not be to the detriment of humanity.

Bioethanol, biogas and biodiesel are the most widely used biofuels. Bioethanol
production is very high in Brazil and USA due to large volume of production of
sugar cane and corn respectively. Research is also directed to the use of cellulose to
produce ethanol [11]. Cellulose is converted to sugar and thereafter to ethanol.
However, biodiesel is common in the Scandinavian countries and Germany in
Europe. Biodiesel is usually blended using about 5–20% in these countries [12].
Germany is one of the top countries known for the production of biodiesel. Biogas
on the other hand is usually produced from animal waste. The leading countries in
the production of biogas in Europe are Germany and Great Britain. As the produc-
tion of biofuel is gaining interest, bio-refineries are being cited in advanced coun-
tries like the USA, Germany to produce biofuels and other associated products.

Gasification of biomass to produce methanol, ethanol, dimethylether, syn-diesel
could also result in the production of hydrogen and methane which may be used in
vehicles. Largely, all these conversion processes are still relatively high in cost.

1.1 Biofuel as an alternative fuel

Researches are going on in the use of sustainable alternative fuels for automobile
and stationery machines. The most prominent of those technologies being under
investigation are the use of electric and hybrid automobiles, compressed natural gas
(CNG), dimethylether, hydrogen, liquid biofuel, liquefied petroleum gas (LPG)
and liquefied natural gas (LNG) among others. The centre of discussion here will
focus on two prominent liquid fuels which are biodiesel and bioethanol. Their
environmental impact and their sensitivity analysis will be looked into in detail.

These fuels are sourced mainly from vegetable feedstock chain supplies. These
may include edible and nonedible vegetable sources that are sustainable [1].

2. Bioethanol

The feedstocks include sorghum, sugar beet, wheat, cassava and so on.
Bioethanol can be used in straight or even blended form with premium motor spirit
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(PMS) in spark ignition engine (SIE). Engine modification is not necessary for
blends between 5 and 20%. The blend is often represented as E(percentage)G, that
is E15G. The middle term ‘15’ represent the percentage of the blend. However,
higher blends may require engine modification. This adds to the final cost of the use
of bioethanol in SIE. Besides, many advantages are associated with the candidate’s
use in SIE. The blends help in engine lubrication, thereby reducing the wear rate
and reducing the engine temperature. It also has the advantage of cutting down the
greenhouse gas emissions [13].

2.1 Pre-treatment for bioethanol

The production and quality of bioethanol produced is significantly boosted by the
pretreatment procedures. Various pretreatment methods are presented in [14, 15] for
lignocellulosic substrates and the merits of employing a pretreatment procedure.
Pretreatment is necessary for the substrate feedstock because it gives direct yield of
fermentable sugar ready for hydrolysis and heating. It also inhibits degradation and
retards the activities of inhibitors for the final conversion to ethanol [15]. It gives a
positive energy balance at the long run as the pretreatment process reduces the
production cost, wastage of materials and time before the final fermentation process
[15, 16]. The pretreatment processes involve the reduction of the size of the feedstock
matrix-fraction (some time through the use of enzyme called amylase or through the
mechanical means like milling). Hydrolysis and heating can then follow so that the
enzyme can easily acts on the pretreated substrate [15].

Microorganisms like fungi can also be employed for the pretreatment of feed-
stocks particularly lignocellulosic materials. This involves breaking of the lignin
structure. This pretreatment method is usually used on a laboratory scale because
the process is slow and does not require much energy input as chemical processes
are not involved [17].

The chemical pretreatment (alkaline/acid) is desirable for large scale industrial
production due to the availability and affordability of chemical which are not
affected by ambient changes unlike biological pretreatment agents [14]. Diluted
acid pretreatment is usually preferred due to the draw backs of the use of concen-
trated acid pretreatment like corrosion of production line components. Within a
short period of time and at about 160°C, sugar monomers are formed. The common
agents used for acid pretreatment include nitric acid (HNO3), hydrochloric acid
(HCl), sulfuric acid (H2SO4), organic acid (lactic/acetic acids) and that of the
alkaline are sodium hydroxide (NaOH), calcium hydroxide (Ca(OH)2) ammonium
hydroxide (NH4OH) [14]. The various pretreatment methods and effects are sum-
marized in Table 1.

2.2 Synthesis of bioethanol

The traditional method involves liquefaction and saccharification of starch.
Saccharification involves the hydrolysis of cellulose or starch (polysaccharides) to
simple monosaccharides. Carbohydrates (such as sucrose, maltose) are broken
down to give simple sugar (like glucose, fructose, galactose).

The process is usually catalyzed using biological method (an enzyme) or chem-
ical method (acid/base) [15, 18]. The saccharification procedure is very important
because it determines the time, quality and quantity of the final product which is
the bioethanol. Crystalline nature of cellulose fiber, lignin and hemicellulose con-
tent, porosity of lignocellulosic substrate affect the hydrolysis process [19]. Some
drawbacks like increase in process cost from the chemical obtained, acid recovery,
corrosion of production line components are associated with the use of chemical
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Pretreatment
method

Effects Pros Cons

Diluted acid Hydrolyses hemicelluloses;
Alters the structure of lignin
Reduces cellulose more
amenable for additional
enzymatic treatment

Less corrosion effect than
the conc acid
Low formation of inhibitors

Generation of
degradation products
due to high temperature
Low sugar concentration
exit stream

Concentrated
acid

Hydrolyses both
hemicelluloses and cellulose

High glucose yield
Operational cost reduction
due to moderate operating
temperature
Low formation of
degradable products
No enzyme are required

Acid recovery is
mandatory
Equipment corrosion
Generation of inhibitory
compounds

Alkali Removes lignin and
hemicelluloses
Increases accessible surface
area

High lignin removal
High digestibility

Long residence time
Irrecoverable salt
formation

Biological Degrades lignin and
hemicelluloses

Low energy consumption Low hydrolysis rate

Mechanical Reduces cellulose
crystallinity

No formation of inhibitors High power and energy
consumption

Ammonia
fiber
explosion

Increases accessible surface
area
Slightly removes lignin and
hemicelluloses to an extent

Low formation of inhibitors Not efficient for biomass
with high lignin content
High cost due to large
amount of ammonia

Ammonia
recycled
percolation

Removes lignin Highly selective
delignification

High energy
consumption

Ionic liquids Reduces cellulose
crystallinity
Removes lignin

High digestibility
Green solvent

Large-scale application
still under investigation

Ozonolysis Reduces lignin
transformation

No formation of inhibitors
Mild operational conditions

High cost due large
amount of ozone
required

Steam
explosion

Causes lignin transformation
Causes hemicellulose
solubility

Cost effective
High yield of glucose and
hemicellulose

Generation of inhibitory
compounds
Partial hemicellulose
degradation
Incomplete disruption of
the lignin carbohydrate
matrix

Supercritical
fluid
technology

Increase accessible surface
area

Cost effective
No formation of inhibitor

Does not affect lignin
and hemicelluloses
Very high pressure
requirements

Wet oxidation Removes lignin Low formation of inhibitors High cost of oxygen and
alkaline catalyst

Organosolv Hydrolyses linin and
hemicelluloses

Pure lignin recovery
High digestibility

Solvents need to be
drained and recycled
High cost

Table 1.
Pretreatment methods for lignocellulosic feedstocks in bioethanol synthesis [14].
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catalysis [20]. However, the use of dilute acid is often preferred as it contributes to
less impact on the environment. The enzymatic approach is mostly carried out in an
orbital shaker (120–150 rpm) at about 40–50°C for 120 h [21]. β-Glucosidase,
Cellulase are commonly used for the hydrolysis of complex starch [22]. Thereafter,
the fermentation of sugar extracted from starch plant, followed by distillation.
Enzyme, bacteria or yeast are used during the fermentation process to accelerate the
formation of the product in an anaerobic environment. The simple sugar is
converted to ethanol and carbon dioxide. Some time, saccharification and fermen-
tation are considered simultaneously due to low cost, reduced process time, pre-
vention of cellulose inhibition, high yield of ethanol [22]. Most of the world’s
ethanol is produced in Brazil and USA. Corn is used to synthesize bioethanol in the
USA while sugar cane is used substantially in Brazil [13]. However, in Spain,
bioethanol is produced from barley and in France it is obtained from beet. Agricul-
tural biomass or residue from waste paper or corn stalks can also be used to obtain
bioethanol [13]. Other agricultural produce that can be used to generate ethanol are
wheat, potato, maize cassava etc.

Ethyl tertiary butyl ether (ETBE) is also worthy of mentioning here since it can
also be obtained from some of the agricultural produce like barley, wheat which can
be blended with PMS. They are usually produced in the refinery. Lignocellulose
residue is gaining more research interest due to the reduction in the cost of produc-
tion [14]. The lignocellulose contains cellulose, hemicelluloses and lignin. Hydroly-
sis are used to fractionalize some agricultural produce like maize so that complete
conversion to ethanol and carbon dioxide can be obtained easily and efficiently with
reduced wastage.

2.3 The ethanol conversion process

The schematic process of production chain of bioethanol is depicted in Figure 1.
The process starts with milling of the feedstock for easy extraction of the starch.
Yeast is added to make the extraction easy. The next stage is hydrolysis. Enzyme is
added to obtain single sugar (glucose) and starch before fermentation by bacteria or
microorganisms. Thereafter, distillation is followed to remove large volume of
water in the product and then dehydration to further remove the water content so
that the outcome concentration will increase. There are various pretreatment
methods that can be used to obtain high quality ethanol [14, 23]. Figure 2 presents
the summary of the pretreatment and conversion methods while Table 1 presents
the pretreatment methods and the various merits and drawbacks from the use of

Figure 1.
Bioethanol conversion scheme [29].
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Pretreatment methods for lignocellulosic feedstocks in bioethanol synthesis [14].
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catalysis [20]. However, the use of dilute acid is often preferred as it contributes to
less impact on the environment. The enzymatic approach is mostly carried out in an
orbital shaker (120–150 rpm) at about 40–50°C for 120 h [21]. β-Glucosidase,
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tation are considered simultaneously due to low cost, reduced process time, pre-
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tion [14]. The lignocellulose contains cellulose, hemicelluloses and lignin. Hydroly-
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reduced wastage.
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The process starts with milling of the feedstock for easy extraction of the starch.
Yeast is added to make the extraction easy. The next stage is hydrolysis. Enzyme is
added to obtain single sugar (glucose) and starch before fermentation by bacteria or
microorganisms. Thereafter, distillation is followed to remove large volume of
water in the product and then dehydration to further remove the water content so
that the outcome concentration will increase. There are various pretreatment
methods that can be used to obtain high quality ethanol [14, 23]. Figure 2 presents
the summary of the pretreatment and conversion methods while Table 1 presents
the pretreatment methods and the various merits and drawbacks from the use of

Figure 1.
Bioethanol conversion scheme [29].
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respective pretreatment method. In more recent time, response surface methodol-
ogy (RSM) and artificial neural network (ANN) have been used to optimize the
production of bioethanol [24]. ANN is used to perform complex cognitive
procedurals which mimic the biological function of human brain. ANN genetic
algorithm is used to simulate the biological processes in the ethanol production so
that the major parameters can be varied to obtain a much desired output.

