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Chapter 12
Current Trends and Aspects 
of Microbiological Biogas Production

Chayanika Putatunda, Abhishek Walia, Rashmi Sharma, and Preeti Solanki

Abstract  The whole world today is practically on the verge of severe energy crisis. 
The industrialization and modernization have improved the overall living condi-
tions of a segment of human population on one hand and also resulted in greater 
energy requirements as well as a huge burden on the already dwindling land 
resources. Again, sustaining the ever-increasing human population with the ever-
decreasing arable land is becoming a mammoth task. So, there is an urgent need to 
try to look for possible solutions. Biogas production or biomethanation can be an 
answer to the twin problem of food and energy since the process leads to generation 
of biofuel (biogas) as well as effluent slurry, which can act as a very good manure. 
Another, very significant advantage of the process is that it is very helpful in solid 
waste management. A wide variety of waste materials like animal excrements, sew-
age sludge, agricultural residues, industrial wastes, etc. can be used as substrate for 
biogas production. Moreover, the solid-state biomethanation is also gaining popu-
larity due to negligible water requirements. This chapter presents some of the major 
developments in the field of biogas production.
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12.1  �Introduction

Energy and population explosion are two of the major issues being faced by the 
whole world today. The energy needs are increasing day by day due to the ever-
increasing population as well as greater industrialization and modernization 
(Amigun et al. 2008; Li et al. 2009; Sárvári Horváth et al. 2016). However, we are 
still heavily dependent on fossil fuels for the energy requirements, which in turn are 
depleting on an alarming rate (Shafiee and Topal 2009; Nel and Cooper 2009; Abas 
et al. 2015). Also, these fossil fuels like coal, petroleum products, etc. apart from 
being nonrenewable are also major source of environmental pollution and are not 
only impacting the environment but also gravely affecting the human health (Smith 
et al. 1999; Höök and Tang 2013; Watts et al. 2015; Lelieveld et al. 2015; Perera 
2017). Apart from that, the agriculture sector is also under extreme pressure due to 
the food requirements of the growing human population (FAO 2017). On the other 
hand, the developmental measures and urbanization are also taking a great toll on 
the available land resources, thus diminishing the already dwindling arable land 
(Agus and Irawan 2006; Beesley and Ramsey 2009; Azizan and Hussin 2015). 
Thus, the farmers are relying on more energy-intensive agricultural practices as well 
as huge amounts of chemical fertilizers and pesticides which in turn is having a 
grave impact on the environment (Tilman et al. 2002; Cold and Forbes 2004; Moss 
2008; Alamdarlo 2018; Budzinski and Couderchet 2018). Not only this, the greater 
human activities are also leading to a very large quantity of waste materials which 
are again posing a serious threat to the environment (Dyson and Chang 2005; Giusti 
2009; Fu et al. 2015). So, these problems are very intricately related with each other. 
Hence, there is an urgent need to address these issues.

A potential solution to these problems is the process of biomethanation. The 
process involves anaerobic digestion of organic materials, carried out by several 
groups of microorganisms, leading to production of methane and some other 
gases in the form of biogas (Dieter and Angelika, 2008). As per Martins das Neves 
(2009), “The energy content of 1.0 m3 of purified biogas is equal to 1.1 L of gaso-
line, 1.7 L of bioethanol, or 0.97 m3 of natural gas.” Biogas can be used as a fuel 
for cooking and heating purposes as well as for electricity generation (Xiaohua 
and Jingfei 2005; Riva et al. 2014; Chang et al. 2015). There is also the possibility 
of using it as a transportation fuel (Börjesson and Mattiasson 2008; Holm-Nielsen 
et al. 2009). Moreover, biogas production also yields an effluent slurry which is 
known to be rich in several plant nutrients (Leela Wati et al. 2008). The effluent 
can be applied as an organic manure which improves the soil quality as well as 
plant growth. Sogn et  al. (2018) have reported that the biogas plant digestate 
proved to be a good source of the major plant nutrients like nitrogen, phosphorus, 
and potassium, and at least for the wheat crop, the digestate alone was sufficient 
to overcome the requirement of any chemical fertilizer. Diatta et  al. (2019) 
reported that 1:1 mixture of phyto-ash and biogas slurry was found to be effective 
in improving the quality of soil contaminated with heavy metals. Similarly, Nafees 

C. Putatunda et al.



267

et al. (2018) reported improvement in growth as well as antioxidant properties of 
Brassica napus, grown in chromium-contaminated soil by addition of biogas 
slurry and Burkholderia phytofirmans PsJN. The anaerobic conditions occurring 
during biomethanation also tend to decrease the load of pathogenic microbes, so 
the safety concerns associated with the direct soil application of waste materials 
are also mitigated (Weiland 2010).

Conventionally, cattle dung has been used as the most common substrate for 
biogas production (Işık and Polat 2018). However, a variety of waste products 
(either alone or mixed with other wastes) have been reported to be effective for 
biogas production. Some of the substrates used for biogas production are the excre-
tory materials of various animals like sheep (Sarabia Méndez et  al. 2017), goat 
(Zhang et al. 2013), pigs (Wu et al. 2010), camel (Kheira et al. 2017), and poultry 
birds (Malik et al. 2008); human excreta (Singh et al. 1993); kitchen wastes (Iqbal 
et al. 2014; Srinvasa Reddy et al. 2017); agricultural wastes like bagasse (Eshore 
et  al. 2017), wheat straw (Mancini et  al. 2018) etc.; industrial wastes like whey 
(Antonelli et al. 2016); paper industry wastes (Priadi et al. 2014); palm oil industry 
wastes (Ohimain and Izah 2017); food processing industry wastes (Fang 2010), etc. 
So, biomethanation can be a boon for both industrial and agricultural sectors, since 
the industries can use biogas as a possible source of energy and at the same time, the 
process is helpful in dealing with their waste products. Thus, apart from solving the 
energy as well as food problem, biogas production is very useful in addressing the 
environmental issues also. García-González et al. (2019) have concluded that by 
harvesting the methane in the form of biogas, one can expect mitigation of the 
greenhouse gas emission. Thus, this can be helpful in reducing the phenomenon of 
global warming.

Biogas conventionally comprises approximately 60–75% methane, 25–40% car-
bon dioxide, and traces of other gases like water vapor, hydrogen sulfide, ammonia, 
etc. (McKendry 2002; Zinoviev et al. 2010). Out of these, methane is the ingredient 
which acts as the fuel. It is a clean burning fuel and has a high calorific value 
(Kaltschmitt et  al. 2001). Reports have already indicated improvement in health 
conditions of people working in kitchens supplied with biogas as compared to kitch-
ens where cattle dung cakes, coal, or wood is used as fuel (Dohoo et  al. 2012). 
However, in spite of all these benefits, the process of biomethanation has not gained 
the desired level of popularity. Lack of awareness among the general public as well 
as limitation of funds may be the reason for this, but there are some areas of concern 
with respect to biogas production technology (Surendra et al. 2014). For example, 
the relatively low efficiency of biogas production especially in areas with too high 
or too low temperatures is an important drawback of this process. Again, another 
issue is related to the storage and purification of methane from the rest of the con-
stituents of biogas. Even the availability of substrate and labor requirements has 
also been thought to impact the popularity of biogas production adversely (Tucho 
et al. 2016). Apart from these, the conventional biogas production technologies also 
need input of lots of water (Tucho et al. 2016). This especially becomes challenging 
in arid and semi-arid regions of the globe.
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In order to address these types of concerns, research efforts are being undertaken. 
Scientists are working on improving the overall process efficiency by modifying the 
digester designs as well as the process parameters. Similarly, efforts are going on 
for developing microbial consortia which can not only improve the yield (Zhong 
et  al. 2016; Krzysztof et  al. 2016) but also can work efficiently under relatively 
harsh temperature ranges (Hniman et al. 2011; Kinet et al. 2015). Apart from that, 
several researchers have shown that by combining different wastes as substrates for 
biogas production, the process efficiency can be improved (Li et al. 2011a; Munda 
et al. 2012; Tasnim et al. 2017). Again, several workers have also developed vari-
ous techniques for improved purification of biogas. Another major step in popular-
izing the biogas production technology is by the application of solid-state biogas 
production which minimizes the amount of water requirement for biomethanation 
(Brown et al. 2012; Brown and Li 2013). These steps are discussed in detail in the 
following sections.

12.2  �Conventional Biogas Production

Recent studies have suggested that biogas production using anaerobic digestion 
(AD) processes delivers compelling edge over the rest of the sources of bioenergy 
as AD is not only an energy-efficient but also an environmental-friendly technique 
(Nishio and Nakashimada 2007; van Foreest 2012). Many countries like the USA, 
China, and India have recently been investing in alternative processes for the pro-
duction of biogas from cellulosic resources, and they are going to be the future 
producers of biogas (Lin and Tanaka 2006; Soetaert and Vandamme 2009). The AD 
technology has been enhanced from the knowledge of the production of compost 
which is a high-value fertilizer and has today given a boon to biogas economy 
(European Biogas Association 2011).

12.2.1  �Principle of Anaerobic Digestion

AD is based on microbial decomposition of organic matter in the absence of air/
oxygen, utilized for metabolism in microbes, leading to their growth and resulting 
in production of methane. The process can be divided into four characteristic phases 
depending upon the group of microorganisms involved (Fig. 12.1).

Effective regulation of the AD process is necessary for stable digestion and is 
maintained by coupling the various biological conversions, i.e., hydrolysis, acido-
genesis, acetogenesis, and methanogenesis, that prevents the accumulation of any 
intermediary compounds. This also helps in the maintenance of physical conditions 
of digestion like pH which may be affected by the concentration of intermediary 
VFAs, leading to decrease in pH, which inhibits methanogenic bacteria, and further 
decreases the pH.

C. Putatunda et al.



269

12.2.2  �Types of Biogas Systems

AD technology is applicable to both wastewater and solid waste treatments with the 
final product being methane and carbon dioxide. The installation required for AD is 
both simple and economical in terms of technology, energy, and space and can be 
divided into two types based on biomass retention (de Mes et al. 2003):

	(a)	 High-rate biogas systems: These systems are characterized by biomass reten-
tion and short hydraulic (HRT) but long sludge retention times (SRT) and 
maybe utilized for many types of wastewater treatments. Examples are anaero-
bic filter, contact process, upflow anaerobic sludge blanket (UASB) or expanded 
granular sludge bed (EGSB), and fluidized bed systems. The biomass retention 
may be possible in two ways:

	(i)	 Bacterial films are fixed on solid surfaces.
	(ii)	 Bacterial mass is suspended and biomass is retained by settling process 

internally or externally.

	(b)	 Low-rate biogas systems: These systems do not retain biomass and are used for 
solid waste treatment and digestion of slurries. They have long enough HRT to 
be equal to SRT. Examples are continuously stirred tank reactor (CSTR) sys-
tem, plug flow system, and batch accumulation system.

Fig. 12.1  Principle of 
anaerobic digestion 
process: (a) hydrolysis: 
nonsoluble biomolecules 
(protein, lipids, 
carbohydrates) present in 
the colloidal organic matter 
of the waste are converted 
to simpler and soluble 
organic compounds. (b) 
Acidogenesis: soluble 
organic 
compounds → volatile 
fatty acids (VFA) + CO2. 
(c) Acetogenesis: 
VFA → CH3COO− + H2. 
(d) Methanogenesis: 
conversion of acetate and 
CO2 plus H2 to 
methane gas

12  Current Trends and Aspects of Microbiological Biogas Production



270

12.2.3  �Substrates for Biogas Production

Various types of wastes can be used for the production of biogas, like the ligno-
cellulose waste from agricultural and municipal sources, sewage sludge, solid 
municipal waste, animal manure and slurry, food wastes, etc. These wastes have 
been evaluated for their biogas yield (m3) as well as electricity produced (kW-h) 
per ton of fresh biomass (Stucki et al. 2011). The molecular constituents, i.e., 
carbohydrates, fats, proteins, cellulose, lignin, and hemicellulose, are the factors 
contributing to the quantity and quality of biogas yield. It is also known that fats 
provide a better biogas yield in comparison to carbohydrates and proteins, but 
the latter are however converted faster by the microbes (Zubr 1986; Braun 
1982, 2007).

Lignocellulosic wastes, i.e., agricultural wastes, sewage, and wastes from energy 
crops, are potent sources of biofuels (Philbrook et al. 2013) and are made of primar-
ily three components—cellulose, hemicellulose, and lignin (Kumar et  al. 2009; 
Iqbal et al. 2011). Lignin makes up 30–60% of wood and 5–30% of agricultural 
wastes and grasses (Ratnaweeraa et al. 2015), whereas wastes from energy crops 
primarily contain hemicellulose (Demirbaş 2005). It has been shown that higher 
lignin content in the feedstock biomass decreased the degradation efficiency 
(Grabber 2005) and the structure and composition of lignin positively influence the 
process of hydrolysis, i.e., the first step in biogas production, hence increasing the 
biogas production efficiency (Ladisch et al. 2010).

