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Preface

Anaerobic digestion is a process that converts organic matter into biogas, a valuable 
source of energy that contains mainly methane and other impurities such as hydrogen 
sulfide, carbon dioxide, water vapor, siloxanes, hydrocarbons, oxygen, ammonia, 
carbon monoxide, and nitrogen. Anaerobic digestion is not only a natural and 
eco-friendly way of producing biogas but also a way of treating waste materials and 
reducing greenhouse gas emissions, which are major challenges for the world in the 
era of fossil fuel depletion, climate change, and environmental pollution. Moreover, 
anaerobic digestion has many other benefits, such as reducing the volume and mass of 
waste, eliminating odors and pathogens, generating digestate as a nutrient-rich fertil-
izer, conserving land and water resources, creating jobs and income opportunities, 
and mitigating climate change. Therefore, anaerobic digestion is a promising tech-
nology for the future of waste management and energy production. As the demand 
for biomass-based energy has increased in recent years, due to the challenges posed 
by the depletion of fossil fuels, climate change, and environmental pollution, this 
book, Anaerobic Digestion – Biotechnology for Reactor Performance and Environmental 
Sustainability, offers a comprehensive overview of the latest developments and 
approaches in anaerobic digestion. The book consists of six chapters, each covering a 
different aspect of anaerobic digestion technology. 

Chapter 1 examines the most prevalent physicochemical technologies for biogas 
upgrading and CO2 removal, along with some novel findings and possible improve-
ments. It also evaluates different methods of producing biomethane from biogas. 
It gives a thorough description of the main principles of different biogas upgrading 
approaches, and their biomethanation efficiency. It also addresses the challenges and 
opportunities for further development of these technologies.

Chapter 2 focuses on the sludge-water mixing process in anaerobic reactors, which is 
essential for the anaerobic degradation of organic matter in wastewater. It explains 
the concept of CSTBR (completely stirred tank bioreactor) mode, which requires 
low mixing intensity and good sludge morphology and mass transfer. It compares 
two types of confined sludge anaerobic reactors, up-flow anaerobic sludge blanket 
(UASB) and internal reflux packed-bed, which can achieve CSTBR mode by organiz-
ing the water flow with anaerobic sludge in attached or aggregated state.

Chapter 3 presents the results of a research study and explores the chemical and 
thermal properties of cow manure–water mixtures for biogas production. The chapter 
shows how the specific heat capacity and chemical composition of cow manure–water 
mixtures vary with temperature and mixing ratio, and how they affect the biogas 
yield and quality.

Chapter 4 provides mathematical modeling and applied calculation of bioconveyer 
and anaerobic biofiltration. The chapter develops and presents a theoretical frame-
work along with an engineering methodology for evaluating the performance of 
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anaerobic biofiltration. The findings contribute to the foundation for the applied 
optimization of bioconveyer plant parameters, providing essential insights to enhance 
their operational efficiency.

Chapter 5 discusses biomass gasification, a process that converts organic matter into a 
combustible gas, which can be used for various applications such as cooking, lighting, 
heating, and power generation. It is a sustainable and environmentally friendly tech-
nology that can enhance rural livelihood security by providing energy and income 
opportunities. This chapter explores the different types of biomass gasification, 
namely biochemical and thermochemical, and their advantages and challenges. It also 
presents an assessment of the impact of biomass gasification on the economic, social, 
and environmental aspects of rural households, based on a survey conducted in India. 
The chapter shows how biomass gasification can improve agricultural productivity, 
reduce fuel consumption and emissions, and increase the income and savings of the 
rural population.

Chapter 6 reviews the role and applications of bacteriophage in microbial community 
dynamics, a type of virus that infects and kills specific bacteria, in improving the 
anaerobic digestion process. The chapter discusses the challenges and opportunities 
of using bacteriophage as biotechnological tools to enhance biogas production and 
quality, control pathogens and biofilm, and manage imbalances in anaerobic reactors.