2.4 Impact of bioethanol and its sensitivity on the environment

This is related to the emission pattern compared with the fossil premium motor
spirit (FPMS) and the energy balance for the synthesis of the ethanol. The energy
balance involves the input feedstock and the by-product. Bioethanol has a huge
potential to reduce the hazardous gas emissions due to its vegetable source. It helps
in the complete combustion process because it is oxygenated thereby reducing the
emissions by as much as 30%. Bioethanol from lignocellulosic biomass resource has
huge strategic potential in cutting down of greenhouse gas emissions into the
environment and reducing the consumption of crude fuel [21]. It can be blended
with PMS due to its characteristics such as low cetane number, high octane number,
high heat of vaporization that are close to that of the fossil gasoline [25]. The use of
this large lignocellulosic biomass has the potential to reduce transportation cost
which will contribute tremendously to positive energy balance [26]. Ethanol pro-
duction from lignocellulose also has advantages over first generation biofuel in that
it makes use of low cost biomass and employs a production process that is environ-
mentally friendly [27].

Various methods of biofuel feedstocks, production loading methodologies and the
environmental and economic viability of biofuel production are issues that are
attracting and promoting the use of biofuels. However, biofuels combustion in ICE
were found to have the prospect of reducing the greenhouse gas emissions [28]
thereby lowering the average mean temperature of the atmosphere in the long run.
This is in line with Kyoto protocol. The global pressure on the finite premium motor
spirit (PMS) and automotive gas oil (AGO) will reduce significantly by using biofuel
in straight or blended forms. Biofuels also have the merits of renewability and sus-
tainability. The energy balance of most biofuels is positive as production is maximized.

Figure 2.
Pretreatment and bioethanol conversion processes [27].
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3. Biodiesel

Biodiesel is currently gaining more and more interest as the desire to use eco-
friendly fuel substitute keeps increasing because of the increase in the fluctuations
in the crude-fuel prices internationally and the environmental consequences of
fossil fuel. There are numerous ways of producing biodiesel from different feed-
stocks and different catalysts. Some of the feedstock include but not limited to
grapeseed, camelina, lupin, linseed, rapeseed, sunflower, peanut, palm oil, palm
kernel oil, poppyseed, olive, chestnut, karanja, pongamia, soybeans, canola, corn,
crambe, jatropha, cottonseed and so on. Animal fat can also be used to synthesize
biodiesel. The common methods of production are transesterification (alkaline cat-
alyzed), the use of enzyme (e.g. lipase) catalyst, supercritical method of production
(under high temperature and relatively high pressure) and the use of acid catalyst
[30]. However, the commonly used method for the production of biodiesel is the
transesterification method because of its simplicity and ease of handling.

Vegetable oils normally contain fatty acids which makes the properties (like
viscosity, density, flash point, pour point cloud point, cetane number) to be high in
value and mostly unsuitable to be used in internal combustion engine (ICE) without
engine modification. So, the essence of the conversion to biodiesel is to remove or
lower the effect of the fatty acid composition in Table 2 [30]. The chemical struc-
tures of common fatty acids are also presented in Table 3. Some oils that are having
lower fatty acid content can be used directly or in blended form as biodiesel fuel in
compression ignition engine (CIE) which may require modification. This makes the
whole chain of production more costly.

‘xx’ indicates number of carbons, and ‘y’ number of double bonds in the fatty
acid chain.

The production of biodiesel starts with oil extraction (usually with hexane).
The high fatty acid oil containing triglycerides reacts with alcohol (usually methanol
or ethanol) to produce esters and glycerol in the presence of a catalyst (KOH or
NaOH). The whole processes are reversible processes and are in three steps
as shown in Eqs. (1)–(3) [16]. Excess alcohol is desirable to accelerate the
reaction towards the products side. The kinetics parameter kx are in Noureddini
and Zhu [32].

Transesterification of rapeseed oil in the supercritical methanol method shows
that at temperature of 239°C and a pressure of 8.09 MPa, glycerin and methyl esters
are produced as the principal products [31].

The main product is biodiesel and the by product is glycerol which are mainly
used in the cosmetics and pharmaceutical industries. The basic conversion scheme
of the vegetable oil is shown in Figure 3.

Fatty acid Lauric Myristic Palmitic Stearic Oleic Linoleic Linolenic

Soybean 0.1 0.1 10.2 3.7 22.8 53.7 8.6

Palm 0.1 1.0 42.8 4.5 40.5 10.1 0.2

Cotton seed 0.1 0.7 20.1 2.6 19.2 55.2 0.6

Tallow 0.1 2.8 23.3 19.4 42.4 2.9 0.9

Coconut 46.5 19.2 9.8 3.0 6.9 2.2 0.0

Lard 0.1 1.4 23.6 14.2 44.2 10.7 0.4

Table 2.
Fatty acid in vegetable oil [30].
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that at temperature of 239°C and a pressure of 8.09 MPa, glycerin and methyl esters
are produced as the principal products [31].

The main product is biodiesel and the by product is glycerol which are mainly
used in the cosmetics and pharmaceutical industries. The basic conversion scheme
of the vegetable oil is shown in Figure 3.

Fatty acid Lauric Myristic Palmitic Stearic Oleic Linoleic Linolenic

Soybean 0.1 0.1 10.2 3.7 22.8 53.7 8.6

Palm 0.1 1.0 42.8 4.5 40.5 10.1 0.2

Cotton seed 0.1 0.7 20.1 2.6 19.2 55.2 0.6

Tallow 0.1 2.8 23.3 19.4 42.4 2.9 0.9

Coconut 46.5 19.2 9.8 3.0 6.9 2.2 0.0

Lard 0.1 1.4 23.6 14.2 44.2 10.7 0.4

Table 2.
Fatty acid in vegetable oil [30].

191

Biofuel: An Environmental Friendly Fuel
DOI: http://dx.doi.org/10.5772/intechopen.82856



Triglyceride TGð Þ þ R0OH $k1
k4

Diglyceride DGð Þ þ R’COOR1 (1)

Diglyceride DGð Þ þ R0OH $k2
k5

Monoglyceride MGð Þ þ R’COOR2 (2)

Monoglyceride MGð Þ þ R0OH $k3
k6

Glycerol GLð Þ þ R’COOR3 (3)

3.1 Impact of biodiesel and its sensitivity on the environment

This centers on the emissions comparison of the finite fossil diesel with
biodiesel. Shote et al. [5] conducted a research on the emission patterns of the
biodiesel blends compared with petroleum diesel. One hundred percent biodiesel
was found to have lowest impact on the environment in terms of the hazardous
emissions (CO, NO, NO2, NOx). Besides, the result also shows gradual reduction
of the emissions pattern as the concentration of PKO-based biodiesel increases in
the blend.

Fatty acid Chemical name of fatty acids Structure (xx:y) Formula

Lauric Dodecanoic 12:1 C12H24O2

Myristic Tetradecanoic 14:1 C14H28O2

Palmitic Hexadecanoic 16:0 C16H32O2

Stearic Octadecanoic 18:0 C18H36O2

Arachidic Eicosanoic 20:0 C20H40O2

Behenic Docosanoic 22:0 C22H44O2

Lignoceric Tetracosanoic 24:0 C24H48O2

Oleic cis-9-Octadecenoic 18:1 C18H34O2

Linoleic cis-9,cis-12-Octadecadienoic 18:2 C18H32O2

Linolenic cis-9,cis-l2,cis-15-Octadecatrienoic 18:3 C18H30O2

Erucle cis-13-Docosenoic 22:1 C32H42O2

Table 3.
Chemical structure of common fatty acids [31].

Figure 3.
Biodiesel conversion scheme [16].
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In general, the energy balance of most biodiesels is positive depending on the
source of the vegetable oil, production, extraction and esterification. Zhang et al.
[9] found out that the plant capacity, feedstock of oil and the method used to
synthesize biodiesel are the most significant factors determining the final cost of
biodiesel. The use of glycerol in the cosmetics and pharmaceutical industries will
boost the energy balance of the biodiesel significantly. Since biodiesel is gaining
more ground in terms of the usage, then the energy balance tends to be more
positive. Biodiesel are found to reduce greenhouse gas emissions [5, 7]. Biodiesels
also have the advantage of lubricating and bringing down the temperature of ICE.
The generic NOx emissions are not significantly affected as the concentration of the
blends increase in the fuel mixture [5]. NOx formation is governed by Zeldovich
mechanism.

Acid catalyst (tetraoxosulphate VI acid) is also used instead of alkali catalyst
(NaOH or KOH) to lower the activation energy for quick formation of esters and
glycerin. However, the reaction takes longer time (about 2 days) to complete. The
molar ratio is kept at 30:1 and the temperature range is between 60 and 80°C. The
triglyceride is usually used with one mole of sulfuric acid to give 90% conversion to
ester and glycerin in about 2 days [16].

Other methods involve the use of enzyme to fast track the rate of chemical
reaction and the formation of esters. This method is very expensive because of the
cost of enzyme which invariably affects the energy balance of the entire chain of
production processes.

The summary of the common methods used for the production of biodiesel are
presented in Table 4.

3.2 The summary of technologies at developmental stage dealing with biofuel
production

a.Pyrolysis of oil: lignocellulosic biomass is usually used to synthesize bioethanol.
The process normally starts with pretreatment procedures. However, any of
the biomass substrates can be used to produce biodiesel. Research is till on
going in the development of reactor for accelerated pyrolysis processes. A lot
of investment and researches are still needed in this area so that the process
and the end results will be economically reliable [33].