12.2.3.1  �Treatment of Slurries and Solid Wastes

The content of total solids (TS) present in the solid wastes and slurries determines 
the systems to be used for their digestion. Broadly, either wet fermentation systems 
or dry fermentation systems are employed (de Mes et al. 2003) (Table 12.1).

12.2.3.2  �Wastewater Treatments

High-rate AD treatment systems like UASB, contact process, and anaerobic filter 
are better suited for dilute feedstock like wastewater. In these systems, SRT > HRT 
and the sludge is either recycled or fixed on support material. Different types of 
wastewater treatment systems used worldwide are contact process, upflow anaer-
obic sludge blanket (UASB), Biobulk system by Biothane (Biothane, 2001), 
fixed film fluidized bed system, hybrid systems, anaerobic filter (AF), anaerobic 
fixed film reactor (AFFR), and expanded granular sludge bed (EGSB) 
(Frankin 2001).
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Table 12.1  Fermentation treatment of slurries and solid wastes

TS 15–25%
Low solids AD

TS > 30%
High solids AD

Wet fermentation Dry fermentation
CSTR
   - �Feed introduced in the reactor is 

continuously stirred for proper mixing of 
contents, and an equal volume of effluent 
exits the reactor

   - �RT can be varied
   - �Low operating cost
   - �TS 2–10%
   - �For treatment of agricultural wastes, 

animal manure, household waste, sewage 
sludge, feces, kitchen waste, urine, and/or 
mixtures of these substrates

   - �SRT = HRT
   - �Digestor volume: 6–400 m3/day

Valogra system
   - �Waste is screened and crushed to particle 

size <80 mm
   - �Crushed waste is mixed with some excess 

process water and heated via steam
   - �Four high-solids mesophilic reactors are 

combined with incineration of non-digested 
matter and residues

   - �Mixing in reactor occurs under pressure by 
reverse circulation with a small volume of 
the biogas

   - �Methane content in biogas produced after 
18–25 days is 55–60% which may be 
purified to 97% for commercial use

DRANCO (Dry Anaerobic Composting) system
   - �Operates with high solid fraction and high 

temperatures (50–58 °C)
   - �Feed is daily added from top and digested 

material removed from base after 15–30 days
   - �Part of digested biomass is recycled to be 

used as inoculum, and the rest is dried to 
form organic compost

   - �No mixing within the reactor except the plug 
flow movement of the digested waste

Plug flow digesters
   - �Basic design made of an underground 

trough with expandable gas-tight cover, 
vertical mixing in pipe

   - �Hydrolysis and methanogenesis occur 
separately through the pipe length

   - �TS 10–12%
   - �SRT = HRT
   - �For treatment of slurries with high TS 

fractions
   - �Low loading rates

Kompogas system
   - �Reactor is a horizontal cylinder; hence, 

movement of material in reactor is in a 
horizontal type plug-flow process; an 
intermittent agitator is also present inside the 
reactor

   - �Feed is introduced daily from one end and 
digested biomass removed from the other 
end after 20 days

   - �Part of digested biomass is recycled to be 
used as inoculum, and the rest is sent to AD 
wastewater treatment to produce more biogas

BIOCEL process
   - �Batch process with high solids and 

mesophilic temperatures
   - �Waste is mixed with the inoculum, sealed 

into the bioreactor without any stirring, and 
kept till 21 days for biogas production, i.e., 
till there is no more methane produced

   - �Leachate formed due to AD is heated for 
recirculation through waste biomass

12  Current Trends and Aspects of Microbiological Biogas Production
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12.2.4  �Types of Biogas Plants

The construction of a biogas plant depends upon its structural strength and fluid 
dynamics. The best possible solution may be an egg-shaped vessel which is gener-
ally used for treatment of sewage on large scale as it is expensive. Digesters in the 
shape of a cylinder having conical bottoms and covers are much simplified design 
to build and maybe available as prefabricated units in the market. They are however 
unfavorable due to surface volume ratio and must have equal height and diameter. 
Comparison of different types of small-scale biogas plants and their advantages and 
disadvantages are summarized in Tables 12.2 and 12.3. The basic designs of fixed 
dome and floating drum biogas plants are given in Figs. 12.2 and 12.3, respectively.

12.2.5  �Physical Factors Affecting AD

	(a)	 Temperature: AD starts with 0 °C and increases with increasing temperatures 
reaching a maximum at 35–37 °C, i.e., ideal conditions for mesospheric micro-
organisms. Maximum methanogenesis occurs at 55 °C or higher, and the choice 
of temperature will depend upon the biogas yield and the energy demands 
(Lettinga and Haandel 1993). Some of the important characteristics of different 
types of anaerobic digestion processes (based on temperature) are presented in 
Table 12.4.

Table 12.2  Comparison of different types of small-scale biogas plants (Biogas Digest Volume II: 
Biogas—Application and Product Development, 2010)

Factors Fixed dome Floating drum Tubular design
Plastic 
containers

Gas storage Gas storage 
internal; large drum 
sizes up to 20 m3

Gas storage 
internal; small 
drum sizes

Internal and 
eventually external 
plastic bags

Gas storage 
internal; small 
drum sizes

Gas pressure 60–120 mbar ~20 mbar Low, ~ 2 mbar Low, ~ 2 mbar
Skills of 
contractor

High; masonry, 
plumbing

High; masonry, 
plumbing, 
welding

Medium; plumbing Low; plumbing

Availability of 
material

Yes Yes Yes Yes

Durability Very high >20 
years

High; weak 
drum

Medium; depends 
on chosen liner

Medium

Agitation Self-agitated by the 
biogas pressure

Manual steering Not possible; plug 
flow type

Manual steering

Sizing 6–124 m3 digester 
volume

~20 m3 Combination 
possible

~6 m3 digester 
volume

Methane 
emission

High Medium Low Medium
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Table 12.3  Advantages and disadvantages of different types of small-scale biogas plants (Biogas 
Digest Volume II: Biogas—Application and Product Development, 2010)

Biogas reactor type Advantages Disadvantages

(a) Fixed dome biogas plants • �Initial costs are low
• �Life span is long and 

useful
• �Parts involved are neither 

rusting nor moving
• �Compact well-insulated 

underground basic design 
which saves space

• �Opportunity for skilled 
local employment

• �Gas-holder masonry requires 
special sealants

• �High technical skills required for 
gas-tight construction

• �Gas leaks are frequent
• �Gas utilization is complicated 

due to fluctuation in gas 
pressures

• �Amount of biogas produced may 
not be immediately visible

• �Plant operation is not easily 
understandable

• �Exact planning of levels is 
required, and in bedrock areas, 
the excavation will be difficult

• �Environmental disadvantage—
methane emission from 
expansion chamber

(b) �Floating drum biogas 
plants or gobar gas plant 
(by Jashu Bhai J Patel, 
1956)

• �Mode of operation is 
continuous feed

• �Can be used for both 
animal and human feces

• �Water-jacket floating-drum 
plants:

 � – Easy to maintain
 � – Universally applicable
 � – �Do not stuck in scum 

layer even with high 
solid content

 � – Long life
 � – �Esthetic and more 

hygienic
 � – �Used in fermentation of 

night soil

• �Steel drum is maintenance 
intensive and expensive

• �Life span of drum is short, i.e., 
5–15 years only

• �Gas holder has a tendency to be 
stuck if fibrous substrates are 
used

• �A guide is always required for 
the drum to be removed for 
repair

(c) �Low-cost polyethylene 
tube/balloon biogas 
digester

• �Easy design and low cost
• �Easy installation of 

digester bag, replaceable
• �Can be installed in areas 

with high water table
• �Easy monitoring of gas
• �Ideal for warmer climates

• �Shorter life span than traditional 
biogas plants

• �Gas pressure is lower than fixed 
dome and floating drum biogas 
plants

• �Production time is highly 
dependent on the ambient 
temperature, less insulated

(d) Earth pit plants • �Easy design and low cost
• �Easy installation
• �Potential for 

improvements based on 
self-help approaches

• �Short life span
• �Can be made only in certain 

impermeable soils
• �Can be constructed only above 

groundwater table

(continued)
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Table 12.3  (continued)

Biogas reactor type Advantages Disadvantages

(e) Ferro-cement plants • �Smaller volumes (<6 m3)
• �Can be prefabricated
• ��Can be applied as an earth 

pit lining or as self-
supporting shell

• �Reliability is proven if 
made with cemented-on 
aluminum foil

• �Requires substantial amount of 
cement

• �Skillful workmanship is required
• �Uses expensive wire mesh
• �Adequately not yet time tested
• �Requires special sealing 

measures for gas holder

Fig. 12.2  Basic components of a fixed dome plant (Nicarao design)

Outlet for biogas

Floating gas holder
Biogas Collects here

Mixing Tank

Slurry of Cattle
Dung and Water

Ground Level

Inlet Pipe
Under-
ground 
Digester 

Tank

Outlet Pipe

Partition 
Wall

Spent Slurry

Overflow Tank

Fig. 12.3  Floating drum biogas plants or gobar gas plant
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	(b)	 pH: AD start-up processes may occur at a variable pH, but methanogenesis 
requires neutral pH and is the rate limiting step (Lettinga and Haandel 1993). 
Hydrogen carbonate ions are required in sufficient amount to maintain the opti-
mal pH for methanogenesis to occur.

	(c)	 Alkalinity and toxicity: Accumulation of intermediaries like VFA and ammo-
nia, or cations like those of sodium, potassium, and calcium, heavy metals, 
sulfides, and other xenobiotics also adversely affect methanogenesis.

12.3  �Microbiology of Biogas Production

The process of biogas production from organic matter is a complex and dynamic 
process and involves intricate interactions between the members of microbial com-
munity. The microbial communities of seven different anaerobic sewage sludge 
digesters were analyzed by using 16S rDNA sequencing (Riviere et al. 2009). They 
classified the microflora into three categories, viz., the phylotypes common in most 
of the digesters, the phylotypes found in few digesters, and the phylotypes observed 
only under certain specific conditions.

The overall anaerobic digestion process has been divided into four major steps, 
viz., hydrolysis, acidogenesis, acetogenesis, and methanogenesis. During the first 
step of hydrolysis, the macromolecules like cellulose, starch, hemicellulose, pro-
teins, lipids, etc. present in the organic materials are converted to simple, soluble 
monomeric compounds like formate, acetate, propionate, butyrate, ethanol, carbon 
dioxide, and hydrogen (Kelleher et  al. 2000). Depending on the type of starting 
materials, different microbes may become dominant during this phase. According to 
Rao (1993), cattle dung-fed digesters show higher amylolytic population while the 
digesters containing poultry waste possess higher proteolytic population. Some of 
the commonly reported hydrolytic microbes include Bacteroides succinogenes, 
Butyrivibrio fibrisolvens, Clostridium cellobioparum, Ruminococcus albus, 
Clostridium sp., etc. (Khan 1980; Godbole et al. 1981). The small molecules pro-
duced by the fermentative and hydrolytic microbes are acted upon by acidogenic 
microbes which result in the production of volatile fatty acids (VFAs), alcohols, 
hydrogen, and carbon dioxide along with by-products like ammonia (NH3), 

Table 12.4  Classification of digestion process based on temperature

Psychrophilic 10–20 °C Bacterial growth and degradation of the 
substrate are slower

Requires long retention 
times and large reactor 
volumes

Mesophilic 20–40 °C Moderate bacterial growth and substrate 
degradation

Lesser retention times 
and reactor volumes

Thermophilic 50–60 °C Applicable when wastewater is 
discharged at high temperature or when 
pathogen removal is essential

Can be used with high 
loading rates

12  Current Trends and Aspects of Microbiological Biogas Production
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hydrogen sulfide (H2S), etc. (Li et  al. 2011a, b; De la Torre and Goma 1981; 
Dinopoulou et al. 1988). Acidogenesis is followed by acetogenesis where organic 
acids and alcohols are converted into acetate, carbon dioxide, and hydrogen. The 
obligate hydrogen-producing acetogenic bacteria are one of the most important 
groups in the biogas digesters. The classical examples of this group of microbes are 
Syntrophobacter wolinii (Boone and Bryant 1980) and Syntrophomonas wolfei 
(McInerney et  al. 1981). The most common homoacetogenic bacteria are 
Acetobacterium woodii and Clostridium aceticum. These consume hydrogen and 
carbon dioxide and produce acetate (Balch et al. 1977; Ohwaki and Hungate 1977; 
Bharathiraja et  al. 2018). The last step of anaerobic digestion is carried out by 
methanogens. There are two broad groups of methanogenic bacteria: aceticlastic 
bacteria (which convert acetate into methane and carbon dioxide) and hydrogeno-
trophic methanogens (which convert hydrogen and carbon dioxide into methane). 
Most of the methanogens belong to the latter group, while the former group is 
represented by a few like Methanosarcina barkeri, Methanococcus mazei, and 
Methanothrix soehngenii (Schink 1997). The syntrophic interaction between ace-
togens and hydrogenotrophic methanogens is very crucial for the performance of 
an anaerobic digester.