This book is for researchers, students, and practitioners interested in learning more 
about anaerobic digestion technology and its applications. It provides a comprehen-
sive and up-to-date source of information and knowledge on the biotechnology of 
anaerobic digestion, with the aim to inspire further research and innovation in this 
field. We hope that readers will find this book useful and informative and that it will 
contribute to the advancement and dissemination of anaerobic digestion technology 
for the benefit of society and the environment.

Dr. Sevcan Aydin 
Professor, 

Division of Biotechnology,
Biology Department, 

Istanbul University, 
Istanbul, Turkey 

Chapter 1

Biomethane Production and
Applications
Moses Jeremiah Barasa Kabeyi
and Oludolapo Akanni Olanrewaju

Abstract

Biomethane production generally involves the cleaning to remove minor unwanted
components of biogases such as hydrogen sulfide (H2S) and moisture (H2O) and
upgrading in a process that involves the removal of carbon dioxide (CO2) to increase
the concentration of CH4 to 95–99% and reduce CO2 concentration to 1–5%, with little
or no hydrogen sulfide (H2S). Biomethane gas is a flexible and easy to store fuel
having similar properties and applications as natural gas with no need to modify the
settings for natural gas devices and equipment. Biomethane can be used for industrial
and domestic applications ranging from thermal and power generation and feedstock
for processes like the Fischer-Tropsch (FT) for fuel manufacturer and direct power
generation in hydrogen or biogas fuel cells like production of green hydrogen. There-
fore, biomethane promises to play a leading role in the energy transition through
hydrogen, electricity, and other renewable fuels production. Biomethane production
by biogas upgrading methods include the pressure swing adsorption, which has an
option of temperature swing adsorption, absorption technics based on amine, mem-
brane separation, cryogenic separation, and biological separation. The technology
adopted may depend on factors such as costs, quality of products, location, and
technology maturity and requirements.

Keywords: biogas, biogas cleaning, biogas purification, biomethane, anaerobic
digestion, biogas enrichment

1. Introduction

The production of biogas has been growing and so is the demand for upgraded
biogas for applications like vehicle fuel or injection to the natural gas grid. Biogas has
to be upgraded to facilitate efficient use in these applications by removal of carbon
dioxide which is inert yet it constitutes a significant portion of raw biogas at the
expense of methane [1, 2]. Biogas is a mixture of gases produced by action of micro-
organisms through anaerobic digestion which is a complex process made up of four
stages i.e.: hydrolysis, acidogenesis, acetogenesis and methanogenesis leading to bio-
gas. The composition of biogas is influenced by the type of feedstock used and
anaerobic digestion process control [3]. Other than production in anaerobic digesters,
biogas can also be produced from landfills and through biomass thermal pyrolysis and
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gasification processes. The mixture produced generally consists of 30–75% methane
(CH4), 25–55% carbon dioxide (CO2) and other constituents or impurities like hydro-
gen (H2), oxygen (O2), nitrogen (N2), hydrogen sulfide (H2S), water (H2O) and
ammonia (NH3), dust particles, siloxanes, aromatic and halogenated compounds,
which are often in tiny quantities [4–6].

Anaerobic digestion is a sustainable process used for simultaneous treatment and
production of biogas energy resource. Biogas is a renewable energy resource produced
by anaerobic digestion and has methane as the main component with impurities like
hydrogen sulfide, carbon dioxide water vapor, siloxanes, hydrocarbons, oxygen,
ammonia, carbon monoxide and nitrogen. The energy content of biogas is reduced by
the impurities while others cause operational challenges to combustion systems like
corrosion [7, 8]. This makes it important to apply different technologies to remove
these harmful and undesirable impurities [9]. There are many established and devel-
oping physicochemical technologies for biogas operation and maintenance costs,
energy requirements, efficiency of removal and other parameters [9, 10].

Biomethane or upgraded biogas is made by qualitative processing of raw biogas
through several steps to remove impurities mainly carbon dioxide. Biomethane as a
fuel provides new opportunities at different levels for the society. In this chapter,
various methods of biomethane production are described and compared [11, 12].
There is growing interest in the use of biomethane as a renewable substitute of
natural gas in applications like transport fuel which has created demand for biogas
upgrading. This chapter is a critical review that summarizes the state-of-the-art tech-
nologies used in cleaning and upgrading. Covered in the review are the description of
biomethane production methodologies, scientific and technical outcomes related to
them, bio-methanation efficiency, challenges and feasibility of the technologies
[8, 13].