Variable Alkali catalyst Lipase
catalysis

Supercritical
alcohol

Acid catalysis

Reaction temperature
(oC)

60–70 30–40 239–385 55–80

Free fatty acid in
vegetable oil

Saponified
products

Methyl esters Esters Esters

Water in vegetable oil Interference with
reaction

No influence — Interference with
reaction

Yield of methyl esters Normal Higher Good Normal

Recovery of glycerol Difficult Easy — Difficult

Purification of methyl
esters

Repeated washing None — Repeated washing

Production cost of
catalyst

Cheap Relatively
expensive

Medium Cheap

Table 4.
Different techniques for ester production [16].
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In general, the energy balance of most biodiesels is positive depending on the
source of the vegetable oil, production, extraction and esterification. Zhang et al.
[9] found out that the plant capacity, feedstock of oil and the method used to
synthesize biodiesel are the most significant factors determining the final cost of
biodiesel. The use of glycerol in the cosmetics and pharmaceutical industries will
boost the energy balance of the biodiesel significantly. Since biodiesel is gaining
more ground in terms of the usage, then the energy balance tends to be more
positive. Biodiesel are found to reduce greenhouse gas emissions [5, 7]. Biodiesels
also have the advantage of lubricating and bringing down the temperature of ICE.
The generic NOx emissions are not significantly affected as the concentration of the
blends increase in the fuel mixture [5]. NOx formation is governed by Zeldovich
mechanism.

Acid catalyst (tetraoxosulphate VI acid) is also used instead of alkali catalyst
(NaOH or KOH) to lower the activation energy for quick formation of esters and
glycerin. However, the reaction takes longer time (about 2 days) to complete. The
molar ratio is kept at 30:1 and the temperature range is between 60 and 80°C. The
triglyceride is usually used with one mole of sulfuric acid to give 90% conversion to
ester and glycerin in about 2 days [16].

Other methods involve the use of enzyme to fast track the rate of chemical
reaction and the formation of esters. This method is very expensive because of the
cost of enzyme which invariably affects the energy balance of the entire chain of
production processes.

The summary of the common methods used for the production of biodiesel are
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the biomass substrates can be used to produce biodiesel. Research is till on
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b.Hydrothermal upgrading process: this process involves hydrolysis of biomass at
high pressure and moderate temperature to produce bio-crude. It is also at the
development sage just like pyrolysis process.

c.Dimethylether: this is produced from gasification of biomass. It could also be
obtained from natural gas. It is one of the conventional diesel fuel substitutes
that is capable of cutting down NOx emissions from its combustion in CIE. It is
commonly synthesized from methanol.

d.Fischer-Tropsch: synthetic gas is produced from fossil fuels. Research is still on
going to produce synthetic gas from biomass feedstock. In the past, the
primary feedstock for its production is fossil fuel. The origin of this synthetic
fuel can be traced to Germany. Production of synthetic fuel through pyrolysis
of biomass is still under investigation.

e. Synthetic fuel: this fuel is synthesized by recycling organic waste. A lot of work
is going on in this area to optimize the processes. It can be blended with
conventional fuel.
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Chapter 10

Experimental Study of CO2
Plasticization in Polysulfone
Membrane for Biogas Processing
Serene Sow Mun Lock, Kok Keong Lau, Azmi Mohd Shariff,
Yin Fong Yeong and Norwahyu Jusoh

Abstract

Polymeric membranes have emerged for biogas processing to remove CO2 from
CH4. Nonetheless, it is also acknowledged that polymeric membranes have the
tendency to sorb highly condensable CO2, which consequently swells the polymeric
matrix, typically at operating condition higher than the plasticization pressure. The
swelling increases void spaces for transport of gas penetrants, which results in an
increment in permeability of all gas components at the cost of substantial decrease
in membrane selectivity. Despite observations of the end results of plasticization, it
is found that many transport property studies include only permeability measure-
ments near ambient conditions. Complementary information on the individual
contributions of the sorption and diffusion coefficients to the overall performance
typically at non-ambient operating conditions is rarely reported. Therefore, in pre-
sent study, experimental study has been conducted to fabricate polysulfone (PSF)
film. Validity of the developed polysulfone membrane has been verified through
characterization and validated with gas transport behavior of published results.
Subsequently, transport properties of CO2 though the PSF membrane at varying
operating temperatures has been elucidated. The dual mode sorption and partial
immobilization models have been employed to quantify the gas transport properties
of noncondensable CH4 and condensable CO2 through PSF membrane.

Keywords: membrane, plasticization, solubility, diffusivity, permeability

1. Introduction

The ever-growing worldwide energy demand has directed the attention of gov-
ernment agencies and energy companies towards uncovering renewable energy
over recent years as an alternative to achieve sustainable global energy policy [1].
The effort is done to circumvent the volatility of fuel price in the petrochemical
market while meeting expanding user demand [2]. Biogas produced from microbial
digestion of waste is found to contain high concentration of methane (CH4), which
can be utilized for combustion process to circumvent usage of fossil fuels while
meeting energy demand. Nonetheless, biogas also contains a huge amount of side
products, typically carbon dioxide (CO2), whereby the amount can reach as high as
50% [1].
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It is highly desirable to remove the CO2 contaminants from CH4 since the
unequivocal symptoms of climate change have urged continuous pressure on oil and
gas companies to adopt practices that reduce carbon footprint to mitigate the effect
of greenhouse gases global warming [3]. In addition to minimization of the envi-
ronment pollution, the undesired CO2 must be removed in order to increase the
heating value of biogas since the abundant impurities constitute to no heating value
[4]. The removal of CO2 in the biogas also prevents corrosion of pipelines and
process equipments that are of great importance to curb gas leakage along the
transportation process since the leakage can contribute to public hazards [5]. It has
been proposed that the produced biogas requires processing to contain a minimal of
95% CH4 in order to be economically viable [1].

Polymeric membrane applied in gas separation is an alternative that has gained
attention in industrial scale application in comparison to conventional technologies
(e.g. distillation and absorption) over recent years. The advantages associated to
polymeric membrane include taking up a considerably confined space, merely
involves physical separation that is free from chemical reaction for consideration of
process safety, lower energy consumption and smaller operating cost requirement
[6, 7]. Polymeric membrane has been utilized exceptionally in application of CO2

removal from CH4 for processing of biogas. However, a problem that hinders
further expansion of the usage of polymeric membranes in such application has
emerged due to CO2 induced plasticization.

During CO2 plasticization, sorption of condensable gas penetrants in the mem-
brane matrix interacts with functional group of the pristine polymeric chain. The
interaction contributes to ease of mobility of polymeric chains, which consequently
increases the void channels in the membrane [8]. Schematic representation of the
plasticization phenomena that increases free volume of the polymeric glassy mem-
brane is provided in Figure 1 [9].

As a result, plasticization increases void channels that form passage for gas
permeation of all gas species [10]. Nonetheless, when empty spaces increase, the
sieving capability of the polymeric membrane also reduces simultaneously. This
causes reduction in the membrane selectivity ∝A=B ¼ PA=PB

� �
as an ultimate result.

Therefore, it is vital to understand CO2 plasticization in polymeric membranes since
it is highly possible to cause undesirable product lost that decreases profitability of
the biogas processing plant.

The observation of CO2 plasticization in glassy polymeric membranes has been
well addressed with a long history. Wessling et al. conducted experiments compar-
ing the kinetics of mass uptake (sorption) and the volume increase (dilation) due to
sorption to give a deeper understanding of the plasticizing effect of CO2 in com-
mercial 6FDA membrane [11]. Houde et al. employed the wide angle X-ray diffrac-
tion (WAXD) to investigate the mechanism of plasticization in various glassy
polymers [12]. Bos et al. reported CO2 plasticization phenomena, which includes

Figure 1.
Plasticization phenomena resulting in facilitated polymer mobility and increased free volume in the polymer,
adapted from Kikic et al. [9].
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that of plasticization pressure and amount of CO2 that invoke plasticization, in
different glassy polymer classes through measurement of gas permeation and sorp-
tion [10]. Kapantaidakis et al. demonstrated accelerated CO2 plasticization effect in
ultrathin polymer structures by measuring gas permeance at increasing operating
pressures [13]. Horn and Paul [14] studied the CO2 plasticization (reversible) and
conditioning (non-reversible) effects in thin and thick glassy polymeric membranes
to reaffirm conclusion by Kapantaidakis et al. [14]. Tiwari et al. extended the study
by Horn and Paul [14] to high free volume glassy perfluoropolymers through
evaluation of CO2 permeability and ellipsometry measurement [15]. Reviews of
study related to CO2 plasticization in different membranes have been provided in
works by Suleman et al. [16].

From previous works, it is found that many transport property studies devoted
to plasticization include only study of membrane morphology and permeability
measurements near ambient conditions. Complementary information on the indi-
vidual contributions of the sorption and diffusion coefficients to the overall perfor-
mance at non-ambient and elevated temperatures is rarely reported. Most of the
laboratory data have been limited to study of gas transport characteristic within
polymeric membrane at ambient operating temperatures (25–35°C). This is because
it appears to be not convenient and time consuming to control the operating condi-
tions at different ranges.

Hence, the objective of present study is to study the effect of CO2 to plasticiza-
tion of Polysulfone membrane at varying operating conditions. PSF have the most
advantages among all polymeric membranes since it easily forms thin film on
membrane support surfaces, while demonstrating behaviors such as chemical
inertness, good mechanical strength and stable property, which have encouraged
their usage in biogas processing. Bos et al. reported a plasticization pressure of
34 bar at 23°C [10] for polysulfone. Nonetheless, the collected data is limited and
not extended to elevated pressure, as well as other operating temperatures. In
typical biogas processing, the entering gas are in the range of 35–55°C in order to
suit the temperature for membrane separation [17]. In our recent work, we studied
the interaction of CO2 with polysulfone membranes at varying operating tempera-
tures and CO2 concentrations through employment of atomistic simulation tech-
nique and concluded that lower operating temperature constituted to more
apparent plasticization effect to membrane morphology [18]. Nonetheless, the
study has not been extended to study of gas transport property.

Therefore, this work aims to assemble a sequence of experimental procedure to
study gas transport property, which includes solubility, diffusivity and permeabil-
ity, during plasticization at varying operating temperatures. In an overall, firstly
PSF membrane has been fabricated through in-house experimental procedure.
Then, the PSF membrane has been analyzed through characterization in order to
evaluate applicability of developed membrane. Subsequently, the solubility and
permeability of noncondensable methane at varying operating temperatures have
been measured and validated with published experimental data to determine appli-
cability of the experimental setup. Then, the gas transport property of condensable
CO2 at different operating temperatures has been elucidated to study CO2 plastici-
zation effect in membrane. Finally, empirical models have been used to quantify gas
transport behavior of the gases.