12.4  �Current Trends in Biogas Production

With the advent of modernization and improvement in the living standards, the 
energy requirements are skyrocketing. On the other hand, the conventional energy 
sources are plummeting. So, the world is now trying to look for alternative and 
renewable energy sources (Nasir et al. 2012). Biomethanation is not a new phenom-
enon, but nowadays, several improvements or modifications are being done in order 
to enhance its applicability as a reliable energy source. Some of the approaches are 
being discussed here.

12.4.1  �Utilization of Wider Substrate Range

The substrate feedstocks serve as the nutritional base for the microflora involved in 
biogas production. The types of nutrients within substrate feedstock determine 
microbial growth and hence affect degradation process and biogas yield (Cheng 
2009; Cooke 2014; De Clercq et al. 2016). Nutrients should be in abundance for an 
efficient digestion process. Therefore, the substrate should be chosen in a way that 
meets the nutritional demands of microflora in the digester, produce high biogas and 
methane yield, and produce a high-quality digestate. Different categories of sub-
strates used for biogas production are depicted in Fig.  12.4, and these categories 
include various feedstocks such as animal manure, slurries, organic wastes generated 
from agriculture, dairies, food industries and wastewater sludge, organic inputs from 
municipal solid wastes, households, as well as energy crops (Cheng 2009).
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Cattle dung or cattle manure is the chief organic waste generated within agricul-
ture sector. It has been commonly used as the substrate for biogas production. It is 
nutrient rich and used by farmers as soil conditioner for increased crop productivity 
(Cooperband 2002; Yorgey et al. 2014). Cattle manure can also be used as ideal 
substrate for biogas production, and later the digestate may be used as a soil condi-
tioner. It has been reported that manure digestion increases the availability of nutri-
ents for plants, particularly nitrogen (LeaMaster et  al. 1998). Besides beneficial 
effects, animal manure can pose harm to the environment if not handled properly 
(Phetyim et al. 2015). High concentration of nitrogen and phosphorus may cause 
nutrient imbalance; it also contains some fractions of toxic substances such as heavy 
metals, antibiotics, and some growth regulators. Moreover, the presence of many 
pathogenic microorganisms in the manure can lead to the outbreak of serious plant 
and human diseases (LeaMaster et al. 1998). Thus, dumping of the animal manure 
in an environment-safe way is a matter of prime concern. So, biomethanation offers 
an attractive avenue of dealing with cattle dung.

12.4.1.1  �Agricultural Waste as Substrate Feedstock

Manure could be used as solid phase or slurry; however, more biogas yield has been 
reported with slurry phase (Sebola 2015). Manure has its own properties and can be 
mixed with other agricultural substrates during anaerobic digestion for optimum 
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al Waste 

and 
Energy 
Crops
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Municipal 
solid 
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sewage 
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Industrial 
waste

Fig. 12.4  Substrate categories utilized during anaerobic digestion for biogas production
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biogas yield. In fact, several studies indicate that combining different wastes with 
cattle dung can be effective in enhancing the biomethanation process. A 16–65% 
increase in methane yield was observed when cattle dung was mixed with grass 
silage and sugar beet litter at the organic loading rate of 2 kg VS/m3 d at 35 °C 
(Lehtomäki et al. 2007). Anaerobic digestion of a mixture of water hyacinth, cattle 
manure, algae, and rice husk gave more methane yield and a more nutrient-rich 
digestate as compared to cattle manure alone (Ghosh and Das 1982). A higher meth-
ane yield was reported from anaerobic digestion of cattle dung mixed with lantana 
slurry, apple-peach leaf litter, and wheat straw (Dar and Tandon 1987). Different 
studies have reported a high biogas yield with amendments of various organic agri-
cultural wastes with cow dung; a mixture of water hyacinth, cattle dung, and poultry 
waste increased biogas yield by 100% (Madamwar et al. 1990). Similarly, a high 
biogas yield has been reported from anaerobic digestion of sugarcane bagasse, cat-
tle dung, and poultry waste (Mallik et al. 1990).

12.4.1.2  �Energy Crops

Crop residues and various energy crops are used as feedstocks for digestion during 
biogas production. Grass is the most preferred energy crop due to easy digestibil-
ity, and also its availability is not hindered by seasonal change. A high methane 
yield (70–80%) has been reported from grass silage digestion, and moreover, 
methane produced from grass has been found to be suitable for automobile fuel 
(Gerin et al. 2008; Abu-Dahrich et al. 2011). A significant biogas yield has also 
been reported from anaerobic digestion of various plant materials such as Ageratum, 
Calotropis procera, Beta vulgaris, water hyacinth, and even marine macroalgae 
(Kalia and Kanwar 1990; Traore 1992; Hassan 2003; Singhal and Rain 2003; 
Hughes et al. 2012).

12.4.1.3  �Fruit and Vegetable Waste

Markets and food industries generate tons of fruit and vegetable waste every year. 
Fruits and vegetables are high moisture-rich (70–90%) substrates, and anaerobic 
digestion is an ideal way of recycling waste containing 50% or more moisture con-
tent. But, the use of fruit and vegetable waste as a sole substrate for biomethanation 
is an exigent process due to poor substrate composition (Asquer et  al. 2013; 
Bouallagui et al. 2003; Sanjaya et al. 2016). Therefore, different pretreatments are 
given to increase biogas yield from fruit-vegetable waste (Asquer et al. 2013). The 
major setback of using fruits during digestion is that they rapidly acidify digestion 
mixture due to the low pH of waste and accretion of volatile fatty acids, which 
reduce the activity of methanogens in the digester. Therefore, preliminary treatment 
is required for efficient digestion of fruit and vegetable wastes (Hall 1995; Appels 
et al. 2008; Arthur et al. 2011).
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12.4.1.4  �Municipal Solid Waste and Sewage Waste

Waste generated and collected from residential areas, institutions, and mercantile 
activities is called municipal solid waste (MSW). MSW is usually collected as 
mixed stream and then dumped through landfilling sites. Landfilling is not consid-
ered an ideal way to get rid of MSW as it is a waste of energy and nutrients. MSW 
contains a significant biodegradable fraction (65–70%); therefore, it can be sub-
jected to anaerobic digestion for biomethane production. Literature has well docu-
mented the production of methane from anaerobic digestion of MSW (Davidson 
et al. 2008; De Clercq et al. 2016).

Sewage sludge is generated from municipal and industrial wastewater treatment 
plants, and its production is increasing swiftly with increase in industrialization 
(Appels et al. 2008). The sludge is a storehouse of nutrients like nitrogen and phos-
phorus and organic matter; therefore, it is used as manure in crop fields. However, 
sewage sludge also contains some toxic substances like heavy metals and patho-
genic microorganisms; thus, its direct use as manure is environmental sensitive and 
should be reconsidered (Appels et al. 2008). Sludge treatment through anaerobic 
digestion is the method of choice for biomethane production, and the digestate pro-
duced is nutrient rich and safe and can be used as manure.

Sludge contains significant moisture and other micro- and macronutrients but 
low in C:N ratio. Therefore, biomethane production is optimized by supplementing 
with organic fraction of MSW; the process is called co-digestion (Pastor et al. 2013). 
Organic fractions of MSW are high in C:N ratio, and a significant increase in meth-
ane yield is reported with co-digestion of MSW and sewage sludge (Tchobanoglous 
et al. 1993; Raposo et al. 2012).

12.4.1.5  �Industrial Waste

Industrial waste is the waste generated from various manufacturing industrial units 
such as paper and pulp industries, dairy industries, food industries, and agro-
product-based industries. Anaerobic digestion is the method of choice for treatment 
of industrial waste in an environmental safe way. It has been reported that waste 
from paper-pulp industries and butcher houses can be utilized for biomethane pro-
duction (Jia et al. 2013). Waste from paper-pulp industries is rich in organic carbon 
and can be easily biodegraded during anaerobic digestion; therefore, it is ideally 
suited as a substrate in biogas plants (Hagelqvist 2013). Anaerobic digestion of 
waste from paper and pulp industries is also economically beneficial to industries as 
it includes low transportation cost and operation and maintenance can be easily 
coordinated with existing organizations (Hagelqvist 2013).

Besides pulp-paper industries, wastes from textile industry, biscuit and chocolate 
industry, cheese industry, and distilleries have been successfully employed in biogas 
production (Balasubramanya et al. 1986; Mehla 1986; Ranade et al. 1989; Lebrato 
et al. 1990). A biogas yield of 2.2 liter per day has been observed when whey, cow 
dung, and poultry waste (3:1:2) were supplemented at a rate of 6 grams of total 
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solids/day at 40 °C (Desai and Madamwar 1994a). Later, an increase in fuel yield 
was obtained after adding silica gel (Desai and Madamwar 1994b) and Tween 80 
(Desai and Madamwar 1994c). Table 12.5 shows production of biogas from various 
industrial wastes.

12.4.2  �Alterations of Microflora

Biogas production involves many different groups of microorganisms working 
together to anaerobically degrade the organic matter and to produce methane and 
other gaseous components of biogas (Amani et al. 2010). Due to the inherent prob-
lems associated with dealing with the anaerobic microorganisms as well as involve-
ment of a variety of microbes growing in close unison in syntrophic manner, it has 
been somewhat difficult to isolate and identify individual microorganism involved 
in biomethanation process by the conventional techniques. Still, a lot of work has 
been done in this direction, and the major groups of microbes involved in anaerobic 
digestion of organic matter are known.

The molecular biology techniques have been very useful in analyzing the micro-
flora involved in biogas production. Some of the commonly used methods involved 
16S rRNA analysis using 454 next-generation sequencing (NGS) technique 
(Zakrzewski et al. 2012), terminal restriction fragment length polymorphism (Wang 
et  al. 2010), and quantitative real-time polymerase chain reaction (qPCR) 
(VanGuilder et al. 2008). While the conventional methods target primarily the domi-
nant microflora, the metagenomic and metatranscriptomic approaches allow analy-
sis of even lesser abundant microflora and go a long way in comprehending the 
microbial community dynamics of biogas production as well as provide insights 
into the genetic and metabolic capabilities of the microflora (Sárvári Horváth et al. 
2016; Bremges et al. 2015). Greater understanding about the microbial community 
involved in biogas production and their dynamics will help in potentially enhancing 
the production of biogas.

Some workers have tried using addition of microbial inoculants for enhancing 
the biogas production. Bagi et al. (2007) reported that the addition of a pure culture 

Table 12.5  Production of biogas from various industrial wastes

Industrial wastes used for biogas Reference

Dairy effluents Rani (2001)
Spent tea leaves Goel et al. (2001)
Wastewater from food processing unit Wei et al. (2011)
Glycerol as by-product of biodiesel production Viana et al. (2012)
Brewery waste Tewelde et al. (2012)
Palm mill effluent Thong et al. (2012)
Paper mill wastes, brown grease, and corn ethanol Zhang (2017)
Cassava industrial waste Budiyono et al. (2018)
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of Caldicellulosiruptor saccharolyticus (a cellulolytic, H2-producing bacterium) to 
various substrates like sewage sludge, plant wastes, and animal wastes leads to sig-
nificant increase in biogas production. Similar results were also obtained when a 
mixture of these substrates were inoculated with C. saccharolyticus culture. 
However, the use of pure cultures is relatively less common, and most of the work-
ers have focused on utilizing microbial consortia. A thermophilic consortium, 
obtained from various composting materials like sugarcane dregs, dried straw, and 
fecal material of chicken, pigs, and cattle, was efficiently degrading ligno-cellulosic 
substrates like rice straw, corn stalk, cassava residues, etc. (Haruta et al. 2002; Guo 
et al. 2011). Wei et al. (2010) reported enhanced level of biogas production by utili-
zation of a hemicellulose-degrading microbial consortium comprising Bacteroides 
sp., Dechlorosoma sp., and a diverse range of Clostridiales immobilized on zeolite. 
Dhadse et  al. (2012) obtained maximum biogas production (with 76% methane) 
from a consortium containing four different methanogenic bacteria, while the other 
two bacterial consortia containing facultative anaerobes result in lower yields of 
biogas. Gopinath et al. (2014) analyzed the effect of four different microbial consor-
tia obtained from cow dung on biogas production with poultry droppings as a sub-
strate and reported that the consortium number four resulted in maximum methane 
yield of 79.4%. They reported this consortium to have high concentration of metha-
nogenic archaea. Poszytek et al. (2016) developed a microbial consortium with high 
cellulolytic activity, comprising 16 strains belonging to the genera Bacillus, 
Providencia, and Ochrobactrum, which lead to higher efficiency of maize silage 
degradation as well as higher biogas production under two-phase sequencing reac-
tor. Suksong et al. (2019) compared two thermotolerant microbial consortia, one of 
which was rich in Lachnospiraceae and the other was rich in Clostridiaceae mem-
bers for biogas production from palm oil empty fruit bunches. While the former was 
observed to be more suitable for pre-hydrolysis, the latter was found to be more 
suitable for direct bioaugmentation during solid-state anaerobic digestion. 
Tantayotai et al. (2019) have reported 6.5 times enhancement in biogas production 
from activated wastewater sludge and rice straw residues with the help of an ionic-
liquid-tolerant and salt-tolerant consortium primarily comprising Bacteroidetes, 
Actinobacteria, and Methanosarcinales.