Biogas is a renewable energy carrier that can be exploited directly as a fuel or as a
feedstock for production of hydrogen or synthesis gas. The main constituents of
biogas are carbon dioxide (CO2) and Methane (CH4), but there are quantities con-
taminants like such as hydrogen sulfide (H2S), ammonia (NH3), moisture and silox-
anes whose existence and composition is a function of the source of biogas like
landfills, anaerobic fermentation of manure [14, 15]. The contaminants have the
following undesirable effects to biogas applications a fuel;

i. They can be detrimental to any biogas thermal or thermo-catalytic conversion
device (e.g., corrosion, erosion, fouling); and

ii. Generation harmful environmental emissions. It is therefore important to
include biogas purification steps upstream of its final use processes [9].

Other than methane which is the main energy source in biogas, raw biogas has
impurities that are noncombustible while others are harmful to the equipment and
environment and should therefore be removed to make it suitable for wide range of
applications in heat and power generation [8]. The treatment and purification/
upgrading pathways and applications are summarized in Figure 1 below.

From Figure 1, it is shown that biogas treatment mainly involves desulphurization
and drying of raw biogas. Making it an ideal feedstock for applications like boiler
fuel, cogeneration (CHP) and biogas reforming for production of hydrogen and other
fuels and as s fuel for direct combustion processes like boilers for heat and power
production.
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Purification on the other hand leads to the production of biomethane which is an
ideal feedstock for biomethane reforming for hydrogen, production of compressed
liquid bio-natural gas and liquefied bio natural gas as well a direct substitute for
natural gas fuel applications including injection to natural gas pipelines [2, 6, 16].

2. Technologies for biogas cleaning, drying and purification

Controlling the level of impurities in biogas is essential for success of its recovery.
The implementation of treatment and purification technologies must consider the
requirements of each specific application of biogas. These technologies aim to adjust
the calorific value and remove contaminants that affect the quality of biogas and the
useful life of the equipment. The most demanding techniques aim to purify biogas to
obtain biomethane. Currently, different techniques that allow the treatment and
purification of biogas are commercially available [12, 17, 18].

There are many technologies available at commercial and laboratory scale for the
treatment and purification of biogas. These methods include condensation, absorption
and adsorption processes for raw biogas. Hydrogen sulfide (H2S) removal can be done
by biological in situ, ex situ, biofilter and biological gas scrubbing techniques. Purifi-
cation which involves mainly removal of CO2 can be done by absorption i.e. amine
and pressurized water scrubbing and amine scrubbing, membrane permeation and
cryogenic method [2, 19–21]. Figure 2 summarizes the various methods for treat-
ment/cleaning and purification of raw biogas.

From Figure 2, it is noted that treatment or cleaning mainly involves removal of
moisture and H2S while upgrading or purifications mainly targets the CO2 for
removal. The choice of biogas treatment and purification technology is a function of
factors like the amount of biogas produced, its composition, the level of purification
required, and process costs in terms of capital, energy consumption and operational
expenditure (CAPEX and OPEX). In biomethane requirements, a combination of
processes is used, as no technology can remove all contaminants from biogas [1, 2].

There are simpler and cheaper technologies available for treatment of biogas with
the objective of cleaning biogas for sensitive applications [2]. The degree of biogas

Figure 1.
Main biogas potential applications.
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treatment depends on the intended application and the initial composition of raw
biogas. Most common treatment involves the removal of H2O and H2S [4, 12].

2.1 Moisture (H2O) removal

Biogas may contain moisture concentration of between 3 to 10%. Water removal is
usually carried out at an early stage of the treatment, to protect the downstream
equipment against corrosion and allow the biogas feedstock to fulfill the requirements
of subsequent purification steps. Table 1 is a summary of advantages and disadvan-
tages of processes for H2O removal from biogas.