2. Methodology

This section discusses the methodology that has been adapted in current work.
The overall workflow is presented in Figure 2.
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that of plasticization pressure and amount of CO2 that invoke plasticization, in
different glassy polymer classes through measurement of gas permeation and sorp-
tion [10]. Kapantaidakis et al. demonstrated accelerated CO2 plasticization effect in
ultrathin polymer structures by measuring gas permeance at increasing operating
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Then, the PSF membrane has been analyzed through characterization in order to
evaluate applicability of developed membrane. Subsequently, the solubility and
permeability of noncondensable methane at varying operating temperatures have
been measured and validated with published experimental data to determine appli-
cability of the experimental setup. Then, the gas transport property of condensable
CO2 at different operating temperatures has been elucidated to study CO2 plastici-
zation effect in membrane. Finally, empirical models have been used to quantify gas
transport behavior of the gases.

2. Methodology

This section discusses the methodology that has been adapted in current work.
The overall workflow is presented in Figure 2.

201

Experimental Study of CO2 Plasticization in Polysulfone Membrane for Biogas Processing
DOI: http://dx.doi.org/10.5772/intechopen.80957



This section describes the materials and fabrication methodology to prepare the
PSF membrane as well as analysis methodology to validate the developed mem-
brane. In addition, the pressure decay and constant-pressure variable volume
methodology for measurement of gas penetrants solubility and permeability have
been elaborated.

2.1 Materials and membrane fabrication

The polysulfone (PSF) dense film was prepared via solution casting method
using N-Methyl-2-pyyrolidone (NMP) as solvent [19, 20] with a composition of
25 wt% PSF. The PSF was manufactured and supplied in pellet form by Aldrich
(MW �35,000 by light scattering) while NMP from Merck (analytical grade) was
used as received. Flow diagram characterizing the chronological procedure for
fabrication of PSF dense membrane is depicted in Figure 3.

In the beginning, the PSF pellets were dehydrated overnight to get rid of
unwanted water content by heating it in a vacuum oven. Subsequently, the amount
of dried PSF pellets and filtered NMP solvent was measured prior to mixing them
together for 24 hours. When approaching the end of the mixing process, a clear
homogenous solution was observed.

Then, an ultrasonication water bath has been employed to desonicate the mix-
ture with a total duration of 4 h before leaving it for 24 h free standing degas. This is
aimed to remove any bubbles formed during the mixing protocol while enhancing
its homogeneity. The casting solution was then poured into a leveled and clean glass
Petri dish, which was covered with aluminum foil to reduce its evaporation rate.

Figure 2.
Process diagram of overall workflow.
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Subsequently, the membranes were subjected to vacuum drying at a heating rate of
20°C/h from 40 to 180°C followed by annealing at 180°C for 24 h. This is to prevent
formation of defects in the membrane due to fast evaporation of the solvent.
Finally, the PSF membrane film was carefully peeled off from the Petri dish once
the cast solution was completely dried.

2.2 Sample characterization

In this section, the characterization analysis that has been used to investigate
morphology of the prepared membrane has been discussed. The analysis is crucial
to evaluate that the fabricated PSF membrane is dense and defect free. At the same
time, it is aimed to ensure that all undesirable solvents that can potentially affect
membrane characteristic have been removed accordingly. This is to confirm its
applicability prior to measurement of gas solubility and permeability behavior in
subsequent sections.

2.2.1 Variable pressure field emission scanning Electron microscope

The variable pressure field emission scanning electron microscope (VP-FESEM,
Zeiss Supra 55 VP) was employed to evaluate membrane morphology of the fabri-
cated PSF membrane. Cross sectional side of the membranes were prepared for VP-
FESEM analysis via immersion in liquid nitrogen before fracturing the film in order
to prevent morphology distortion. All the membrane samples were subsequently
sputter coated with platinum using Quorum Q150R S coater prior to imaging.
Membrane samples were observed using VP-FESEM with magnification at 500.

2.2.2 Fourier transform infrared spectrometer

Fourier transform infrared spectrometer (FTIR, Perkin Elmer Spectrum One)
was operated under transmission with 50 scans in the wavelength range of 450–
4000 cm�1 to determine IR spectra of the fabricated PSF membrane.

Figure 3.
Flow diagram of procedure for preparation of PSF membrane.
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2.3 Solubility measurement (pressure decay methodology)

The principle is based on a dual-chamber pressure decay setup, which has been
demonstrated in detailed elsewhere [21]. In this approach, the quantity of gas origi-
nally introduced to a sorption system and equilibrated quantity of gas left behind
after sorption into a polymer located within the sorption system are determined. This
requires measurement in the decline of pressure after sorption of gas into a polymer
under study, the temperature of gas, and volume of the system in which the experi-
ment takes place. By measuring the aforementioned variables, the initial and final
number of gases existing in the sorption system can be determined directly.

The concentration of gas molecule, x, sorbed within the polymer membrane at
any operating temperature has been obtained through Eq. (1), where
22,414 cm3/mol corresponds to a simple numerical conversion factor and Vp (cm3)
is volume of the polymer sample in the membrane chamber, which has been deter-
mined through the conventional fluid displacement method.

x ¼ np
22414
Vp

� �
(1)

In this study, in order to invoke sorption of polymeric membranes at varying
operating temperatures, a constant temperature water bath has been employed. In
this context, temperature of the system is consistently controlled at the designated
value by submerging the sorption cell within the temperature regulated water bath.
Operating temperature is increased gradually from 35 to 55°C with an interval of 10°C
for each incremental step. As for pressure increment, it has been continually
increased from 5 to 50 bars with an interval of 5 bars to determine sorption isotherm
of gases. CH4 gas has been introduced to the sorption cell first prior to CO2 since
condensable gases can potentially cause irreversible plasticization and swelling effect
to the membrane morphology that affects its sorption capability as an end result.

2.4 Permeation measurement

This section describes the experimental setup for gas permeation testing across
the PSF membrane. The apparatus adopted a constant-pressure variable volume
system to measure gas permeability by measuring the permeate flow rate at atmo-
spheric downstream pressure using a bubble flow meter. Schematic diagram for gas
permeation measurement has been provided in Figure 4.

The system consists of a feed inlet point, a pressure regulation system and a mass
flow controller. The amount of gas from feed inlet point was controlled using a mass
flow controller. The permeation apparatus is developed for high pressure testing
devoted to CO2 and CH4. For high pressure applications, all fittings and valves were
supplied by Swagelok with pressure-rating > 70 bar while all sensors are capable to
read a maximum pressure of 100 bars. In addition, operating temperature of the
membrane has been controlled at constant and designated value by regulating oven
temperature. Before conducting experiment, the system has been evacuated with a
vacuum pump overnight to eliminate any gas or vapors in the system. Leak tests
have been performed after degassing process to ensure that the equipment is safe
before experiment proceeded.

For polymer structure, it is important to heat it �10°C above its glass transition
temperature, Tg, in the absence of any mechanical stress to erase all previous
thermal history as well as to relax any molecular orientation captured during film
formation [22]. The thermal history removal protocol has been adapted from
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Huang et al. work [22]. The procedure has been conducted in the vacuum oven for
30 min to prevent any oxidation since equilibration at the rubbery state should be
tentatively achieved over this time span based on Struik’s report [23]. After heating,
the polymer membrane has been immediately removed from the vacuum oven and
has been quenched to ambient temperature, while preparing the membrane for
permeation test.

For the separation process, the membrane sample of 3.14 cm2 effective area has
been mounted in a membrane test cell to study the separation efficiency at various
operating conditions. The membrane area has been constituted by cautiously locat-
ing the membrane films on aluminum tape over a circle hole with a diameter of 1 cm
while avoiding any folding that destroys the membrane surface. Finally, a second
piece of aluminum tape and Whatman® Anodisc filter has been adhered to the
underside of the membrane for mechanical support to withstand a wide range of
operating pressure.

The process of mounting the membrane within the test cell has been conducted
within 15 min before bringing the polymer membrane to the desired operating
temperature, which are 35, 45 and 55°C respectively. The pressure has been
increased gradually from atmospheric condition to a maximum of 50 bars with an
increment step of 5 bars. Upstream gas at required operating pressure, temperature
and flow rate has been introduced into the membrane for permeation test. Volu-
metric permeation rates in the permeate stream has been determined with a soap
bubble flow meter. Lastly, the entire system should be evacuated to fully degas the
system before proceeding to other experiment.

At least three measurements were performed to evaluate the flowrate and com-
position during membrane separation process. Since the current study addresses
high pressure conditions, non-ideal gas conditions should be considered. The driv-
ing force for this case is described as the distinction in fugacity from the high to low
end across the membrane. A nonideal equation of state has been employed to
compute fugacity of CO2 and CH4 on the feed side. On the other hand, since the
permeate pressure is remained at atmospheric condition, the nonideality associated
to real gas behavior can be disregarded. The permeability of gas component i
(barrer), Pi, is calculated based on Eq. (2).

Figure 4.
Parallel membrane cell for reproducibility of gas permeation.
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Pi ¼ tVP

Am f h � f l
� � (2)

In Eq. (2), VP is the permeate flow rate (cm3 (STP)/s), t is the thickness of
membrane (cm), Am is the membrane area (cm2), f h and f l are the fugacities in feed
side and permeate side respectively (cmHg), subscript i denotes CO2 or CH4.
The permeability of the membrane is expressed in the unit of Barrer (1 Barrer =
1 � 10�10 cm3 (STP) cm/s cm2 cmHg).

3. Results and discussion

In this part, the results pertaining to experimental section from the fabricated
PSF polymeric membrane, gas transport properties of incondensable CH4 and con-
densable CO2 within the PSF membrane and empirical model to quantify the per-
meation behavior have been discussed.

3.1 Membrane morphology

To understand the membrane morphology, several characterization methodolo-
gies have been conducted to analyze the fabricated membrane, which comprised
those of VP-FESEM and FITR, as discussed in the subsections.

3.1.1 VP-FESEM

The structure of dense PSF membrane at a magnification of 500 is depicted in
Figure 5.

The PSF membrane is consisted of a dense, nonporous and single polymer layer
that is homogenous in all directions. The thickness of the membrane is �78 μm.
The smooth membrane configuration without defects ensures its applicability for
solubility and gas permeation measurement in subsequent section.

Figure 5.
Cross sectional of PSF dense membrane.
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3.1.2 FTIR

FTIR is the most effective alternative to elucidate the functional group of mem-
brane. Figure 6 depicts the IR spectrum of the PSF polymeric membrane obtained
in present work.