12.4.3  �Modifications of Biogas Production Process

The main constituents of the feedstock are lignocellulosic wastes composed of cellu-
lose, hemicellulose, and lignin as discussed before. Kumar and Sharma (2017) have 
summarized the percentage of these three constituents in various plant sources like 
sugarcane, wood, newspaper, etc. The yield from a biogas plant is dependent upon:

	(a)	 The type of the biogas plant
	(b)	 The concentration of the biomass fed into the biogas plant
	(c)	 The conditions of the AD process
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12.4.3.1  �Pretreatment Technology for AD

The present knowledge on pretreatment technology has only recently been investi-
gated and needs to be optimized before use in terms of not only application and 
efficiency but also in regard to the economic burden. It must be more integrated into 
the biogas production process rather than being considered as an enhancement or a 
separate process.

	 i.	 The primary aims of pretreatment of biogas feedstock are the following:

	a.	 Avoid the failure of the production process.
	b.	 Enhance the production efficiency of biogas production—AD is faster.
	c.	 Lower the methane emission into the surroundings, making the process more 

environmental friendly.
	d.	 Increase the yield of biogas from the given feedstock.
	e.	 Make the feedstock substrates more accessible to the microorganisms for 

degradation by converting the substrates partially or completely into fer-
mentable sugars.

	f.	 Overcome the recalcitrance of cellulose-lignocellulosic substrate that is a 
complex structure to break down by the microorganisms, making its degra-
dation difficult and expensive to the biogas refineries. Recent trends are 
exploring the potential of genetic engineering approaches to solve recalci-
trance problems (Abramson et al. 2013).

	ii.	 The selection criteria for the pretreatment process are based upon the following 
factors (Wyman 1999):

	a.	 Avoid a method that leads to the reduction in particle size of biomass.
	b.	 The chosen method must aim to preserve the hemicellulose fraction.
	c.	 There should be minimal formation of the degradation products.
	d.	 The energy demands of the chosen method must be minimal.
	e.	 The method must select a cost-effective catalyst for pretreatment and should 

involve a low-cost pretreatment catalyst and/or inexpensive catalyst recycle 
and regeneration of high-value lignin co-product.

	iii.	 Types of pretreatment methods for overcoming recalcitrance in biomass can be 
broadly divided into biochemical and thermochemical methods and more pre-
cisely into physical, mechanical, physico-mechanical, and biological methods 
as summarized in Table 12.6 (ATV-DVWK 2003; Mshandete et al. 2006; Laser 
et al. 2009; Kumar and Sharma 2017).

12.4.3.2  �Multiple Stage AD

Modern-day technology for improving the stability of the biogas production and 
efficiency of the bioreactor systems has been explored to segregate the processes of 
AD into hydrolysis–acidogenesis in one chamber and acetogenesis–methanation in 
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another chamber of a bioreactor. Such a multiple stage bioreactor system offers the 
advantage to micro-manipulate the environments and feedstock loading rate for the 
two chambers of the bioreactor but has the drawback of being more complex and 
costlier, making it less feasible for commercial use (Vandevivere et al. 2002; US 
EPA 2006; California EPA 2008; Yu et al. 2013). Recent investigations have reported 
that multiple stage AD bioreactor shows higher efficiency of COD removal and 
production of biogas (Colussi et al. 2013), accelerated hydrolysis and faster degra-
dation of biomass (Marín Pérez and Weber 2013), ammonia inhibition (Yabu et al. 
2011), higher methane yield (Park et  al. 2008), etc. A four-stage AD bioreactor 
coupled with activated sludge has also been used (Kim et al. 2011) that demon-
strated higher AD efficiency than a one-step system. Similarly, higher growth rates 
of methanogenic bacteria lead to increased biogas production (Blonskaja et  al. 
2003) and bio-hydrogen production (Nasr et al. 2012).

12.4.3.3  �High-Pressure AD

This technique works on the principle of increasing the working pressure within the 
bioreactor up to 100  bar (1  bar  =  100  kPa) resulting in higher methane content 
(>95%) and less than 5% CO2 in the biogas produced. Hence, the biogas production 
is integrated with the in situ high-pressure purification as a sole process that pro-
duces clean biogas with 99% methane which may be utilized for domestic and com-
mercial applications (Bartlett 2002; Lindeboom et  al. 2011; Merkle et  al. 2014, 

Table 12.6  Broad classification of types of biomass pretreatment methods

Biochemical methods Thermochemical methods

Advantage:
 � a. High specificity in deconstruction of biomass
 � b. Desired product formation
Disadvantage:
 � a. Should be coupled with thermochemical 

pretreatment of low severity

Advantage:
 � c. Fast process
 � d. Low residence time
 � e. Uses a wide variety of feedstocks in a 

continuous manner
Disadvantage:
 � b. Nonspecific deconstruction of biomass

Types of pretreatment methods based on the catalyst used:
Physical/
mechanical 
methods Chemical methods

Physicochemical and 
thermal methods

Biological and enzymatic 
methods

a. Mechanical 
extrusion
b. Milling
c. Microwave
d. Ultrasound
e. Pyrolysis
f. Pulsed 
electric field

a. Dilute acid
b. Mild alkali
c. Ozonolysis
d. Organosolv
e. Ionic liquids
f. Deep eutectic 
solvents
g. Natural deep 
eutectic solvents

a. Steam explosion
b. Liquid hot water
c. Ammonia based
d. CO2 explosion
e. Oxidative 
pretreatment
f. Wet oxidation
g. SPORL

a. Fungi (brown, white, soft rot)
b. Bacterial
c. Archaeal
d. Enzymes—cellulase, 
hemicellulase, cellobiase, 
pectinase, proteases, etc. 
(Hosseini Koupaie et al. 2019)
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2017). This technology has shown promising results in quality biogas production 
but requires further research to understand the pressure effects on the growth of the 
microbiome.

12.4.3.4  �Modulating Methanogenesis

Among the four steps of AD, methanogenesis is the most critical and rate-limiting 
step due to slowest growth rate of the methanogens and their sensitivity to environ-
mental factors like pH, temperature, ionic strength, and various inhibitors (Chen 
et al. 2008). NGS in combination with genetic engineering approaches to modify 
the efficiency of the metabolic pathways in the microbes may be considered to 
decrease the economic burden of the biogas reactors, making their use more com-
mercially applicable. These approaches may also bear potential to improve the qual-
ity and energy output of the biofuels (Xu and Koffas 2010). Metabolic redirection 
has been applied in production of bioethanol in which the production of undesirable 
metabolic products is limited and the metabolism of the bacterial cell is directed 
toward the formation of targeted products (Weng et al. 2008).

12.4.3.5  �Start-Up Period for the AD

It is critical for every biogas reactor to have a start-up time period in order to pro-
duce an efficient, continuous, and stable supply of biogas (Escudié et al. 2011; Kim 
et al. 2013; Goberna et al. 2015). It is the time required by the microbes to grow and 
multiply while feeding upon a specific waste, till their population becomes redun-
dant and stable. The time period hence depends upon the microbial population and 
the type of biomass it feeds on. If the start-up period is neglected, the biomass deg-
radation may be incomplete, leading to accumulated intermediaries like VFA, inhi-
bition of methanogenesis and thus inefficient productivity of biogas, and finally 
operation failures of the biogas reactor systems (Griffin et al. 1998; Liu et al. 2002; 
Escudié et al. 2011). Hence, one must keep in mind the calculation of the start-up 
time period considering the type of organic waste, rate of loading the feedstock, the 
ratio of inoculum to substrate, temperature conditions of the bioreactor, type of the 
reactor, etc. Next-generation sequencing (NGS) may be used as an efficient tool to 
screen the dynamics of complicated microbial community. NGS also aids in moni-
toring the successful establishment of AD start-up in terms of microbial communi-
ties inside the bioreactors, besides elucidating the degradation pathways in the 
process of biogas production constituted in the microbiome (Appels et al. 2011). 
Therefore, such tools must be utilized besides the physicochemical monitoring AD 
start-up.
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12.4.4  �Solid-State Anaerobic Digestion

Anaerobic digestion in a biogas digester is operated in two modes: digestion in 
slurry phase and solid-state anaerobic digestion. The classification is based upon the 
available solid content in substrate feedstock (Li et al. 2011b). Slurry phase operates 
at a total solid content of less than 15%, and solid-state digestion is carried at a total 
solid content of more than 15% (Brown et al. 2012). The advantages of solid-state 
anaerobic digestion include requirement of small reactor volume, less moving 
assembly, low cost-energy requirement, less water wastage, and easy handling 
(Brown et al. 2012; Guendouz et al. 2008; Cheng et al. 2010). Solid-state fermenta-
tion is required with substrates feedstocks rich in lignocellulosic content those con-
tain less moisture (Brown et al. 2012; Singhania et al. 2009). However, due to low 
moisture availability and complex structure, these substrates are hard to hydrolyze 
and require pretreatment for easy digestion (Taherzadeh and Karimi 2008; 
Teghammar et al. 2012).

The crystalline structure of cellulose and the presence of resistant fraction lignin 
are the important factors determining degradation of lignocellulosic waste (Puri 
1984; Chang and Holtzapple 2000; Laureano-Perez et al. 2005). The lignin forms a 
cross-linked structure in between the carbohydrates, and the presence of this matrix 
restricts the lignocellulosic substrate digestion. This meshwork is resistant to degra-
dation by enzymes and microbes (Poornejad et al. 2014; Kumar 2014). Therefore, 
lignin degradation is required for biomethane production from lignocellulosic 
waste. Ethanol is employed for lignin removal as a pretreatment during biodegrada-
tion of lignocellulosic waste (Zhao et al. 2009; Binod et al. 2010). Lignin is itself a 
valuable by-product; therefore, the use of organic solvent as a pretreatment method 
helps to separate lignin in unaltered form, increase the biogas yield, and ultimately 
improve economy of the process (Zhao et al. 2009; Obama et al. 2012).

Biogas production was examined over a range of total solid concentration, and 
most efficient digestion was reported at a total solid content of 13.5% (Singh et al. 
1984). Similarly, Pathak et al. (1985) observed biogas yield per gram of solid con-
sumed with solid content of manure slurry at 7.7, 10.2, and 14.8% respectively. 
Various studies have also highlighted a high biogas yield at total solid contents 
ranging between 5 and 20% (Itodo and Awulu 1999; Itodo et al. 2001; Malik et al. 
2008; Leela Wati et al. 2008).

12.4.5  �Improvement in Biogas Purification

The anaerobic digestion of organic materials leads to production of biogas which is 
basically a mixture of gases, methane being the most dominant as well as the desired 
component. Apart from methane, other gases include carbon dioxide (CO2), hydrogen 
sulfide (H2S), ammonia (NH3), and water vapors. In order to enhance the efficiency 
of energy yield from biogas, it is imperative that the unwanted components of 
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biogas be removed and methane be enriched because, ultimately, it is methane 
which is going to act as the energy source (Lohani et al. 2010). Moreover, the cor-
rosiveness of hydrogen sulfide will interfere with the storage and transfer of biogas 
through metallic components. Similarly, water may also interfere with the efficient 
utilization of biogas and additionally can cause rusting of metallic components. The 
presence of CO2 lowers the energy content of the biogas, and its compression leads 
to higher energy inputs (Bari 1996; Appels et al. 2008). Biogas upgrading is espe-
cially needed for utilization in vehicles and fuel cells (Kapadi et al. 2005).

Some of the methods which have been reported to be used for CO2 removal 
include water scrubbing, pressure swing adsorption (PSA) with activated carbon or 
molecular sieves, physical absorption, chemical absorption, adsorption on a solid 
surface, membrane separation, cryogenic separation, etc. (Ryckebosch et al. 2011; 
Morero et al. 2017).