From Table 1, the strengths and weaknesses of moisture removal techniques from
biogas are presented. Moisture can be removed from raw biogas by condensation,
adsorption and absorption. Condensation has high energy consumption and is expen-
sive in terms of investment and maintenance, but the process is simple and effectively
removes hydrocarbons and oil particles. The adsorption process has low operating
costs, has high removal rate and the adsorbent materials are regenerated as main
advantages, although it has high investment costs and requires the prior removal of
oil. The Absorption process of moisture removal from raw biogas effectively elimi-
nates hydrocarbons, and like the adsorption method has high removal rates and
absorption materials can be regenerated. However, the method has high investment
costs, making it only viable at high biogas flow rates. The regeneration of adsorption
materials is done at high pressure and temperature making operations and mainte-
nance expensive [7, 22].

i. Condensation

In condensation, separation of steam and water from biogas is affected
through by use of cyclone separators. Condensation of water can be improved
further by cooling biogas below the dew point of the gas. For this purpose,
cooling pipes are installed with a slope and a purging system to collect the
condensate collected [1, 6].

Figure 2.
Main technologies to biogas treatment and purification.
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ii. Adsorption

Cylindrical reactors containing adsorbent materials are used in adsorption
drying process. Commonly used adsorption materials are silica gel, activated
carbon, aluminum oxides, magnesium oxides and zeolites. The adsorption
materials are installed in a fixed bed, that can be exchanged and regenerated
when it gets saturated. The system can also operate alternately with two
columns, where one has the adsorption material at room temperature and
pressure between 6 bars and 10 bars, and the other column is a standby unit
where regeneration is done [1, 23].

iii. Absorption

In absorption drying biogas flows through an absorption tower, in
countercurrent with a solution of glycol or other hygroscopic materials. In the
process moisture or steam and hydrocarbons are chemically absorbed. This
method was originally used to dry natural gas. Absorption operations take
place at high pressure of between 20 and 40 bars, while regeneration occurs at
around 200°C [1, 2].

2.2 H2S removal process

Hydrogen sulfide is (H2S) is a gaseous chemical found in many fuel gases, biogas,
natural gas, syngas, coke oven gas, landfill gas, refinery gas, and wastewater steams
among others etc. [24]. Hydrogen sulfide is flammable, toxic, and extremely hazard-
ous and should therefore be captured and removed from biogas. The challenge and
need to H2S has led to the development of different materials and methods over the
years for its removal. Some alkanolamines are used as absorbents and while metal
oxides are used as adsorbents [17, 18, 25]. The removal of H2S from fuels is imperative
in terms of both safety and economics. The main challenge of H2S in application of

Process Advantages Disadvantages

Condensation
drying

• Simple process, suitable for any biogas
flow;

• Elimination of hydrocarbons and oils
particles;

• Application as pre-treatment in all
systems.

• High energy consumption;
• Requires installation of long tubes with

slope and freeze-resistant;
• High investment and maintenance

costs.

Adsorption
drying

• Adsorbent materials can be regenerated;
• High removal rate, which allows the

process to be applied to any type of biogas
use;

• Low operating cost.

• Requires prior removal of particles and
oil;

• High investment cost;
• Suitable for small or medium biogas

flows.

Absorption
drying

• Materials can be regenerated;
• High removal rate, which allows the

process to be applied to any type of biogas
use;

• Elimination of hydrocarbons particles.

• High investment cost;
• Economic viability only for high biogas

flow rates;
• Absorbent material regeneration

carried out at high pressure and
temperature.

Table 1.
Advantages and disadvantages of the main H2O removal processes from biogas.
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biogas is its inherent tendency to form an acidic solution in the presence of water
which leads to pipelines and equipment corrosion [8, 25].

H2S removing process is divided into two broad levels or categories on the basis of
intended application for produced biogas. Hydrogen sulfide (H2S) removal is nor-
mally done by means of biological or physical- chemical processes, and can be classi-
fied as external or internal depending on whether it is done outside or inside the
anaerobic bio-digester. The first level involves production of biogas with, H2S con-
centration of below 500 ppm, and can reach as low as 100 ppm. The second level
involves reduction in H2S concentrations less than 0.005 ppm, which are typical
specifications and requirements for biomethane gas [4, 24].