For PSF membrane, the peak at 2965.58 cm�1 correspond to stretching vibration
of asymmetric and symmetric C-H bond. On the other hand, the peaks at 1581.54
and 1484.61 cm�1 represent the C=C bond in the PSF repeat chain. The IR spectra
peak observed at 1407.65 and 1363.70 cm�1 correspond to the asymmetric and
symmetric C-H bending deformation of methyl group. Amine stretching is depicted
at 1101.12 cm�1, while phenyl ring substitution band is noticed at 851.57, 830.00,
714.33 and 687.73 cm�1. IR spectrum noticeable at 1231.85 cm�1 represents the
presence of asymmetric C-O-C stretching by aryl ether group. The peaks at 1167.53
and 1101.12 cm�1 are assigned to asymmetric and symmetric O=S=O stretching of
sulfonate group. In addition, the peak at 1407.65 cm�1 has been attributed to
stretching vibration of aromatics in PSF. All the functional groups are consistent to
those observed in the repeat unit of Polysulfone [18]. The good accordance demon-
strates the validity of the synthesized PSF membrane and elimination of any impu-
rities/solvent that can potentially affect the membrane separation performance.

3.2 Validation with transport properties of methane

To validate applicability of the sorption laboratory setup, gas methane has been
introduced to the PSF membrane with operating pressure at an incremental step, to
acquire the sorption behavior of CH4 in PSF membrane, as shown in Figure 7.
Experimental data by Sada et al. that studied the effect of operating temperature to
the solubility of CH4 within PSF has also been provided as Ref. [24]. The sorption
experimental data obtained from current work exhibits close agreement with
published results by Sada et al. [24]. The good compliance suggests that the fabri-
cated PSF polymeric membrane and experimental setup are of adequate soundness
to produce defects and error free experimental results.

From Figure 7, it is shown that the concentration of CH4 being sorbed into the
polymeric membrane is enhanced when operating pressure increases at all operat-
ing temperature. The increment in CH4 concentration can be explained through
greater driving force that advances the sorption of gas molecules within the free

Figure 6.
FTIR spectrum of synthesized PSF membrane.
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spaces of polymeric membrane matrix. The sorption of CH4 gas molecules is found
to be decreasing when operating temperature is increased [18]. The decrement is
intuitively reasonable since gas molecules have higher affinity to remain in the
gaseous state than rather being sorbed into the membrane at higher operating
temperature. In addition, the sorption isotherm of CH4 is found to exhibit good
correlation to the dual mode sorption model as depicted in Eq. (3).

Ci ¼ CDi þ CHi ¼ kDif i þ C0
Hibif i

1þ bifi
(3)

The dual mode sorption model suggests that the total concentration of gas i in a
polymer matrix is composed of two idealized molecular scale environment, in which
Ci is the total concentration of gas in the polymer; CDi is equilibrium population
existing in the polymer matrix under the dissolved mode and is governed by Henry’s
Law equation, while CHi is the non-equilibrium population existing in excess within
the hole-filling environment governed by Langmuir parameters [25–27]. Moreover,
kDi is the Henry’s law coefficient that characterizes dissolution of a pure gas, i, in the
polymer, bi and C0

Hi is the Langmuir hole affinity parameter and the capacity param-
eter respectively, while fi is fugacity of the gas system [26, 28]. The fitted dual mode
sorption parameters are provided in Table 1, which has been summarized alongside
the reported values by Sada et al. [24].

In has been demonstrated from Table 1 that the parameters are in satisfactory
agreement with one another, attributed to the small distinction of the solubility

Figure 7.
CH4 sorption isotherm for polysulfone. [♦ In-house collected sorption data ⋄ Sorption data by Sada et al. [24].
Close line - Prediction of dual mode sorption model by Eq. (3) with parameters in Table 1 for in-house
collected sorption data Open line - Prediction of dual mode sorption model by Eq. (3) with parameters in
Table 1 for sorption data by Sada et al. [24]. ( 30/35°C, 40/45°C, 50/55°C)].

Temperature (°C) kDi (cm3(STP) cm3–1 bar1) bi (bar�1) C0
Hi (cm

3 (STP) cm3–1)

35 0.4123 (0.4352 @ 30°C)a 0.1055 (0.1145 @ 30°C)a 8.45 (9.26 @ 30°C)a

45 0.3859 (0.4076 @ 40°C)a 0.0812 (0.0874 @ 40°C)a 7.21 (7.63 @ 40°C)a

55 0.3589 (0.3711 @ 50°C)a 0.0678 (0.0738 @ 50°C)a 5.34 (6.03 @ 50°C)a

aThe number in bracket is the experimental value by Sada et al. [24].

Table 1.
Dual-mode sorption parameters for methane in polysulfone film as a function of operating temperature.
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characteristics as a whole. The reported values are found to be consistently higher
for lower operating temperature attained through higher sorption capacity as
explained earlier. The good compliance with previous published literatures and fit
to the commonly employed dual mode sorption model demonstrates that the dual
mode sorption cell is of high accuracy for plasticization study in subsequent section.

Similarly, validity of the gas permeation cell has been investigated by comparing
measured methane permeability data with published experimental results by Sada
et al. [24], such as that shown in Figure 8 whereby a close agreement has been
obtained in between the two. Measured permeabilities for methane in polysulfone
films are illustrated as a function of upstream gas pressure in Figure 8. At every
temperature, the mean permeability coefficients were found to decrease with an
increase in upstream pressure. Such pressure dependence seems to be characteristic
of glassy polymers. The gas permeability is found to be consistently higher at
greater operating temperature. The contributing factor is free volume within the
structure of the polymer has increased as the temperature is further increased,
while gaining additional energy to execute diffusional jump.

The permeability of gas through a glassy polymeric membrane is frequently
characterized through the partial immobilization model [29], which has evolved
from the dual mode sorption model in Eq. (3), such as that presented in Eq. (4).

Pi ¼ kD, iD0, i 1þ FiC0
Hibi

1þ bif i

� �
(4)

In Eq. (4), kD, i, C0
Hi and bi are parameters from dual mode sorption model, while

D0, i and Fi represent the diffusion coefficient in the limit when concentration of the
mobile gas CM, i!0 and the ratio of the diffusivity through the microvoids to that
through the polymeric matrix. The additional parameters in the model have been
summarized in Table 2.

For these results, D0, i and Fi appear to be a function of temperature. It is found
that D0, i increases with increment in temperature, which has been rationalized
through the enhancement in diffusion energy. A small Fi value corresponds to a
relatively low diffusivity through the Langmuir regions. At lower operating

Figure 8.
CH4 gas permeability data for polysulfone. [♦ In-house permeability data ⋄ Permeability data by Sada et al.
[24]. Line - Prediction of partial immobilization model by Eq. (4) with parameters in Table 2 for in-house
collected permeability ( 35°C, 45°C, 55°C)].
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spaces of polymeric membrane matrix. The sorption of CH4 gas molecules is found
to be decreasing when operating temperature is increased [18]. The decrement is
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gaseous state than rather being sorbed into the membrane at higher operating
temperature. In addition, the sorption isotherm of CH4 is found to exhibit good
correlation to the dual mode sorption model as depicted in Eq. (3).

Ci ¼ CDi þ CHi ¼ kDif i þ C0
Hibif i

1þ bifi
(3)

The dual mode sorption model suggests that the total concentration of gas i in a
polymer matrix is composed of two idealized molecular scale environment, in which
Ci is the total concentration of gas in the polymer; CDi is equilibrium population
existing in the polymer matrix under the dissolved mode and is governed by Henry’s
Law equation, while CHi is the non-equilibrium population existing in excess within
the hole-filling environment governed by Langmuir parameters [25–27]. Moreover,
kDi is the Henry’s law coefficient that characterizes dissolution of a pure gas, i, in the
polymer, bi and C0

Hi is the Langmuir hole affinity parameter and the capacity param-
eter respectively, while fi is fugacity of the gas system [26, 28]. The fitted dual mode
sorption parameters are provided in Table 1, which has been summarized alongside
the reported values by Sada et al. [24].

In has been demonstrated from Table 1 that the parameters are in satisfactory
agreement with one another, attributed to the small distinction of the solubility

Figure 7.
CH4 sorption isotherm for polysulfone. [♦ In-house collected sorption data ⋄ Sorption data by Sada et al. [24].
Close line - Prediction of dual mode sorption model by Eq. (3) with parameters in Table 1 for in-house
collected sorption data Open line - Prediction of dual mode sorption model by Eq. (3) with parameters in
Table 1 for sorption data by Sada et al. [24]. ( 30/35°C, 40/45°C, 50/55°C)].

Temperature (°C) kDi (cm3(STP) cm3–1 bar1) bi (bar�1) C0
Hi (cm

3 (STP) cm3–1)

35 0.4123 (0.4352 @ 30°C)a 0.1055 (0.1145 @ 30°C)a 8.45 (9.26 @ 30°C)a

45 0.3859 (0.4076 @ 40°C)a 0.0812 (0.0874 @ 40°C)a 7.21 (7.63 @ 40°C)a

55 0.3589 (0.3711 @ 50°C)a 0.0678 (0.0738 @ 50°C)a 5.34 (6.03 @ 50°C)a

aThe number in bracket is the experimental value by Sada et al. [24].

Table 1.
Dual-mode sorption parameters for methane in polysulfone film as a function of operating temperature.
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characteristics as a whole. The reported values are found to be consistently higher
for lower operating temperature attained through higher sorption capacity as
explained earlier. The good compliance with previous published literatures and fit
to the commonly employed dual mode sorption model demonstrates that the dual
mode sorption cell is of high accuracy for plasticization study in subsequent section.

Similarly, validity of the gas permeation cell has been investigated by comparing
measured methane permeability data with published experimental results by Sada
et al. [24], such as that shown in Figure 8 whereby a close agreement has been
obtained in between the two. Measured permeabilities for methane in polysulfone
films are illustrated as a function of upstream gas pressure in Figure 8. At every
temperature, the mean permeability coefficients were found to decrease with an
increase in upstream pressure. Such pressure dependence seems to be characteristic
of glassy polymers. The gas permeability is found to be consistently higher at
greater operating temperature. The contributing factor is free volume within the
structure of the polymer has increased as the temperature is further increased,
while gaining additional energy to execute diffusional jump.

The permeability of gas through a glassy polymeric membrane is frequently
characterized through the partial immobilization model [29], which has evolved
from the dual mode sorption model in Eq. (3), such as that presented in Eq. (4).