Water scrubbing is regarded as one of the relatively simple, economic, and prac-
tical methods for CO2 removal from biogas especially in the rural areas. This method 
has the capability of removing CO2 and H2S as well (Wellinger and Lindeberg 
1999). Organic solvents like methanol and dimethyl ethers of polyethylene glycol 
(DMPEG) have also been be employed. These also have the capacity of removing 
CO2, H2S, and H2O (Tock et al. 2010). Methane concentrations as high as 96–98.5% 
have been reported in these techniques (Bauer et al. 2013a; Sun et al. 2015).

Chemical absorption generally uses either aqueous solution of amines or aque-
ous solution of alkaline salts (Al-Baghli et al. 2001; Razi et al. 2013). Some of the 
amines which have been used include monoethanolamine, diglycolamine, dietha-
nolamine, triethanolamine, methyldiethanolamine, and piperazine. Another cate-
gory of chemicals includes caustic solvents (sodium hydroxide, potassium 
hydroxide, and calcium hydroxide). In this process, CO2 content of biogas is reduced 
from about 40% to 0.5–1.0%. However, the processes are still to be standardized for 
large-scale operation in biogas purification, and there are many technical problems 
like high energy requirements as well as solvent recovery issues (Abdeen et  al. 
2016). The PSA process makes use of vertical columns packed with absorbents 
under adsorption, depressurization, desorption, and pressurization sequences (Yeh 
et  al. 2001). The most commonly used adsorbents are zeolite, activated carbon, 
activated charcoal, silica gel, and synthetic resins. This can be used to separate CO2, 
N2, O2, and H2S (Ryckebosch et  al. 2011). Linking of several columns has been 
reported to reduce energy need for operation (Bauer et al. 2013b). Membrane sepa-
ration process makes use of a thin membrane, which is more permeable to some 
biogas components than the others. These may be operated at higher pressure ranges 
of greater than 20–40 bar or at lower pressure range of 8–10 bar and are capable of 
removing CO2, H2S, H2O, and O2 (Bauer et al. 2013a). Some workers have reported 
that efforts to obtain higher purity lead to methane losses (Persson et al. 2007; Sun 
et al. 2015); that is why multi-phase membrane separation systems have been sug-
gested by Scholz et al. (2013). The cryogenic separation is a relatively newer tech-
nology and relies on the difference in the boiling points of various gaseous 
components of biogas. In this process, biogas is cooled with chillers nearly to 
−45 °C at elevated pressure. The process is especially useful for obtaining liquid 
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biomethane with high purity and relatively with less than 1% losses (Hosseini and 
Wahid 2014). The product may be directly used for vehicles or injected to grid as 
gas. However, the energy consumption of the process is relatively high (Johnston 
2014; Sun et al. 2015).

For removal of H2S, some of the suggested methods include iron oxide adsorp-
tion, liquid phase oxidation process, lime scrubbing, air injection, iron chloride 
addition, dry oxidation process, and liquid phase oxidation (Shah et al. 2016). A 
variety of chemicals like NaOH, FeCl2, Fe3+/MgO, Fe(OH)3, Fe3+/CuSO4 and Fe3+/
EDTA (ethylenediaminetetraacetate), activated carbon, and zeolite have been used 
in different techniques (Cosoli et al. 2008; Ryckebosch et al. 2011; Sun et al. 2015). 
However, a major obstacle in case of H2S is its toxic and corrosive nature. So, more 
research efforts are needed to tackle this problem. One possible approach is to 
develop a system that can combine multiple technologies for removal of H2S, CO2, 
and other contaminants. Another important development in the direction of making 
the overall process more efficient is the employment of lithotrophic sulfur oxidizing 
microbial agents for desulfurization and biofiltration of H2S. Some of the possible 
microbial candidates include Thiobacillus, Paracoccus, Acidithiobacillus, and 
Halothiobacillus (Montebello 2013; Mora et al. 2014).

For removal of water vapors, both physical drying and chemical drying have 
been used. The physical drying methods by condensation are demisters, cyclone 
separators, moisture traps, and water traps (Persson et al. 2007; Bauer et al. 2013b). 
The chemical drying can be carried out with the help of glycol, silica gel, magne-
sium oxide, activated carbon, and alumina (Bailón Allegue and Hinge 2012; Awe 
et al. 2017).

12.5  �Conclusions and Future Perspectives

The anaerobic digestion processes for the production of biogas are poorly under-
stood due to their complexity and are often linked to the risk of failure in terms of 
large-scale investments. But the growing need for the development of biofuels has 
shifted the R&D toward the exploration of transportation fossil fuels’ replacements 
like biomethane. The present-day research on biofuel technology faces the chal-
lenges in terms of technical understanding, economical burden, and ecological 
impacts. The microbial strains and their inoculum/substrate ratio, the types of cata-
lyst chosen, the kind of AD bioreactor, the substrate composition, the start-up 
period, and the pretreatment process all have to be optimized in terms of efficiency, 
process stability, and cost-effectiveness. So, it can be concluded that although bio-
methanation offers a wide range of advantages, a lot of research efforts are required 
in this direction to enhance the applicability and appeal of this process. It is high 
time that we put in maximum efforts in developing and modernizing the biogas 
production for the benefit of not only the mankind but the entire globe.

12  Current Trends and Aspects of Microbiological Biogas Production



288

References

Abas N, Kalair A, Khan N (2015) Review of fossil fuels and future energy technologies. Futures 
69:31–49

Abdeen FRH, Mel M, Jami MS, Ihsan SI, Ismail AF (2016) A review of chemical absorption of 
carbon dioxide for biogas upgrading. Chin J Chem Eng 24:693–702

Abramson M, Shoseyov O, Hirsch S, Shani Z (2013) Genetic modifications of plant cell walls to 
increase biomass and bioethanol production. In: Lee JW (ed) Advanced biofuels and bioprod-
ucts. Springer, New York, pp 315–338

Abu-Dahrich J, Orozco A, Ahmad M, Rooney D (2011) The potential of biogas production from 
grass. In: Proceedings of the Jordan International Energy Conference, Amman

Agus F, Irawan D (2006) Agricultural land conversion as a threat to food security and environmen-
tal quality. Jurnal Litbang Pertanian 25:90–98

Alamdarlo HN (2018) The economic impact of agricultural pollutions in Iran, spatial distance 
function approach. Sci Total Environ 616–617:1656–1663

Al-Baghli NA, Pruess SA, Yesavage VF, Selim MS (2001) A rate-based model for the design of gas 
absorbers for the removal of CO2 and H2S using aqueous solutions of MEA and DEA. Fluid 
Phase Equilib 185:31–43

Amani T, Nosrati M, Sreekrishnan TR (2010) Anaerobic digestion from the viewpoint of micro-
biological, chemical, and operational aspects- a review. Environ Rev 18:255–278

Amigun B, Sigamoney R, Von Blottnitz H (2008) Commercialisation of biofuel industry in Africa: 
a review. Renew Sustain Energy Rev 12:690–711

Antonelli J, Lindino CA, Azevedo JCR, de Souza SNM, Cremonez PA, Ross E (2016) Biogas 
production by the anaerobic digestion of whey. Revista de Ciências Agrárias 39(3):463–467

Appels L, Baeyens J, Degrève J, Dewil R (2008) Principles and potential of the anaerobic digestion 
of waste-activated sludge. Prog Ener Combus Sci 34:755–781

Appels L, Lauwers J, Degrève J, Helsen L, Lievens B, Willems K et al (2011) Anaerobic digestion 
in global bio-energy production: potential and research challenges. Renew Sustain Energy Rev 
15:4295–4301

Arthur R, Baidoo MF, Brew-Hammond A, Bensah EC (2011) Biogas generation from sewage 
in four public universities in Ghana: a solution to potential health risk. Biomass Bioenergy 
35(7):3086–3093

Asquer C, Pistis A, Scano EA (2013) Characterization of fruit and vegetable wastes as a single 
substrate for the anaerobic digestion. Environ Eng Manage J 12:89–92

ATV-DVWK (2003) Thermische, chemische und biochemische Desintegrationsverfahren 3. 
Arbeitsbericht der Arbeitsgruppe AK-1.6 “Klärschlammdesintegration”. Corresp Wastewater 
50:796–804. Germany

Awe OW, Zhao Y, Nzihou A, Minh DP, Lyczko N (2017) A review of biogas utilisation, purification 
and upgrading technologies. Waste Biomass Valor. https://doi.org/10.1007/s12649-016-9826-4

Azizan MU, Hussin K (2015) Understanding the pressure on agriculture land as a safeguard for 
food security in Malaysia. Int J Built Environ Sustain 2:278–283

Bagi Z, Ács N, Bálint B, Horváth L, Dobó K, Perei RK, Rákhely G, Kovács KL (2007) 
Biotechnological intensification of biogas production. Appl Microbiol Biotechnol 76:473–482

Bailón Allegue L, Hinge J (2012) Biogas and bio-syngas upgrading. Danish Technological 
Institute, Aarhus, pp 1–97

Balasubramanya RH, Khandeparkar VG, Sundaram V (1986) Production of biogas and biomanure 
from the textile processing residue, willow dust, by dry anaerobic fermentation. Agric Wastes 
16:295–302

Balch WE, Schoberth S, Tanner RS, Wolfe RS (1977) Acetobacterium, a new genus of H– oxidiz-
ing, CO2 reducing anaerobic bacteria. Int J Syst Bact 27:355–361

Bari S (1996) Effect of carbon dioxide on the performance of biogas/diesel dual – fuel engine. In: 
World Renewable Energy Congress

C. Putatunda et al.

https://doi.org/10.1007/s12649-016-9826-4


289

Bartlett DH (2002) Pressure effects on in  vivo microbial processes. Biochim Biophys Acta 
1595(1–2):367–381

Bauer F, Hulteberg C, Persson T, Tamm D (2013a) Biogas upgrading-review of commercial tech-
nologies. SGC Rapport 270:83

Bauer F, Persson T, Hulteberg C, Tamm D (2013b) Biogas upgrading-technology overview, com-
parison and perspectives for the future. Biofuels Bioprod Biorefining 7:499–511

Beesley KB, Ramsey D (2009) Agricultural land preservation. Int Enc Hum Geogr 25:65–69
Bharathiraja B, Sudharsanaa T, Jayamuthunagai J, Praveenkumar R, Chozhavendhand S, 

Iyyappana J (2018) Biogas production – a review on composition, fuel properties, feed stock 
and principles of anaerobic digestion. Renew Sustain Energy Rev 90:570–582

Binod P, Sindhu R, Singhania RR et al (2010) Bioethanol production from rice straw: an overview. 
Bioresour Technol 101:4767–4774

Blonskaja V, Menert A, Vilu R (2003) Use of two-stage anaerobic treatment for distillery waste. 
Adv Environ Res 7(3):671–678

Boone DR, Bryant MP (1980) Propionate-degrading bacterium, Syntrophobacter wolinii sp. nov. 
gen. nov., from methanogenic ecosystems. Appl Environ Microbiol 40:626–632

Börjesson P, Mattiasson B (2008) Biogas as a resource-efficient vehicle fuel. Trends 
Biotechnol 26:7–13

Bouallagui H, Cheikh RB, Marouani L, Hamdi M (2003) Mesophilic biogas production from fruit 
and vegetable waste in a tubular digester. Bioresour Technol 86:85–89

Braun R (1982) Biogas-methane treatment of organic waste. Springer, Wien
Braun R (2007) Anaerobic digestion: a multi-faceted process for energy, environmental manage-

ment and rural development. In: Ranalli P (ed) Improvement of crop plants for industrial end 
uses. Springer, Dordrecht, pp 335–415

Bremges A, Maus I, Belmann P, Eikmeyer F, Winkler A, Albersmeier A, Pühler A, Schlüter A, 
Sczyrba A (2015) Deeply sequenced metagenome and metatranscriptome of a biogas-producing 
microbial community from an agricultural production-scale biogas plant. Giga Sci 4:33

Brown D, Li Y (2013) Solid state anaerobic co-digestion of yard waste and food waste for biogas 
production. Bioresour Technol 127:275–280

Brown D, Shi J, Li Y (2012) Comparison of solid-state to liquid anaerobic digestion of lignocel-
lulosic feedstocks for biogas production. Bioresour Technol 124:379–386

Budiyono PAD, Ardhannari L, Matin HHA, Sumardiono S (2018) Study of biogas production 
from cassava industrial waste by anaerobic process. MATEC Web Conf 156:30–52

Budzinski H, Couderchet M (2018) Environmental and human health issues related to pesticides: 
from usage and environmental fate to impact. Environ Sci Pollut Res 25:14277–14279

California Environmental Protection Agency (2008) Current anaerobic digestion technologies 
used for treatment of municipal organic solid waste. Report. California Integrated Waste 
Management Board, California

Chang VS, Holtzapple MT (2000) Fundamental factors affecting biomass enzymatic reactivity. 
In: Proceedings of the 21st Symposium on Biotechnology for Fuels and Chemicals. Springer