2.2.1 Biological removal of H2S

There are various established methods for biological removal of H2S from raw
biogas. They include in situ, biofilter, biological scrubber, and ex-situ techniques.

i. In Situ methane enrichment

Situ is a biotechnology based on the direct injection of pure air or oxygen and
in the process, the bacteria that oxidize H2S develop with the presence
oxygen, leading to the biological removal process of H2S, to produce sulfur
(S) which leaves the digester via the digested. The microorganisms are widely
found in the anaerobic environment present in bio-digesters [4]. In situ
desorption technology is yet to be fully developed even though it has been
around for over 20 years. In-situ is based on the greater solubility of CO2 over
CH4 in water. The process set up includes an anaerobic digester linked or
connected to an external desorption unit. Sludge transported to an aerated
desorption column from the digester. Nitrogen or air flowing in counter-
current mode and dissolves the CO2 from the sludge in the desorption unit.
The sludge desorbed sludge is pumped back into the digester to reabsorb
amore CO2, and the sludge as the sludge is continuously recycled in the
desorption column. It is possible to strip out H2S with dissolved CH4 and CO2

from the recirculating sludge by applying large quantities of air or N2, causing
reduction in the H2S and CO2 concentration [26, 27].

Therefore, in Situ is a biotechnology which works by direct injection of pure
air or oxygen and causing bacteria to oxidize H2S leading to biological
removal H2S, to produce sulfur (S) which exits the digester via the digested.
These microorganisms are widely present in anaerobic environment in bio-
digesters [4].

ii. Biofilter

In the bio filter technology biogas is passed through a column having a
synthetic material, in the form of a biofilm. The parallel or
countercurrent flow system is used to maintain the humidity and nutrients,
that are essential for the microorganisms that degrade of H2S [4]. The
purification system consists of a bioreactor where sulfur-oxidizing bacteria
like the Thiobacillus, Pseudomonas and Acidothiobacillus are immobilized
on a carrier. In the process, moisturized biogas is injected from the bottom
of the bio filter and forced through a moist, packed bed with microbial
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biofilm which purifies biogas. The bed material is used to supply nutrients or
nutrient solution added from the top occasionally. Oxygen whose
concentration is 5–10% of volume is supplied by injecting air directly into the
gas stream [3].

iii. Biological gas scrubber

In biological gas scrubber, a two-stage system is used to remove H2S. In the
first stage H2S scrubbing column, applies sodium hydroxide solution while
activated sludge is used in the second stage which is injected with injected
with air, because the microorganisms used are aerobic, leading to the solution
regeneration [4]. Bio scrubber system is applied in the removal of compounds
like ammonia, amines, hydrocarbons, hydrogen sulfide and odorous
contaminants. Bio scrubbing system consists of two reactor units with the
first reactor as absorption tower where the pollutants are absorbed in a liquid
phase before it goes to the second reactor which is activated sludge.
Degradation occurs in the activated sludge reactor where microorganisms like
Thiobacillus and Thioalkalivibrio) grow in suspended flocks. The effluent
generated is recirculated back to the absorption tower. In the removal of H2S,
a sedimentation tank is installed after the second reactor for collection of
elemental Sulfur with O2 being used as the oxidant. Optimal microbial growth
and activity are maintained addition of oxygen, nutrients and pH regulation
together with continual purging of by-products and excess biomass out of the
system [3].

iv. Ex-situ

Ex- situ biogas cleaning and upgradation relies on supply of carbon dioxide
from external sources and hydrogen in an anaerobic reactor, which eventually
contributes to their conversion to methane. The ability of ex situ process to
manage high concentrations of influent gases, reduces retention time to about
1 hour leading to a smaller device for upgrading. Depending mainly on the
reactor used, the ex-situ technology can produce methane with final purity of
79–98%, the main challenge facing this technology is low gas–liquid mass
transfer rate [26]. Therefore, ex-situ is more of an upgrading than cleaning
method although it can do both by design. The advantages and
disadvantages of the biological H2S removal processes are summarized in
Table 2 below.