Pi ¼ kD, iD0, i 1þ FiC0
Hibi

1þ bif i

� �
(4)

In Eq. (4), kD, i, C0
Hi and bi are parameters from dual mode sorption model, while

D0, i and Fi represent the diffusion coefficient in the limit when concentration of the
mobile gas CM, i!0 and the ratio of the diffusivity through the microvoids to that
through the polymeric matrix. The additional parameters in the model have been
summarized in Table 2.

For these results, D0, i and Fi appear to be a function of temperature. It is found
that D0, i increases with increment in temperature, which has been rationalized
through the enhancement in diffusion energy. A small Fi value corresponds to a
relatively low diffusivity through the Langmuir regions. At lower operating

Figure 8.
CH4 gas permeability data for polysulfone. [♦ In-house permeability data ⋄ Permeability data by Sada et al.
[24]. Line - Prediction of partial immobilization model by Eq. (4) with parameters in Table 2 for in-house
collected permeability ( 35°C, 45°C, 55°C)].
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temperature, the Langmuir microvoids exist in a large number with greater sizes [29].
Therefore, gas molecules have a higher tendency to be transported through the
Langmuir regions with lower resistance. When operating temperature is further
increased, there is a reduction in the number and size of Langmuir microvoids, which
consequently restraints the transport in such region. Therefore, there is a shift from
dominancy of Langmuir to Henry’s region with increment in operating temperature,
which contributes to a smaller Fi value. In a similar manner, the satisfactory compli-
ance with Sada et al. published literatures and fit to the commonly employed partial
immobilization model demonstrates that the permeation cell rig is of high accuracy
for measurement of CO2 plasticization study in next section.

3.3. CO2 plasticization in PSF membranes

CO2 sorption in PSF membrane has been measured with increment in operating
pressure at varying operating temperatures, such as that provided in Figure 9.

Published literature data by Sada et al. for solubility of CO2 within PSF has also
been provided [24]. In an overall, it is depicted that the collected sorption data of
present study is not substantially different from the reported values by Sada et al.
[24]. The sorption data of present work is consistently higher than that reported by
Sada et al. at different operating temperatures, which can be deduced via the
difference in source of polysulfone to prepare the membrane samples. The sorption
data also demonstrates a good agreement with the dual mode sorption model, with
close compliance with that reported by Sada et al. [24], such as that summarized in
Table 3.

Temperature (°C) D0, i (cm2/s) Fi

35 2.87 � 10�8 0.607

45 4.75 � 10�8 0.554

55 9.98 � 10�8 0.507

Table 2.
Partial immobilization parameters for methane in polysulfone film, model adapted from Scholes et al. [29].

Figure 9.
CO2 sorption isotherm for polysulfone. [♦ In-house collected sorption data ⋄ Sorption data by Sada et al. [24].
Close line - Prediction of dual mode sorption model by Eq. (3) with parameters in Table 3 for in-house
collected sorption data Open line - Prediction of dual mode sorption model by Eq. (3) with parameters in
Table 3 for sorption data by Sada et al. [24] ( 35°C, 45°C, 55°C)].
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As for gas permeability of CO2 through PSF membrane at varying pressures,
it has been tabulated in Figure 10. Similarly, applicability of the data has been
demonstrated through good compliance with published experimental data by
Sada et al. [24].

It is found that gas permeability experiences a decrement before reaching the
plasticization pressure at 34.9, 36.1 and 38.0 bars respectively for operating tem-
perature of 35, 45 and 55°C. This has been attributed to rapid decrement in gas
solubility when the sorption level off at high pressure due to saturation of favorable
sites. Nevertheless, beyond the plasticization pressure, an increase in permeability
has been observed because the diffusion coefficient increases with pressure much
more rapidly than the solubility coefficient that decreases with pressure, which has
been elucidated through plasticization effect that enhances the diffusivity of gas
molecules to a large extend when the polymeric membrane is swelled. Viewing
from the impact of plasticization pressure, it is shifted to higher value at greater
operating temperature. This has been attributed to lower sorption of condensable
CO2 when the gas has the tendency to maintain at its gas state with increment in
temperature.

The parameters for partial immobilization model of CO2 have been summa-
rized in Table 4 with a similar trend observed to that for methane. Nonetheless,
the parameters are only applicable to condition before the plasticization pressure
is met. After that, the plasticization behavior has been characterized through
Eq. (5) that describes permeability of gas within the glassy membrane undergoing
plasticization [29].

Pi ¼ D0, i

βif i
exp βikDif i 1þ FiC0

Hibi
kDi 1þ bif ið Þ

� �� �
� 1

� �
(5)

Variables describing the modified partial immobilization model for plasticized
membrane are provided in Table 4 as well.

Regardless of demonstrating a similar trend of increment in value with
increasing temperature, the D0, i values after plasticization are found to be
relatively smaller as compared to its counterpart with pristine unaltered PSF
structure. This has been attributed to a smaller amount of mobile gas when the
favorable sites become concentrated and occupied. With respect to temperature
dependency, βi is found to decrease with increment in temperature, which
implies that the plasticization potential reduces with temperature. It has been
proposed that polymeric membrane experiences a decrement in Langmuir
microvoids with increment in operating temperature [29]. Therefore, there are
fewer pathways for CO2 to interact with functional group of the polymeric
chains, which consequently reduces the plasticization potential at higher tem-
perature. In addition, the condensable CO2 also has a higher tendency to exist in
the gaseous state, which reduces its plasticization power when operating tem-
perature is increased.

Temperature (°C) kDi (cm3(STP) cm3–1 bar1) bi (bar�1) C0
Hi (cm

3 (STP) cm3–1)

35 0.6748 (0.5872)b 0.3678 (0.1757)b 18.20 (19.40)b

45 0.5840 (0.5014)b 0.3415 (0.1530)b 15.93 (17.1)b

55 0.4932 0.3152 13.67
bThe number in bracket is the experimental value by Sada et al. [24].

Table 3.
Dual-mode sorption parameters for carbon dioxide in polysulfone film as a function of operating temperature.
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temperature, the Langmuir microvoids exist in a large number with greater sizes [29].
Therefore, gas molecules have a higher tendency to be transported through the
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increased, there is a reduction in the number and size of Langmuir microvoids, which
consequently restraints the transport in such region. Therefore, there is a shift from
dominancy of Langmuir to Henry’s region with increment in operating temperature,
which contributes to a smaller Fi value. In a similar manner, the satisfactory compli-
ance with Sada et al. published literatures and fit to the commonly employed partial
immobilization model demonstrates that the permeation cell rig is of high accuracy
for measurement of CO2 plasticization study in next section.
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CO2 sorption in PSF membrane has been measured with increment in operating
pressure at varying operating temperatures, such as that provided in Figure 9.

Published literature data by Sada et al. for solubility of CO2 within PSF has also
been provided [24]. In an overall, it is depicted that the collected sorption data of
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Close line - Prediction of dual mode sorption model by Eq. (3) with parameters in Table 3 for in-house
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As for gas permeability of CO2 through PSF membrane at varying pressures,
it has been tabulated in Figure 10. Similarly, applicability of the data has been
demonstrated through good compliance with published experimental data by
Sada et al. [24].

It is found that gas permeability experiences a decrement before reaching the
plasticization pressure at 34.9, 36.1 and 38.0 bars respectively for operating tem-
perature of 35, 45 and 55°C. This has been attributed to rapid decrement in gas
solubility when the sorption level off at high pressure due to saturation of favorable
sites. Nevertheless, beyond the plasticization pressure, an increase in permeability
has been observed because the diffusion coefficient increases with pressure much
more rapidly than the solubility coefficient that decreases with pressure, which has
been elucidated through plasticization effect that enhances the diffusivity of gas
molecules to a large extend when the polymeric membrane is swelled. Viewing
from the impact of plasticization pressure, it is shifted to higher value at greater
operating temperature. This has been attributed to lower sorption of condensable
CO2 when the gas has the tendency to maintain at its gas state with increment in
temperature.

The parameters for partial immobilization model of CO2 have been summa-
rized in Table 4 with a similar trend observed to that for methane. Nonetheless,
the parameters are only applicable to condition before the plasticization pressure
is met. After that, the plasticization behavior has been characterized through
Eq. (5) that describes permeability of gas within the glassy membrane undergoing
plasticization [29].
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exp βikDif i 1þ FiC0

Hibi
kDi 1þ bif ið Þ

� �� �
� 1

� �
(5)

Variables describing the modified partial immobilization model for plasticized
membrane are provided in Table 4 as well.

Regardless of demonstrating a similar trend of increment in value with
increasing temperature, the D0, i values after plasticization are found to be
relatively smaller as compared to its counterpart with pristine unaltered PSF
structure. This has been attributed to a smaller amount of mobile gas when the
favorable sites become concentrated and occupied. With respect to temperature
dependency, βi is found to decrease with increment in temperature, which
implies that the plasticization potential reduces with temperature. It has been
proposed that polymeric membrane experiences a decrement in Langmuir
microvoids with increment in operating temperature [29]. Therefore, there are
fewer pathways for CO2 to interact with functional group of the polymeric
chains, which consequently reduces the plasticization potential at higher tem-
perature. In addition, the condensable CO2 also has a higher tendency to exist in
the gaseous state, which reduces its plasticization power when operating tem-
perature is increased.
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35 0.6748 (0.5872)b 0.3678 (0.1757)b 18.20 (19.40)b

45 0.5840 (0.5014)b 0.3415 (0.1530)b 15.93 (17.1)b
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Figure 10.
CO2 gas permeability for polysulfone at (a) 35°C, (b) 45°C and (c) 55°C. [♦ In-house permeability data
⋄ Permeability data by Sada et al. [24]. Line - Prediction of partial immobilization model by Eq. (4) and
Eq. (5) with parameters in Table 4 for in-house collected permeability].

Temperature (°C) D0, i (�10�8 cm2/s) Fi βi

Before plasticization After plasticization

35 5.73 2.61 0.1307 0.0537

45 8.33 4.31 0.1107 0.0506

55 12.1 7.02 0.0856 0.0491

Table 4.
Partial immobilization parameters for CO2 in polysulfone film as a function of operating temperature, model
adapted from Scholes et al. [29].
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As for gas diffusivity shown in Figure 11, prior to CO2 plasticization effect, the
value at a low pressure is relatively lower, because most of the gas molecules are in
the Langmuir mode and it has been reported that gas molecules sorbed into the
Henry’s mode sites inherit greater diffusivity than its counterpart [26].

The apparent diffusivity increases and reaches the asymptotic limit of diffusivity
of Henry’s Law proportion at high pressure. Nonetheless, it is found that after the
plasticization pressure, gas diffusivity increases exponentially when pressure is
further increased. The observation can be explained through enhanced interaction
between CO2 gas molecule and polymeric matrix, which contributes to augmented
swelling and increment in free volume that forms pathway for diffusion of gas.