Chang C-W, Lee T-H, Lin W-T, Chen C-H (2015) Electricity generation using biogas from swine 
manure for farm power requirement. Int J Green Energy 12:339–346

Chen Y, Cheng JJ, Creamer KS (2008) Inhibition of anaerobic digestion process: a review. 
Bioresour Technol 99:4044–4064

Cheng J (2009) Biomass to renewable energy processes. CRC Press, United State of America, p 151
Cheng YS, Zheng Y, Yu CW, Dooley TM, Jenkins BM, Vandergheynst JS (2010) Evaluation of 

high solids alkaline pretreatment of rice straw. Appl Biochem Biotechnol 162(6):1768–1784
Cold A, Forbes VE (2004) Consequences of a short pulse of pesticide exposure for survival and 

reproduction of Gammarus pulex. Aquat Toxicol 67:287–299
Colussi I, Cortesi A, Piccolo CD, Galloa V, Fernandeza ASR, Vitanza R (2013) Improvement 

of methane yield from maize silage by a two-stage anaerobic process. Chem Eng Trans 
32:151–156

Cooke E (2014) Gas production from waste and crops. City of Johannesburg gas for mobility sum-
mit, Johannesburg, South Africa

12  Current Trends and Aspects of Microbiological Biogas Production



290

Cooperband L (2002) Building soil organic matter with organic amendments. Center for Integrated 
Agricultural Systems

Cosoli P, Ferrone M, Pricl S, Fermeglia M (2008) Hydrogen sulphide removal from biogas by 
zeolite adsorption. Part I. GCMC molecular simulations. Chem Eng J 145:86–92

Dar GH, Tandon SM (1987) Biogas production from pretreated wheat straw, lantana residue, apple 
and peach leaf litter with cattle dung. Bio Wastes 21:75–83

Davidson A, Lövstedt C, la Cour Jansen J, Gruvberger C, Aspegren H (2008) Co-digestion of 
grease trap sludge and sewage sludge. Waste Manage 28:986–992

De Clercq D, Wen Z, Fan F, Caicedo L (2016) Biomethane production potential from restaurant 
food waste in megacities and project level-bottlenecks: a case study in Beijing. Renew Sustain 
Energy Rev 59:1676–1685

De la Torre I, Goma G (1981) Characterization of anaerobic microbial culture with high acido-
genic activity. Biotechnol Bioeng 23:185–199

de Mes TZD, Stams AJM, Reith JH, Zeeman G (2003) Methane production by anaerobic digestion 
of wastewater and solid wastes. In: Bio-methane & bio-hydrogen: status and perspectives of 
biological methane and hydrogen production. Dutch Biological Hydrogen Foundation, Petten, 
pp 58–102

Demirbaş A (2005) Bioethanol from cellulosic materials: a renewable motor fuel from biomass. 
Energy Sources 27:327–337

Desai M, Madamwar D (1994a) Effect of temperature and retention time on biomethanation of 
cheese whey –poultry waste –cattle dung. Environ Pollut 83(3):311–315

Desai M, Madamwar D (1994b) Anaerobic digestion of a mixture of cheese whey, poultry waste, 
and cattle dung: a study of the use of adsorbents to improve digester performance. Environ 
Pollut 86:337–340

Desai M, Madamwar D (1994c) Surfactants in anaerobic digestion of cheese whey, poultry waste 
and cattle dung for improved biomethanation. Trans ASAE 37(3):959–962

Dhadse S, Kankal NC, Kumari B (2012) Study of diverse methanogenic and non-methanogenic 
bacteria used for the enhancement of biogas production. Int J Life Sci Biotechnol Pharma Res 
1:176–191

Diatta J, Grzebisz W, Bzowski Z, Spychalski W, Biber M (2019) Ameliorative effect of phyto-ash 
and biogas digestate improvers on soil contaminated with heavy metals. Arch Environ Protect 
45:73–83

Dieter D, Angelika S (2008) Biogas from waste and renewable resources: an introduction. Wiley-
VCH, Weinheim

Dinopoulou G, Rudd T, Lester JN (1988) Anaerobic acidogenesis of a complex wastewater: 1. The 
influence of operational parameters on reactor performance. Biotechnol Bioeng 31:958–968

Dohoo C, Guernsey JR, Critchley K, Van Leeuwen J (2012) Pilot study on the impact of biogas 
as a fuel source on respiratory health of women on rural Kenyan smallholder dairy farms. J 
Environ Public Health 636298

Dyson B, Chang N-B (2005) Forecasting municipal solid waste generation in a fast-growing urban 
region with system dynamics modeling. Waste Manage 25:669–679

Escudié R, Cresson R, Delgenès J-P, Bernet N (2011) Control of start-up and operation of anaero-
bic biofilm reactors: an overview of 15 years of research. Water Res 45:1–10

Eshore S, Mondal C, Das A (2017) Production of biogas from treated sugarcane bagasse. Int J Sci 
Eng Technol 6:224–227

European Biogas Association (2011) Biogas: simply the best. Report. European Biogas 
Association, Brussels

Fang C (2010) Biogas production from food-processing industrial wastes by anaerobic digestion. 
Technical University of Denmark (DTU), Kgs. Lyngby

FAO (2017) The future of food and agriculture – trends and challenges. Rome
Frankin RJ (2001) Full scale experiences with anaerobic treatment of industrial wastewater. In: 

Anaerobic digestion for sustainable development; Papers of the Farewell seminar of Prof. Dr. 
Ir. Gatze Lettinga. Wageningen, The Netherlands

C. Putatunda et al.



291

Fu H, Li Z, Wang R (2015) Estimating municipal solid waste generation by different activities and 
various resident groups in five provinces of China. Waste Manage 41:3–11

García-González MC, Hernández D, Molinuevo-Salces B, Riaño B (2019) Positive impact of bio-
gas chain on GHG reduction. In: Treichel H, Fongaro G (eds) Improving biogas production, 
biofuel and biorefinery technologies, vol 9. Springer, Cham

Gerin PA, Vliegen F, Jossart JM (2008) Energy and CO2 balance of maize and grass as energy 
crops for anaerobic digestion. Bioresour Technol 99:2620–2262

Ghosh TK, Das D (1982) Maximization of energy recovery in the biomethanation process. Process 
Biochem 17:39–42

Giusti L (2009) A review of waste management practices and their impact on human health. Waste 
Manage 29:2227–2239

Goberna M, Gadermaier M, Franke-Whittle IH, García C, Wett B, Insam H (2015) Start-up strat-
egies in manure-fed biogas reactors: process parameters and methanogenic communities. 
Biomass Bioenergy 75:46–56

Godbole SH, Gore JA, Ranade DR (1981) Associated action of various groups of microorganisms 
in the production of biogas. Biovigyan 7:107–113

Goel B, Pant DC, Kishan VVN (2001) Two phase anaerobic digestion of spent tea leaves for biogas 
and manure generation. Bioresour Technol 80(2):153–156

Gopinath LR, Christy PM, Mahesh K, Bhuvaneswari R, Divya D (2014) Identification and evalua-
tion of effective bacterial consortia for efficient biogas production. IOSR J Environ Sci Toxicol 
Food Technol 8:80–86

Grabber JH (2005) How do lignin composition, structure, and cross-linking affect degradability? 
A review of cell wall model studies. Crop Sci 45:820–831

Griffin ME, McMahon KD, Mackie RI, Raskin L (1998) Methanogenic population dynamics dur-
ing start-up of anaerobic digesters treating municipal solid waste and biosolids. Biotechnol 
Bioeng 57:342–355

Guendouz J, Buffière P, Cacho J, Carrère M, Delgenes J (2008) High-solids anaerobic digestion: 
comparison of three pilot scales. Water Sci Technol 58:1757–1763

Guo P, Mochidzuki K, Cheng W, Zhou M, Gao H, Zheng D, Wang X, Cui Z (2011) Effects of 
different pretreatment strategies on corn stalk acidogenic fermentation using a microbial con-
sortium. Bioresour Technol 102(16):7526–7531

Hagelqvist P (2013) Batchwise mesophilic anaerobic co-digestion of secondary sludge from pulp 
and paper industry and municipal sewage sludge. Waste Manage 33(4):820–824

Hall JE (1995) Sewage sludge production, treatment and disposal in the European Union. Water 
Environ J 9:335–343

Haruta S, Cui Z, Huang Z, Li M, Ishii M, Igarashi Y (2002) Construction of a stable microbial com-
munity with high cellulose-degradation ability. Appl Microbiol Biotechnol 59(4–5):529–534

Hassan EA (2003) Biogas production from forage and sugar beets: process control and optimiza-
tion, ecology and economy. Doctoral Thesis submitted to University of Kassel, Kassel, Germany

Hniman A, O-Thong S, Prasertsan P (2011) Developing a thermophilic hydrogen-producing 
microbial consortia from geothermal spring for efficient utilization of xylose and glucose 
mixed substrates and oil palm trunk hydrolysate. Int J Hydrogen Energy 36:8785–8793

Holm-Nielsen JB, Al Seadi T, Oleskowicz-Popiel P (2009) The future of anaerobic digestion and 
biogas utilization. Bioresour Technol 100:5478–5484

Höök M, Tang X (2013) Depletion of fossil fuels and anthropogenic climate change—a review. 
Energy Policy 52:797–809

Hosseini Koupaie E, Dahadha S, BazyarLakeh AA, Azizi A, Elbeshbishy E (2019) Enzymatic pre-
treatment of lignocellulosic biomass for enhanced biomethane production-a review. J Environ 
Manage 233:774–784

Hosseini SE, Wahid MA (2014) Development of biogas combustion in combined heat and power 
generation. Renew Sustain Energy Rev 40:868–875

Hughes AD, Kelly MS, Black KD, Stanley MS (2012) Biogas from macroalgae: is it time to revisit 
the idea? Biotechnol Biofuels 5:86

12  Current Trends and Aspects of Microbiological Biogas Production



292

Iqbal HMN, Ahmed I, Zia MA, Irfan M (2011) Purification and characterization of the kinetic 
parameters of cellulase produced from wheat straw by Trichoderma viride under SSF and its 
detergent compatibility. Adv Biosci Biotechnol 2:149–156

Iqbal SA, Rahaman S, Rahman M, Yousuf A (2014) Anaerobic digestion of kitchen waste to pro-
duce biogas. Procedia Eng 90:657–662

Işık EHB, Polat F (2018) Effects of pretreatments on the production of biogas from cow manure. 
Int Adv Res Eng J 2:48–52

Itodo IN, Awulu JO (1999) Effect of total solid concentrations of poultry, cattle and piggery waste 
slurries on biogas yield. Trans ASAE 42:1853–1855

Itodo IN, Awulu JO, Philip T (2001) A comparative analysis of biogas yield from poultry, cat-
tle and piggery wastes. In: Livestock Environment VI. Proceedings of the 6th International 
Symposium ASAE, pp 402–405

Jia J, Zhao S, Kong X, Li Y, Zhao G, He W, Jing R (2013) Aegilops tauschii draft genome sequence 
reveals a gene repertoire for wheat adaptation. Nature 496:91–95

Johnston MW (2014) Breaking down renewable natural gas injection barriers. Biocycle 55:60
Kalia AK, Kanwar SS (1990) Anaerobic fermentation of Ageratum for biogas production. Biol 

Wastes 32(2):155–158
Kaltschmitt M, Thran D, Smith KR (2001) Renewable energy from biomass. In: Meyersn RA (ed) 

Encyclopedia of physical science and technology. Academic Press, Cambridge, pp 203–228
Kapadi SS, Vijay VK, Rajesh SK, Prasad R (2005) Biogas scrubbing, compression and storage: 

perspective and prospectus in Indian context. Renew Energy 30:1195–1205
Kelleher BP, Leahy JJ, Henihan AM, O’Dwyer TF, Sutton D, Leahy MJ (2000) Advances in poul-

try litter disposal technology— a review. Bioresour Technol 83:27–36
Khan AW (1980) Degradation of cellulose to methane by a coculture of Acetivibrio cellulolyticus 

and Methanosarcina barkeri. FEMS Microbiol Lett 9:233–235
Kheira BN, Dadamoussa B, Bendraoua A, Mel M, Labed B (2017) Effects of co-digestion of 

Camel Dung and municipal solid wastes on quality of biogas, methane and biofertilizer pro-
duction. J Adv Res Fluid Mech Therm Sci 40:7–17

Kim J, Novak JT, Higgins MJ (2011) Multi-staged anaerobic sludge digestion processes. J Environ 
Eng 137:0000372

Kim J, Lee S, Lee C (2013) Comparative study of changes in reaction profile and microbial com-
munity structure in two anaerobic repeated-batch reactors started up with different seed slud-
ges. Bioresour Technol 129:495–505

Kinet R, Destain J, Hiligsmann S, Thonart P, Delhalle L, Taminiau B, Daube G, Delvigne F (2015) 
Thermophilic and cellulolytic consortium isolated from composting plants improves anaerobic 
digestion of cellulosic biomass: toward a microbial resource management approach. Bioresour 
Technol 189:138–144