From Table 2, the three discussed biological methods for H2S removal have
significant differences in terms of use of chemicals, operation and
maintenance costs and product quality. Biofilter and biological gas scrubber
techniques need external oxygen injection. The main advantage of in-situ
method is that it has low investments and maintenance costs and does not
require chemicals.

2.2.2 Physical-chemical removal of H2S

These techniques involve use of salts or iron oxides or sulfide precipitation is used
to remove H2S inside the digester. Iron oxides or salts are added that react with H2S, to
produce non-soluble compounds, like iron sulfides, that precipitate and are removed
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together with effluents from the biodigester. Through direct dosing, chemicals are
added to a reactor installed in the biogas line. The H2S adsorption process is achieved
by retention in a solid form having a large surface area or in materials with high
internal porosity. Activated carbon and iron oxides are the common adsorbent mate-
rials applied in the process. Activated carbon enable production of low concentrations
of H2S based on the catalytic oxidation of H2S on the surface of the activated carbon,
which is easy to impregnate with catalysts that speed up the reaction and improve the
process capacity [4]. The advantages and disadvantages of each physical- chemical
H2S removal process is summarized in Table 3.

From Table 3, it is noted that there are broadly two main approaches of physical-
chemical methods of H2S i.e. addition of salts or iron oxides in situ and adsorption.
The addition of chemicals does not be used to attain biomethane quality although the
process is simple and cheap. The adsorption method is moderate in cost, attains high
removal rate for H2S to attain biomethane level of purity but incurs high energy costs
and high operation and maintenance cost related to replacement of the adsorbent.

3. Biogas upgrading methods

Production of biogas and use has several environmental, social and economic
benefits. It is a source of renewable energy, and its production is also considered as a
manure production factory. Biomethane has wider industrial applications hence bio-
gas up-gradation is desirable [2]. The main drivers of biogas up-gradation is rapid
increment in the price of fossil fuels and growing concerns over global climate change
due to greenhouse gas emissions. Biomethane has opened a new window for the
replacement of natural gas from the energy mix. There are multiple biogas

Process Advantages Disadvantages

In situ • A simple process
• Low investment and maintenance cost
• Does not need chemicals

• Oxygen injection my affect the anaerobic
digestion and can oxidize methane

• Potentially explosive mixtures may occur
• Cannot achieve biomethane purification level

Biofilter • Enables the removal of ammonia
• Does not require chemicals
• The injection of oxygen is external to the

digester hence no negative effect to the
digestion

• Requires nutrients renewal hence more
operation and maintenance cost

• Only suitable for small biogas flows
• Injection of air at high levels through the

biofilter is not suitable for biomethane
production

Biological
gas
scrubber

• Oxygen introduced is external to the
process and has no negative impact to
the digestion

• Good for high biogas flow rates
• The process can attain purity

requirement for biomethane

• Uses chemicals
• High operations and maintenance costs
• The process needs fresh water introduction

Ex citu • Can be used to attain high methane
purity levels needed for biomethane

• Requires smaller devices due to lower
retention time

• The process relies on carbon dioxide supplied
from external sources hence an extra cost

• The process has low gas–liquid mass transfer
rate

Table 2.
Biological process for removal of H2S (summary by the author).
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up-gradation technologies which are available on commercial scale while others are
still developing and are at laboratory scale. The technologies that are widely accepted
have attained prominence on their operational efficiency and reliability, merits and
demerits and future outlook [10, 18, 21].

Biomethane production requires more complex and expensive techniques com-
pared to biogas treatment methods aimed at attaining high degree of purity for biogas.
Biogas upgrading combines biogas treatment and purification processes to remove
other gases from biogas, thence separate methane (CH4) and effectively increasing its
heating value. Purification of biogas involves removal of carbon dioxide which is
mandatory for biomethane to substitute natural gas in pipeline system for natural gas
distribution and use as a fuel for applications like vehicle fuel [28].