4. Conclusions

In present study, in house experimental work and setup has been conducted to
fabricate, to characterize and to evaluate the gas transport properties in polysulfone
(PSF) membrane film, typically those with plasticization characteristic. Validity of
the solubility and gas permeability measurement has been demonstrated through
good accordance with published experimental results and satisfactory empirical
fitting to the dual mode sorption and partial immobilization models, which are well-
known equations to quantify gas sorption and permeation in glassy polymeric
membranes. To conclude, polysulfone membranes have permeability–pressure and
concentration-pressure isotherms that vary with temperature. The plasticization
potential decreases with temperature, implying that CO2 ability to plasticize the
polysulfone membrane reduces at higher temperature. In addition, the plasticiza-
tion pressure is shifted to higher value with increment in temperature (34.9 bars at
35°C to 36.1 bars at 45°C to 38.0 bars at 55°C). In addition, gas permeability is found
to be enhanced at greater operating temperature, which can be rationalized through
greater activation energy to execute diffusional jump in increased free volume
structure. From findings of present study, it is found that higher operating temper-
ature is favorable for membrane operation since it promotes gas permeation, which
enables more efficient removal of CO2 from biogas under the same membrane area
requirement. In addition, higher operating temperature also suppresses the effect of
plasticization by exhibiting higher plasticization pressure. The study of CO2

Figure 11.
CO2 diffusivity for polysulfone ( 35°C, 45°C, 55°C).
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plasticization at varying operating temperatures is anticipated to be extended to
mixed CO2/CH4 system to verify the behavior in real membrane gas separation.
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Biofuel Development in 
Sub-Saharan Africa
Olatunde Samuel Dahunsi, Ayoola Shoyombo 
and Omololu Fagbiele

Abstract

The quest for renewable and sustainable energy generation is fast becoming 
widespread across Africa due to the understanding that there is a need to seek an 
alternative to fuels of fossil origin, which currently sustains the largest portion of 
the world’s energy need. Research into the generation of renewable fuels had been 
on-going in continents like Europe, South America, Asia, and other developed 
countries bearing in mind the extinction nature of fossil fuels. Globally, attentions 
are being drawn to fuel generation from biomass and its derivatives such as lignin, 
triglycerides, cellulose, and hemicelluloses. The aim is to use such fuels for cook-
ing and heating and in vehicles, jet engines, and other applications. Therefore, the 
integration of the African continent in the race for biofuel production is germane in 
the quest for survival and developments considering favorable factors like climate, 
soil, and land mass among other environmental-friendly resources in different 
African countries.

Keywords: Africa, biogas, biomass, environment, microorganism

1. Introduction

Environmental pollution by solid wastes and lack of access to adequate energy 
resources are some of the major challenges facing the human populace in Sub 
Saharan Africa [1–14]. Out of 21 Sub-Saharan African countries, less than 10% 
have access to energy [15]. Therefore, there is serious need to search for alterna-
tive and renewable energy sources from locally available resources in the quest for 
human survival and national development in the region [15–18]. Besides, there is 
a need for the adoption of appropriate and economically feasible technologies for 
the effective management of solid and liquid wastes and energy recovery from 
them [19, 20].

The global quest for environmentally friendly and ecologically balanced and 
sustainable energy has been on the increase over the last few decades and this has 
forced the world to search for other alternate sources of energy [21, 22]. Besides, 
one of the major tools for national and international development is energy. 
Developing countries such as Nigeria depend heavily on fuels from fossil origin. 
There are enormous conventional energy resources (crude oil, tar sands, natural gas 
and coal) in Sub-Saharan Africa besides the huge amount of renewable/sustainable 
energy resources including hydro, solar, wind, biomass, etc.
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However, the alternative energy sources demand immense economic invest-
ment and technical power to operate, and this makes it little difficult for these 
countries. Presently, energy from biogas is a reliable, abundant, accessible and 
economically feasible source of alternative and renewable energy which can 
be generated using agricultural, domestic and industrial materials employing 
simple technology [23]. The prospect of this technology is bright because it can 
be utilized to provide energy for households, rural communities, farms, and 
industries [18].

Biomass such as perennial grasses has been extensively utilized for biofuel pro-
duction the world over paramount among which are Panicum virgatum, Miscanthus 
species, Phalaris arundinacea and Arundo donax [24]. The use of Miscanthus as 
an energy grass has attracted attention among the perennial C4 grasses since it 
has been identified as a perfect energy grass and produces maximally when 
harvested dry. Yields of 3–10 years old plantations grown in two countries in 
Europe are 113–30 t/ha. This means that if a yield of 20 t/ha could be achieved; 
it would produce a total energy yield that is equal to 7 t/ha of oil over the life of 
each harvest. Switch grass has an energy value that is similar to wood yet with 
minimal water content [25]. After proper investigation of some crops which were 
perennial grasses, switch grass was observed to produce the highest potential. 
Other than staying away from the competition between food and fuel crop usage, 
they are considered to have energy, financial, and ecological advantages over 
food crops for certain bioenergy products [25]. These grasses possess qualities 
and prospects as for their utilization and enhancement as lignocellulosic feed-
stock. In order to meet up to the large demand of biomass supply, an extensive 
environmental capacity is to be considered which marginal soils are included 
[26]. Another nutrient rich grass is Napier grass (Pennisetum purpureum), a grass 
that grows in the tropics and can withstand dry conditions. It has 30.9% total 
carbohydrates, 27% protein, 14.8% lipid 14.8%, and 9.1% fiber (dry weight). 
Thus, it is cultivated for livestock as energy crops and it is easy to cultivate with 
a high productivity rate of 87 ton/ha/year [24]. The feasibility of biogas produc-
tion from Napier grass was observed and was reported that the methane content, 
yield and production rate were 53%, 122.4 mL CH4/g TVS remove, 4.8 mL/h at 
the optimum condition [26].

2. Rationale for biofuel production in Sub-Saharan Africa

The quest for renewable and sustainable energy generation is fast becoming 
widespread across Sub-Saharan Africa due to the understanding that there is a 
need to seek an alternative to fuels of fossil origin which currently sustains the 
world’s-energy need. Research into the generation of renewable fuels had been 
on-going in continents like Europe, South America, Asia and other developed 
countries bearing in mind the extinction nature of fossil fuels. Globally, atten-
tions are been drawn to fuel generation from biomass and their derivatives such 
as lignin, triglycerides, cellulose, and hemicelluloses. The aim is to use such fuels 
for cooking, heating, as fuels in vehicles, jet engines, and other applications. 
Therefore, the integration of the African continent in the race for biofuel produc-
tion is germane in the quest for survival and developments considering present 
and favorable factors like climate, soil, land mass among other environmental-
friendly resources in different Sub-Saharan African countries [28]. Africa is 
the second largest continent in the world after Asia making up 10% of the 
world’s population which is equivalent to about 80% of the population in India 
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sub-continent [29]. As such, biofuels especially biogas, biodiesel, and bioethanol 
are being considered as the most potent alternatives to fossil fuels in the continen-
tal energy mix [30, 31].

3. Various biofuels produced from lignocelluloses

3.1 Biogas

There are two broad processes in biogas development and these are first, the 
actual production from both edible and non-edible sources and secondly, the 
compatible technologies for the fuel usage. Nowadays, large scale biofuel projects 
are gaining considerable attentions and establishment of biogas facilities is fast 
becoming widespread in the continent while issues of energy security and economic 
growth are also being discussed in several scientific gatherings [32].

3.2 Biobutanol

This is a second generation biofuel produced as a credible substitute for fossil 
fuel and usually used as a blend with gasoline. Although butanol is still generated 
through petrochemical methods, the high demand, depletion rate and price of oil 
has driven the search for a sustainable source for butanol production. This fuel pos-
sess some better attributes which includes higher energy content, lower Reid vapor 
pressure, easy blending with gasoline at any ratio and ease in transportation when 
compared to bioethanol [27].

3.3 Bioethanol

This is a first generation biofuel mainly produced via enzymatic fermentation by 
using yeast to digest biodegradable raw materials with high energy content. Hydrolysis is 
employed when raw materials such as high energy yielding crops are utilized; this is done 
to break down the complex nature of the polymer into monomers such as simple sugar 
followed by conversion of the sugar to alcohol after which distillation and dehydration 
are used to reach the desired amount that can be utilized directly as fuel [33]. Ethanol 
can be mixed with petrol if appropriately purified and when utilized in modified spark 
ignition engines, production of toxic environmental gases will be reduced. A liter of 
ethanol can yield about three fifths of the energy provided by a liter of gasoline [34].

3.4 Biodiesel

Biodiesel is another example of a first generation biofuel and can be produced 
directly from vegetable oils and other oleo chemicals via trans-esterification meth-
ods or cracking. The possibility of biodiesel replacing fossil fuels as main source for 
power is one reason for the global research of biodiesel [35]. The trans-esterification 
procedure may utilize acid, enzymes and alcohol to yield the biodiesel and glycerin 
as by-product [36]. Oleo chemicals are chemical substances produced from fats and 
natural oils, they are basically fatty acids and glycerol. Hypothetically, oleo chemi-
cals are better substitute for petrochemicals in terms of sustainability and economic 
viability [37]. The high price rate of biodiesel is a major constraint to its commer-
cialization in contrast with petroleum, thus the utilization of waste oil should be 
considered since it is relatively available and cheap [38].
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Biodiesel is another example of a first generation biofuel and can be produced 
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as by-product [36]. Oleo chemicals are chemical substances produced from fats and 
natural oils, they are basically fatty acids and glycerol. Hypothetically, oleo chemi-
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cialization in contrast with petroleum, thus the utilization of waste oil should be 
considered since it is relatively available and cheap [38].
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4. Biogas development in Sub-Saharan Africa

Biogas generation via anaerobic digestion is very famous in the Americas, Asia, 
Europe and India Sub-Continent. However, the Sub-Saharan Africa region has over 
the last few decades witnessed a very slow acceptance and adoption of this technology 
despite significant individual, institutional, national and international efforts [21]. 
This slow pace of development has been linked to scarcity or unavailability of feed-
stock caused by poor agricultural practices [39]. Table 1 shows that as at 2005, only a 
few African countries have adopted the biogas technology with an insignificant num-
ber of biogas digesters/plants compared to what is obtainable in other continents [15]. 
In order to improve this situation, a new African initiative was launched in 2007 in 
order to install biogas digesters to not less than 2 million households by the year 
2020 [30, 31]. By the year 2010, the number of biogas plants in Africa has increased 
especially in Tanzania with about 4000 digester units [40]. However, only about 
60% of these plants were functional while the remaining failed or performed below 
satisfaction due to reasons like planning and construction errors, poor community 
awareness, lack of adequate maintenance culture, misconception of the technology’s 
benefits, and lack of technical know-how by end-users among others [40].