Krzysztof P, Martyna C, Aleksandra S, Lukasz D (2016) Microbial Consortium with High 
Cellulolytic Activity (MCHCA) for enhanced biogas production. Front Microbiol 7:324

Kumar S (2014) Hydrothermal processing of biomass for biofuels. Biofuel Res J 2:43
Kumar AK, Sharma S (2017) Recent updates on different methods of pretreatment of lignocel-

lulosic feedstocks: a review. Bioresour Bioprocess 4:7
Kumar P, Barrett DM, Delwiche MJ, Stroeve P (2009) Methods for pretreatment of lignocellulosic 

biomass for efficient hydrolysis and biofuel production. Ind Eng Chem Res 48:3713–3729
Ladisch R, Mosier NS, Youngmi KIM, Ximenes E, Hogsett D (2010) Converting cellulose to bio-

fuels. Chem Eng Prog 106:56–63
Laser M, Larson E, Dale B, Wang M, Greene N, Lynd LR (2009) Comparative analysis of effi-

ciency, environmental impact, and process economics for mature biomass refining scenarios. 
Biofpr 3:247–270

Laureano-Perez L, Teymouri F, Alizadeh H, Dale BE (2005) Understanding factors that limit 
enzymatic hydrolysis of biomass: characterization of pretreated corn stover. Appl Biochem 
Biotechnol 124:1081–1099

LeaMaster B, Hollyer JR, Sullivan JL (1998) Composted animal manures: precautions and 
processing

C. Putatunda et al.



293

Lebrato J, Perez-Rodriguez JL, Maqueda C, Morrillo E (1990) Cheese factory wastewater treat-
ment by anaerobic semicontinuous digestion. Resour Conserv Recycl 3:193

Leela Wati, Malik RK, Putatunda C (2008) Poultry manure enriched biogas effluent slurry – a 
potential organic manure. Geobios 35:133–136

Lehtomäki A, Huttunena S, Rintala JA (2007) Laboratory investigations on co-digestion of energy 
crops and crop residues with cow manure for methane production: effect of crop to manure 
ratio. Resour Conserv Recycl 51(3):591–609

Lelieveld J, Evans JS, Fnais M, Giannadaki D, Pozze A (2015) The contribution of outdoor air 
pollution sources to premature mortality on a global scale. Nature 525:367–371

Lettinga G, Haandel AC (1993) Anaerobic digestion for energy production and environmental 
protection. In: Johansson TB et al (eds) Renewable energy; sources for fuels and electricity. 
Island Press, California, pp 817–839

Li G, Niu S, Ma L, Zhang X (2009) Assessment of environmental and economic costs of rural 
household energy consumption in loess hilly region, Gansu province, China. Renew Energy 
34:1438–1444

Li C, Champagne P, Anderson BC (2011a) Evaluating and modeling biogas production from 
municipal fat, oil, and grease and synthetic kitchen waste in anaerobic co-digestions. Bioresour 
Technol 102:9471–9480

Li Y, Park SY, Zhu J (2011b) Solid-state anaerobic digestion for methane production from organic 
waste. Renew Sustain Energy Rev 15:821–826

Lin Y, Tanaka S (2006) Ethanol fermentation from biomass resources: current state and prospects. 
Appl Microbiol Biotechnol 69:627–642

Lindeboom REF, Fermoso FG, Weijma J, Zagt K, van Lier JB (2011) Autogenerative high pressure 
digestion: anaerobic digestion and biogas upgrading in a single step reactor system. Water Sci 
Technol 64(3):647–653

Liu WT, Chan OC, Fang HHP (2002) Microbial community changes during start-up of acidogenic 
anaerobic reactors. Water Res 36:3203–3210

Lohani SP, Pandey S, Baral B (2010) Biogas purification, compression and storage: a promis-
ing energy recovery and delivery technology for Nepal. Linnaeus ECO-TECH ’10. https://doi.
org/10.15626/Eco-Tech.2010.060

Madamwar D, Patel V, Patel A (1990) Effect of agricultural and other wastes on anaerobic diges-
tion of water hyacinth– cattle dung. J Ferment Bioeng 70:343–345

Malik RK, Wati L, Putatunda C (2008) Effect of adding poultry waste to cattle dung on biogas 
production in Hisar, Haryana. Environ Ecol 26:1728–1731

Mallik MK, Singh UK, Ahmad N (1990) Batch digester studies on biogas production from 
Cannabis sativa, water hyacinth and crop wastes mixed with dung and poultry litter. Bio 
Wastes 31:315–319

Mancini G, Papirio S, Lens PNL, Esposito G (2018) Increased biogas production from wheat straw 
by chemical pretreatments. Renew Energy 119:608–614

Marín Pérez C, Weber A (2013) Two stage anaerobic digestion system: hydrolysis of different 
substrate. Landtechnik 68:252–255

Martins das Neves LC, Converti A, Vessoni Penna TC (2009) Biogas production: new trends for 
alternative energy sources in rural and urban zones. Chem Eng Technol 32:1147–1153

McInerney MJ, Bryant MP, Hespell RB, Costerton WJ (1981) Syntrophomonas wolfei gen. nov. 
sp. nov., an anaerobic, syntrophic, fatty acid–oxidizing bacterium. Appl Environ Microbiol 
41:1029–1039

McKendry P (2002) Energy production from biomass (part 2): conversion technologies. Bioresour 
Technol 83:47–54

Mehla RD (1986) Methane production from distillery wastewater. M.Sc. thesis submitted to 
Haryana Agric. Univ.

Merkle W, Zielonka S, Oechsner H, Lemmer A (2014) High-pressure anaerobic digestion up to 
180 bar: the effects on biogas production and upgrading. In: Proceedings of the Progress in 
Biogas III Conference; 2014 Sep 10–11; Stuttgart, Deutschland

12  Current Trends and Aspects of Microbiological Biogas Production

https://doi.org/10.15626/Eco-Tech.2010.060
https://doi.org/10.15626/Eco-Tech.2010.060


294

Merkle W, Baer K, Haag NL, Zielonka S, Ortloff F, Graf F et al (2017) High-pressure anaerobic 
digestion up to 100 bar: influence of initial pressure on production kinetics and specific meth-
ane yields. Environ Technol 38:337–344

Montebello AM (2013) Aerobic biotrickling filtration for Andrea Monzón Montebello. J Hazard 
Mater 280:200–208

Mora M, Fernández M, Gómez JM, Cantero D, Lafuente J, Gamisans X, Gabriel D (2014) Kinetic 
and stoichiometric characterization of anoxic sulfide oxidation by SO-NR mixed cultures from 
anoxic biotrickling filters. Appl Microbiol Biotechnol 99:77–87

Morero B, Groppelli ES, Campanella EA (2017) Evaluation of biogas upgrading technologies 
using a response surface methodology for process simulation. J Clean Prod 141:978–988

Moss B (2008) Water pollution by agriculture. Philos Trans R Soc Lond B Biol Sci 363:659–666
Mshandete A, Björnsson L, Kivaisi AK, Rubindamayugi MST, Matthiasson B (2006) Effect of 

particle size on biogas yield from sisal fibre waste. Renew Energy 31:2385–2392
Munda US, Pholane L, Kar DD, Meikap BC (2012) Production of bioenergy from composite waste 

materials made of corn waste, spent tea waste, and kitchen waste co-mixed with cow dung. Int 
J Green Energy 9:361–375

Nafees M, Ali S, Naveed M, Rizwan M (2018) Efficiency of biogas slurry and Burkholderia phy-
tofirmans PsJN to improve growth, physiology, and antioxidant activity of Brassica napus L. in 
chromium-contaminated soil. Environ Sci Pollut Res 25:6387–6397

Nasir IM, Ghazi TIM, Omar R (2012) Production of biogas from solid organic wastes through 
anaerobic digestion: a review. Appl Microbiol Biotechnol 95:321–329

Nasr N, Elbeshbishy E, Hafez H, Nakhla G, El Naggar MH (2012) Comparative assessment of 
single-stage and two-stage anaerobic digestion for the treatment of thin stillage. Bioresour 
Technol 111:122–126

Nel WP, Cooper CJ (2009) Implications of fossil fuel constraints on economic growth and global 
warming. Energy Policy 37:166–180

Nishio N, Nakashimada Y (2007) Recent development of anaerobic digestion processes for energy 
recovery from wastes. J Biosci Bioeng 103:105–112

Obama P, Ricochon G, Muniglia L, Brosse N (2012) Combination of enzymatic hydrolysis 
and ethanol organosolv pretreatments: effect on lignin structures, delignification yields and 
cellulose-to-glucose conversion. Bioresour Technol 112:156–163

Ohimain E, Izah SC (2017) A review of biogas production from palm oil mill effluents using dif-
ferent on figurations of bioreactors. Renew Sustain Energy Rev 70:242–253

Ohwaki K, Hungate RE (1977) Hydrogen utilization of Clostridia in sewage sludge. Appl Environ 
Microbiol 33:1270–1274

Park Y, Hong F, Cheon J, Hidaka T, Tsuno H (2008) Comparison of thermophilic anaerobic diges-
tion characteristics between single-phase and two-phase systems for kitchen garbage treat-
ment. J Biosci Bioeng 105:48–54

Pastor LL, Ruiz AP, Ruiz B (2013) Co-digestion of used oils and urban landfill leachates with sew-
age sludge and the effect on the biogas production. Appl Energy 107:438–445

Pathak BS, Jain AK, Dev DS (1985) Biogasification of cattle dung and cattle dung – rice straw at 
different solid concentrations. Agric Wastes 13:251–259

Perera F (2017) Pollution from fossil-fuel combustion is the leading environmental threat to global 
pediatric health and equity: solutions exist. Int J Environ Res Public Health 15:16

Persson M, Jonsson O, Wellinger A (2007) Biogas upgrading to vehicle fuel standards and grid. 
IEA Bioenergy:1–32

Phetyim N, Wanthong T, Kannika P, Supngam A (2015) Biogas production from vegetable waste 
by using dog and cattle manure. Energy Procedia 79:436–444

Philbrook A, Alissandratos A, Easton CJ (2013) Biochemical processes for generating fuels and 
commodity chemicals from lignocellulosic biomass, environmental biotechnology. In: Marian 
P (ed) New approaches and prospective applications. InTech, Rijeka, pp 39–64

Poornejad N, Karimi K, Behzad T (2014) Ionic liquid pretreatment of rice straw to enhance sac-
charification and bioethanol production. J Biomass Biofuel 2:8–15

C. Putatunda et al.



295

Poszytek K, Ciezkowska M, Sklodowska A, Drewniak L (2016) Microbial Consortium with High 
Cellulolytic Activity (MCHCA) for enhanced biogas production. Front Microbiol 7:324

Priadi C, Wulandari D, Rahmatika I, Moersidik SS (2014) Biogas production in the anaerobic 
digestion of paper sludge. APCBEE Procedia 9:65–69

Puri VP (1984) Effect of crystallinity and degree of polymerization of cellulose on enzymatic sac-
charification. Biotechnol Bioeng 26:1219–1222

Ranade DR, Yeole TY, Meher KK, Gadre RV, Godbole SH (1989) Biogas from solid waste origi-
nated during biscuit and chocolate production: a preliminary study. Bio Wastes 28:157–161

Rani K (2001) Biomethanation of dairy effluent. M.Sc. thesis submitted to CCS Haryana 
Agric. Univ.