3.1 Chemical scrubbing

Chemical scrubbing systems use aqueous organic or inorganic compounds to bind
the CO2 or H2S molecules existing in biogas. The most commonly used scrubbing
systems use organic compounds, namely aqueous amine solutions like diethanolamine
(DEA), monoethanolamine (MEA) or methyl diethanolamine (MDEA). Most scrub-
bing systems using amine solutions have an absorber unit maintained between biogas
pressure of 1–2 bars which is injected to the tank bottom with amine solution flowing
from the top and a stripper. The solute and solvent (CO2) undergo a reversible
exothermic chemical reaction with the product amine solution which is rich in
CO2 and H2S which proceeds to the stripper for regeneration operating at a pressure of
1.5–3 bars and temperature of 120-160°C [6].

The heat in the stripper disrupts the chemical bonds formed in absorption phase
and which creates steam having CO2. Upon cooling this steam, the CO2 is released
while the condensate is recirculated back to the stripping column. Some commercial
systems can cope with biogas with H2S content of up to 300 ppm/v, but H2S poisons
the amine, cause corrosion and increase the system energy requirements hence the
need to remove H2S before amine scrubbing [3, 25].

The advantages of the chemical scrubbing using amine solutions include high
selectivity of the amines by CO2 and the substantial extraction compared to other
methods e.g. two times more CO2 per unit volume is absorbed compared with water.

Process Advantages Disadvantages

Addition of salts or
Iron oxides in situ

✓ The process is simple and cheaper
✓ No need for oxygen injection
✓ Low maintenance costs

✓ Cannot attain biomethane purity levels
✓ Forms precipitates within the digestor

and hence handling issues
✓ The process uses chemicals

Adsorption ✓ Has moderate investment costs
requirements

✓ Has got high rate of removal
✓ Can attain biomethane quality and

standards
✓ Oxygen injection does not affect

the use of doped activated carbon

✓ The process has high energy
consumption

✓ Extra cost incurred to renew absorbent
in form of operation and maintenance

✓ Extracted sulfur cannot be used

Table 3.
Advantages and disadvantages of physical-chemical methods for H2S removal (summary by the author).
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The process has significantly low energy requirements mainly because of exothermic
reactions and low process pressure operations i.e. 1–2 bar for absorption column and
1.5–3 bar in the stripping column. The draw backs include high energy requirements
for solvent regeneration, expensive amine solvents and losses of solvents to evapora-
tion which increase operation costs [3]. Figure 3 shows the process of chemical
scrubbing using amine solution.

From Figure 3, it is noted that the main system elements for the chemical scrub-
bing with amine solution are the adsorption column, heater, a cooler, a stripping
column, and a heating medium for the stripping column which may be hot water, oil
or steam.

In chemical scrubbing (CSC), there is reversible reactions between absorbed sub-
stances and solvent used. The commonly used biogas upgrading absorption solutions
is based on amines i.e. methyl diethanolamine diethanolamine, monoethanolamine,
and piperazine. For amine scrubber an absorber tank is used in which carbon dioxide
is absorbed from the biogas operating at 20–65°C and 1–2 bar, then followed by a
stripper where carbon dioxide is released by heating the stream. Chemical scrubbing
with amine facilitates production of high concentration of methane concentration in
biomethane greater than CH4 > 99%. The limitation of chemical scrubbing needs
pre-treatment stage, to remove H2S and has got high operational and investment
costs [30].

The process is similar to pressurized water scrubbing, but is a chemical absorption
technique. The solution absorbs CO2 in biogas, by chemical reaction between amine
and CO2. The absorber is maintained at operating pressure 1–2 bar while the stripper
maintained 1.5–3 bar. The process is exothermic, causing temperature rise of amine
solution and higher efficiency since the reaction between amine and CO2 increases
with increase in temperature. Hydrogen sulfide (H2S) should be removed prior to the
reaction to avoid poisoning the amine solution [1, 7].

3.2 Organic physical scrubbing

Organic physical scrubbing work on the same principle with water scrubbing with
the difference being the use of an organic solvent with higher affinity for H2S and

Figure 3.
Chemical scrubbing with amine solution [29].