Country Number of small/medium 
digesters (100 m3)

Number of large digesters 
(>100 m3)

Region

Botswana >100 1 South

Burkina Faso >30 — West

Burundi >279 — East

Egypt >100 <100 North

Ethiopia >100 >1 East

Ghana >100 — West

Cote D'Ivoire >100 1 West

Kenya >500 — East

Lesotho 40 — South

Malawi — 1 South

Morocco >100 — North

Nigeria Few — West

Rwanda >100 >100 East

Senegal >100 — West

Sudan >200 — North

South Africa >100 >100 South

Swaziland >100 — South

Tanzania >1000 1 East

Tunisia >40 — North

Uganda Few — East

Zambia Few — East

Zimbabwe >100 1 South

Source: Mshandete and Parawira [15].

Table 1. 
African countries with biogas producing digesters.
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5. The Nigeria scenario

Inadequate energy supply and environmental pollution are some of the 
challenges being faced in Nigeria and other developing nations. The energy con-
sumption rate of the modern world is an indication that renewable and environmen-
tal-friendly energy need be generated from alternative sources. The mono digestion 
of substrates has been found to be limited in both quantity and quality of generated 
gas while co-digestion of substrates enhance the anaerobic digestion process as this 
leads to higher carbon/nitrogen balance and nutrient availability. Biogas research 
in Nigeria is in its infancy as limited substrates have been utilized and significant 
effort has not been directed at evaluating the composition and/or succession of the 
microbes responsible for the bioconversions [41]. As seen in Table 2, most of the 
previous biogas researches utilized animal dung, poultry droppings, peels, human 

S/N Substrate Average biogas/
methane yield

Digestion 
type

Digestion 
scale

Reference

1. Food waste and 
human excreta

56.5 L/kg biogas Anaerobic Pilot [38]

2. Poultry dropping 54 L/kg (biogas): 33.3 
L/kg (methane)

Anaerobic Pilot [73]

3. Cymbopogon citratus 
and poultry dropping

39 L/kg (biogas): 25.8 
L/kg (methane)

Anaerobic Pilot [73]

4. Cymbopogon citratus 28 L/kg (biogas): 21.6 
L/kg (methane)

Anaerobic Pilot [73]

5. Rice husks 25.1 L/kg (biogas): 21.3 
L/kg (methane)

Anaerobic Pilot [74]

6. Cow dung 61.8 L/kg (biogas): 
54.2 L/kg (methane)

Anaerobic Pilot [75]

7. Tithonia diversifolia 51.8 L/kg (biogas): 
40.2 L/kg (methane)

Anaerobic Pilot [67]

8. Chromolaena odorata 
and poultry dropping

64.8 L/kg (biogas): 
56.7 L/kg (methane)

Anaerobic Pilot [69]

9. Tithonia diversifolia 
and poultry dropping

61.8 L/kg (biogas): 
54.2 L/kg (methane)

Anaerobic Pilot [72]

10. Arachis hypogeae 46.8 L/kg (biogas): 
38.9 L/kg (methane)

Anaerobic Pilot [70]

11. Arachis hypogeae and 
poultry manure

59.3 L/kg (biogas): 
46.6 L/kg (methane)

Anaerobic Pilot [68]

12. Carica papaya 58.4 L/kg (biogas): 
45.8 L/kg (methane)

Anaerobic Pilot [71]

13. Carica papaya and 
poultry manure

60.1 L/kg (biogas): 
54.3 L/kg (methane)

Anaerobic Pilot [65]

14. Telfairia occidentalis 46.4 L/kg (biogas): 
32.2 L/kg (methane)

Anaerobic Pilot [66]

15. Banana and plantain 
peels

49.7 L/kg (biogas): 
36.2 L/kg (methane)

Anaerobic Pilot [51]

16. Panicum maximum 
and animal wastes

53.4 L/kg (biogas): 
42.4 L/kg (methane)

Anaerobic Pilot [76]

Table 2. 
Previous substrates used for biogas generation in Nigeria.
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4. Biogas development in Sub-Saharan Africa

Biogas generation via anaerobic digestion is very famous in the Americas, Asia, 
Europe and India Sub-Continent. However, the Sub-Saharan Africa region has over 
the last few decades witnessed a very slow acceptance and adoption of this technology 
despite significant individual, institutional, national and international efforts [21]. 
This slow pace of development has been linked to scarcity or unavailability of feed-
stock caused by poor agricultural practices [39]. Table 1 shows that as at 2005, only a 
few African countries have adopted the biogas technology with an insignificant num-
ber of biogas digesters/plants compared to what is obtainable in other continents [15]. 
In order to improve this situation, a new African initiative was launched in 2007 in 
order to install biogas digesters to not less than 2 million households by the year 
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especially in Tanzania with about 4000 digester units [40]. However, only about 
60% of these plants were functional while the remaining failed or performed below 
satisfaction due to reasons like planning and construction errors, poor community 
awareness, lack of adequate maintenance culture, misconception of the technology’s 
benefits, and lack of technical know-how by end-users among others [40].

Country Number of small/medium 
digesters (100 m3)

Number of large digesters 
(>100 m3)

Region

Botswana >100 1 South
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Source: Mshandete and Parawira [15].

Table 1. 
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Previous substrates used for biogas generation in Nigeria.
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excreta, agricultural residues and kitchen wastes as feedstock substrates [41–49]. 
The use of succulent plants for biogas production has been limited to water lettuce, 
water hyacinth, cassava leaves, Cymbopogon citratus and Eupatorium odoratum 
[41–44, 50, 51]. Besides, the detail analysis of lignocellulosic component and opti-
mization of biogas production processes and parameters are lacking in the Nigerian 
energy literature.

5.1 Biogas technology adoption in Nigeria

Biogas technology’s adoption and operation in Nigeria is still at the infancy stage. 
This slow pace which is similar to the situation in some other Sub-Saharan African 
countries is caused by unfavorable government policies, inadequate funding of tech-
nology and individual’s unwillingness [52]. To this end, several feedstocks which are 
economically suitable for biogas generation in Nigeria have been selectively identi-
fied. These include aquatic plants like water lettuce and water hyacinth; agricultural 
wastes like cow and piggery dung, poultry droppings and processing waste; indus-
trial wastes like municipal solid wastes and sewage [41–43]. Also, the continuous 
assessment of other locally available materials for their use in biogas production has 
been made [44]. The use of succulent plants has been limited to water lettuce, water 
hyacinth, cassava leaves, Eupatorium odoratum and Cymbopogon citratus [45, 53]. 
Similarly, the potential of poultry droppings, cow dung and kitchen/food wastes for 
biogas generation has been experimented upon [54, 55].

6. Suitable feedstock for biogas generation in Sub-Saharan Africa

One of the major steps in achieving anaerobic digestion success is the careful 
selection and identification of viable feedstock. The world over, several feedstock 
have been utilized including food wastes, animal dungs, agricultural and plant 
residues, wastewaters, Organic Fraction of Municipal Solid Wastes (OFMSW), 
energy crops, etc. Across Sub-Saharan Africa, substrates suitable for anaerobic 
digestion include aquatic plants such as water lettuce and water hyacinth; agricul-
tural wastes/residues such as cow and piggery dung, Cymbopogon citratus, cassava 
leaves; municipal wastes such as human excreta, processing wastes, urban refuse 
and industrial wastes [42–46]. Among these, the potentials of poultry manure, cow 
dung and kitchen wastes for biogas production have been demonstrated [54–59].

Similarly, Ilori et al. [51] demonstrated the biogas generation from the co- 
digestion of the peels of banana and plantain and obtained the highest gas volume 
with an equal mass of both substrates. In another study, the co-digestion of pig 
waste and cassava peels seeded with wood ash produced a significant increase in 
biogas yield when compared with the unseeded mixture of the substrates [60]. 
Fariku and Kidah [61] have also reported the efficient generation of biogas from 
the anaerobic digestion of Lophira lanceolata fruit shells. The biogas produc-
ing potentials of Sub-Saharan African local algal biomass has been recognized 
by Weerasinghe and Naqvi [62]. Odeyemi [50] in his comparative study of four 
substrates (Eupatorium odoratum, water lettuce, water hyacinth and cow dung) as 
potential substrates for biogas production concluded that Eupatorium odoratum was 
the best while cow dung was the poorest substrate in terms of gas yield. Ahmadu 
[63] compared the biogas production from cow dung and chicken droppings while 
Igboro [64] compared the biogas from cow dung from an abattoir and the National 
Animal Production Institute, Zaria, with the abattoir waste generating the highest 
volume of gas. Igboro [64] also designed a biogas stove burner which was effectively 
tested with the biogas produced from cow dung and other feed materials.
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Recently, there has been an upsurge in the utilization of many novel materials 
for biogas generation across Sub-Saharan Africa especially in Nigeria and other 
countries. These biomasses are found abundantly across the region with very 
little documentations for use as biofuel feedstock. They include shoots of Tithonia 
diversifolia (Mexican sunflower), and Chromolaena odorata (Siam weed). Others 
are fruit peels of Carica papaya (pawpaw), Telfairia occidentalis (fluted pumpkin), 
Ananas comosus (pineapple), Citrullus lanatus (water melon), Cucumeropsis mannii 
(melon) and the hull or pod of Arachis hypogaea (peanut or groundnut), Theobroma 
cacao (Cocoa) and Kola nitida (kolanut) [14, 65–72]. Despite the huge availability 
of these biomasses in their various locations of production, they mostly end up as 
solid wastes in the environment as little or no usage has been sought for them over 
the years. Even when some of the biomass has been experimented on for biofuel 
production, the various arrays of microorganisms involved in their biodegradation 
are yet to be documented in biofuel literature.

7. Conclusion

Sub-Saharan African region is much blessed with diverse biomass and materi-
als that can be exploited for biofuels generation. It has been seen that biofuels 
especially biogas technology adoption in the region has been slow thereby requiring 
more concerted efforts. With the past and anticipated energy challenges attributed 
to the region due to the overdependence on fossil fuels, the generation of environ-
mental friendly biofuels from the locally available biomass in the region should be 
given top priority as this will help salvage the menace of energy unavailability and 
its attendant issues.
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