Rao PP, Shivraj D, Seenayya C (1993) Succession of microbial population in cow dung and poultry 
litter waste digesters during methanogenesis. Ind J Microbiol 33:185–189

Raposo FMA, la Rubia D, Fernández-Cegrí V, Borja R (2012) Anaerobic digestion of solid organic 
substrates in batch mode: an overview relating to methane yields and experimental procedures. 
Renew Sustain Energy Rev 16(1):861–877

Ratnaweeraa DR, Saha D, Pingali SV, Labbé N, Naskar AK, Dadmun M (2015) The impact of 
lignin source on its self-assembly in solution. RSC Adv 5:67258–67266

Razi N, Svendsen HF, Bolland O (2013) Validation of mass transfer correlations for CO2 absorp-
tion with MEA using pilot data. Int J Greenhouse Gas Control 19:478–491

Riva C, Schievano A, D’Imporzano G, Adani F (2014) Production costs and operative margins 
in electric energy generation from biogas. Full-scale case studies in Italy. Waste Manage 
34:1429–1435

Riviere D, Desvignes V, Pelletier E, Chaussonnerie S, Guermazi S et al (2009) Towards the defini-
tion of a core of microorganisms involved in anaerobic digestion of sludge. ISME J 3:700–714

Ryckebosch E, Margriet D, Han V (2011) Techniques for transformation of biogas to biomethane. 
Biomass Bioenergy 35:1633–1645

Sanjaya AP, Cahyanto MN, Millati R (2016) Mesophilic batch anaerobic digestion from fruit frag-
ments. Renew Energy 98:135–141

Sarabia Méndez MA, Laines Canepa JR, Sosa Olivier JA, Escalante Espinosa E (2017) Production 
of biogas by anaerobic codigestion of excreta of lamb and rumen added with sludge from a 
sewage plant. Revista Internacional de Contaminación Ambiental 33:109–116

Sárvári Horváth I, Tabatabaei M, Karimi K, Kumar R (2016) Recent updates on biogas produc-
tion - a review. Biofuel Res J 3:394–402

Schink B (1997) Energetics of syntrophic cooperation in methanogenic degradation. Microbiol 
Rev 61:262–280

Scholz M, Melin T, Wessling M (2013) Transforming biogas into biomethane using membrane 
technology. Renew Sustain Energy Rev 17:199–212

Sebola R (2015) Studies on the improvement of biogas production from anaerobic digestion of 
animal waste. Department of Chemical Engineering, University of Johannesburg, Master of 
technology, Dissertation, p 23

Shafiee S, Topal E (2009) When will fossil fuel reserves be diminished? Energy Policy 37:181–189
Shah DR, Nagarsheth HJ, Acharya P (2016) Purification of biogas using chemical scrubbing and 

application of purified biogas as fuel for automotive engines. Res J Recent Sci 5:1–7
Singh R, Malik RK, Jain MK, Tauro P (1984) Biogas production at different solid concentration in 

daily fed cattle waste digesters. Agric Wastes 11:253–257
Singh L, Maurya MS, Ram MS, Alam SI (1993) Biogas production from night soil — effects of 

loading and temperature. Bioresour Technol 45:59–61
Singhal V, Rain JPN (2003) Biogas production from water hyacinth, channel grass used for phy-

toremediation of industrial effluents. Bioresour Technol 86:221–225
Singhania RR, Patel AK, Soccol CR, Pandey A (2009) Recent advances in solid-state fermenta-

tion. Biochem Eng J 44:13–18
Smith KR, Corvalan CF, Kjellstrom T (1999) How much global ill health is attributable to environ-

mental factors? Epidemiology 10:573–584

12  Current Trends and Aspects of Microbiological Biogas Production



296

Soetaert W, Vandamme EJ (2009) Biofuels in perspective. In: Soetaert W, Vandamme EJ (eds) 
Biofuels. Wiley, New Jersey, pp 1–8

Sogn TA, Dragicevic I, Linjordet R, Krogstad T, Eijsink VGH, Eich-Greatorex S (2018) Recycling 
of biogas digestates in plant production: NPK fertilizer value and risk of leaching. Int J Recycl 
Org Waste Agric 7:49

Srinvasa Reddy N, Satyanarayana SV, Sudha G (2017) Bio gas generation from biodegradable 
kitchen waste. Int J Environ Agric Biotechnol 2:689–694

Stucki M, Jungbluth N, Leuenberger M (2011) Life cycle assessment of biogas production from 
different substrates. Final report. Bern: Federal Department of Environment, Transport, Energy 
and Communications, Federal Office of Energy; 2011 Dec

Suksong W, Kongjan P, Prasertsan P, O-Thong S (2019) Thermotolerant cellulolytic Clostridiaceae 
and Lachnospiraceae rich consortium enhanced biogas production from oil palm empty fruit 
bunches by solid-state anaerobic digestion. Bioresour Technol 291:121851

Sun Q, Li H, Yan J, Liu L, Yu Z, Yu X (2015) Selection of appropriate biogas upgrading technology-
a review of biogas cleaning, upgrading and utilisation. Renew Sustain Energy Rev 51:521–532

Surendra K, Takara D, Hashimoto AG, Khanal SK (2014) Biogas as a sustainable energy source for 
developing countries: opportunities and challenges. Renew Sustain Energy Rev 31:846–859

Taherzadeh MJ, Karimi K (2008) Pretreatment of lignocellulosic wastes to improve ethanol and 
biogas production: a review. Int J Mol Sci 9:1621–1651

Tantayotai P, Rattanaporn K, Tepaamorndech S, Cheenkachorn K, Sriariyanun M (2019) Analysis 
of an ionic liquid and salt tolerant microbial consortium which is useful for enhancement of 
enzymatic hydrolysis and biogas production. Waste Biomass Valoriz 10:1481–1491

Tasnim F, Iqbal SA, Chowdhury AR (2017) Biogas production from anaerobic co-digestion of cow 
manure with kitchen waste and Water Hyacinth. Renew Energy 109:434–439

Tchobanoglous G, Theisen H, Vigil S (1993) Integrated solid waste management: engineering 
principles and management issues. McGraw-Hill, Inc.

Teghammar A, Karimi K, Sárvári Horváth I, Taherzadeh MJ (2012) Enhanced biogas produc-
tion from rice straw, triticale straw and softwood spruce by NMMO pretreatment. Biomass 
Bioenergy 36:116–120

Tewelde S, Eyalarasan K, Radhamani R, Karthikeyan K (2012) Biogas production from co-
digestion of brewery waste and cattle dung. Int J Latest Trends Agr Food Sci 2:90–93

Thong SO, Boe K, Angelindaki I (2012) Thermophilic anaerobic co-digestion of oil palm 
empty fruit bunches with palm mill effluent for efficient biogas production. Appl Energy 
93:648–654

Tilman D, Cassman KG, Matson PA, Naylor R, Polasky S (2002) Agricultural sustainability and 
intensive production practices. Nature 418:671–677

Tock L, Gassner M, Maréchal F (2010) Thermochemical production of liquid fuels from bio-
mass: thermo-economic modeling, process design and process integration analysis. Biomass 
Bioenergy 34:1838–1854

Traore AS (1992) Biogas production from Calotropis procera: a latex plant found in west Africa. 
Bioresour Technol 41:105–109

Tucho GT, Moll HC, Schoot Uiterkamp AJM, Nonhebel S (2016) Problems with biogas imple-
mentation in developing countries from the perspective of labor requirements. Energies 9:750

US Environmental Protection Agency (EPA) (2006) Biosolids technology fact sheet: multi-stage 
anaerobic digestion. Report. Office of Water, EPA, Washington, DC

van Foreest F (2012) Perspectives for biogas in Europe. Oxford Institute for Energy Studies, Oxford
Vandevivere P, De Baere L, Verstraete W (2002) Types of anaerobic digesters for solid wastes. In: 

Mata-Alvarez J (ed) Biomethanization of the organic fraction of municipal solid wastes. IWA 
Publishing, Barcelona, pp 111–140

VanGuilder HD, Vrana KE, Freeman WM (2008) Twenty-five years of quantitative PCR for gene 
expression analysis. Biotechniques 44:619–626

Viana MB, Freitas AV, Leitão RC, Santaella ST (2012) Biodegradability and methane production 
potential of glycerol generated by biodiesel industry. Water Sci Technol 66:2217–2222

C. Putatunda et al.



297

Wang H, Vuorela M, Keränen A-L, Lehtinen TM, Lensu A, Lehtomäki A, Rintala J (2010) 
Development of microbial populations in the anaerobic hydrolysis of grass silage for methane 
production. FEMS Microbiol Ecol 72:496–506

Watts N, Adger WN, Agnolucci P, Blackstock J, Byass P, Cai W, Chaytor S, Colbourn T, Collins 
M, Cooper A et al (2015) Health and climate change: policy responses to protect public health. 
Lancet 386:1861–1914

Wei S, Tauber M, Somitsch W, Meincke R, Müller H, Berg G, Guebitz GM (2010) Enhancement 
of biogas production by addition of hemicellulolytic bacteria immobilised on activated zeolite. 
Water Res 44:1970–1980

Wei C, Zhang T, Feng C, Wu H, Deng Z, Wu C, Lu B (2011) Treatment of food processing waste-
water in a full-scale jet biogas internal loop anaerobic fluidized bed reactor. Biodegradation 
22:347–357

Weiland P (2010) Biogas production: current state and perspectives. Appl Microbiol Biotechnol 
85:849–860

Wellinger A, Lindeberg A (1999) Biogas upgrading and utilization. Task 24: energy from biologi-
cal conversion of organic wastes, pp 1–19

Weng JK, Li X, Bonawitz ND, Chapple C (2008) Emerging strategies of lignin engineering and 
degradation for cellulosic biofuel production. Curr Opin Biotechnol 19:166–172

Wu X, Yao W, Zhu J, Miller C (2010) Biogas and CH(4) productivity by co-digesting swine manure 
with three crop residues as an external carbon source. Bioresour Technol 101:4042–4047

Wyman CE (1999) Biomass ethanol: technical progress, opportunities, and commercial chal-
lenges. Ann Rev Energy Environ 24:189–226

Xiaohua W, Jingfei L (2005) Influence of using household biogas digesters on household energy 
consumption in rural areas—a case study in Lianshui County in China. Renew Sustain Energy 
Rev 9:229–236

Xu P, Koffas MAG (2010) Metabolic engineering of Escherichia coli for biofuel production. 
Biofuels 1:493–504

Yabu H, Sakai C, Fujiwara T, Nishio N, Nakashimada Y (2011) Thermophilic two-stage dry anaer-
obic digestion of model garbage with ammonia stripping. J Biosci Bioeng 111:312–319

Yeh JT, Pennline HW, Resnik KP (2001) Study of CO2 absorption and desorption in a packed 
column. Energy Fuel 15:274–278

Yorgey G, Frear C, Kruger C, Zimmerman T (2014) The rationale for recovery of phosphorus and 
nitrogen from dairy manure

Yu L, Ma J, Frear C, Zaher U, Chen S (2013) Two-stage anaerobic digestion systems wherein one 
of the stages comprises a two-phase system. United States Patent, US 20130309740

Zakrzewski M, Goesmann A, Jaenicke S, Jünemann S, Eikmeyer F, Szczepanowski R, Al-Soud 
WA, Sørensen S, Pühler A, Schlüter A (2012) Profiling of the metabolically active community 
from a production-scale biogas plant by means of high-throughput metatranscriptome sequenc-
ing. J Biotechnol 158:248–258

Zhang P (2017) Biogas recovery from anaerobic digestion of selected industrial wastes. Adv 
Biofuels Bioenergy. https://doi.org/10.5772/intechopen.72292

Zhang T, Liu L, Song Z et al (2013) Biogas production by co-digestion of goat manure with three 
crop residues. PLoS One 8:e66845

Zhao X, Cheng K, Liu D (2009) Organosolv pretreatment of lignocellulosic biomass for enzymatic 
hydrolysis. Appl Microbiol Biotechnol 82:815–827

Zhong C, Wang C, Wang F, Jia H, Weia P, Zhaob Y (2016) Enhanced biogas production from 
wheat straw with the application of synergistic microbial consortium pretreatment. RSC Adv 
6:60187–60195

Zinoviev S, Müller-Langer F, Das P, Bertero N, Fornasiero P, Kaltschmitt M, Centi G, Miertus S 
(2010) Next-generation biofuels: survey of emerging technologies and sustainability issues. 
Chem Sus Chem 3:1106–1133

Zubr J (1986) Methanogenic fermentation of fresh and ensiled plant materials. Biomass 
111:159–171

12  Current Trends and Aspects of Microbiological Biogas Production

https://doi.org/10.5772/intechopen.72292

	Chapter 12: Current Trends and Aspects of Microbiological Biogas Production
	12.1 Introduction
	12.2 Conventional Biogas Production
	12.2.1 Principle of Anaerobic Digestion
	12.2.2 Types of Biogas Systems
	12.2.3 Substrates for Biogas Production
	12.2.3.1 Treatment of Slurries and Solid Wastes
	12.2.3.2 Wastewater Treatments

	12.2.4 Types of Biogas Plants
	12.2.5 Physical Factors Affecting AD

	12.3 Microbiology of Biogas Production
	12.4 Current Trends in Biogas Production
	12.4.1 Utilization of Wider Substrate Range
	12.4.1.1 Agricultural Waste as Substrate Feedstock
	12.4.1.2 Energy Crops
	12.4.1.3 Fruit and Vegetable Waste
	12.4.1.4 Municipal Solid Waste and Sewage Waste
	12.4.1.5 Industrial Waste

	12.4.2 Alterations of Microflora
	12.4.3 Modifications of Biogas Production Process
	12.4.3.1 Pretreatment Technology for AD
	12.4.3.2 Multiple Stage AD
	12.4.3.3 High-Pressure AD
	12.4.3.4 Modulating Methanogenesis
	12.4.3.5 Start-Up Period for the AD

	12.4.4 Solid-State Anaerobic Digestion
	12.4.5 Improvement in Biogas Purification

	12.5 Conclusions and Future Perspectives
	References