10

Anaerobic Digestion – Biotechnology for Reactor Performance and Environmental Sustainability



CO2. Methanol and dimethyl ethers of polyethene glycol (DMPEG) mixtures are all
used in biogas upgrading. The process simultaneously absorbs hydrogen sulfide, car-
bon dioxide, and water due to their higher solubility in polyethene glycol than meth-
ane. Examples of commercially available organic physical scrubbing products
Selexol® and Genosorb®. These products exhibit high hi solubility of NH3 and CO2

compared to H2O. Selexol® can absorb three times more CO2 than water hence lower
liquid requirements which requires a smaller upgrading [3, 25].

The challenge associated with high solubility of carbon dioxide in organic
solvents is difficulty to regenerate organic solvents. Higher solubility of H2S compared
to CO2 in Selexol® leads to increased separation temperatures during the regeneration
of the solvent hence higher energy consumption. It is therefore advice able to remove
H2S before the gas is treated with the solvent. The Selexol process may also be
configured to remove H2S selectively, or non-selectively in order to remove both CO2

and (H2S) [25].
In the first stage, raw biogas is compression and cooled to (7–8 bar, 20°C), before

injection to the bottom of the absorption column. Since temperature affects Henry’s
constant the organic solvent is cooled down before it is fed to the column. The
desorption column is used to regenerate the organic solvent by heating it to 80°C and
reducing pressure to 1 bar. This leads to final methane content of 96–98.5% and less
than 2% CH4 losses, in an optimized full-scale plant [3]. Figure 4 shows that the
organic physical scrubbing method.

From Figure 4, it is noted that the main elements of the organic scrubbing
method are Sulfur absorber, CO2 absorber, H2S concentrator, H2S stripper, stripper
reboiler reflux pump and reflux accumulator. In organic physical scrubbing, CO2 in
raw biogas is absorbed in an organic solvent e.g. a mix of dimethyl ethers of polyeth-
ylene glycol [29].

Concerns over the environment has motivated a shift from the use of conventional
solvents to green solvents. This includes the use of deep eutectic solvents (DESs),
consisting of two or more components, which are mainly hydrogen bond donors and
acceptors [9, 25]. It desirable for the solvents to have a lower melting point, very low

Figure 4.
Organic physical scrubbing [1].
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vapor pressure and preferably be biodegradable. It is through selection of best fit
hydrogen bond donors and hydrogen bond acceptors and donors, that the DESs can be
appropriately engineered to yield desired thermodynamic and physical characteristics.
It is also possible to remove other biogas contaminants by appropriate process modi-
fications [3, 9].

3.3 Pressure swing adsorption (PSA) and vacuum swing adsorption (VSA)

The principle upon which the pressure swing adsorption (PSA) is the adsorption of
CO2 compared to CH4 under conditions of high pressure due to differences in molec-
ular characteristics and the affinity of the adsorbent material used. The vacuum swing
adsorption (VSA) is based on the same principle is except that it operates under
vacuum during the desorption step. Materials used as adsorbent matter PSA is
required to have high surface area, e.g. alumina, silica gel, activated carbon, zeolite,
polymeric sorbents and carbon molecular sieves [10, 31].

Pressure swing adsorption is a technique that works by selective adhesion of one or
more components of the mixture, on the surface of a micro-porous solid. In this case
the material for biogas upgrading is typically equilibrium-base adsorbents. The adsor-
bent pores allow an easy penetration of the carbon dioxide molecules but filters the
larger methane molecules. The molecular sieve materials used include zeolites and
activated carbon which act as the adsorptive materials for biogas upgrading. The
process requires a pretreatment step because the materials used in PSA plants foul in
the presence of raw biogas impurities. The pressure swing technology can achieve 95–
99% methane purity for upgraded biogas which meats the typical technical specifica-
tions for the grid injection [25]. The main limitations of the pressure swing process are
the pre-treatment requirement and extensive process control making the process
expensive. To reduce operational costs, the temperature swing adsorption (TSA) is
used instead. Temperature swing adsorption works at constant pressure and needs
thermal energy to regenerate the adsorbent material making it suitable in
applications having cheap heat source [30, 31]. The pressure swing method is illus-
trated in Figure 5.

From Figure 5, it is noted that the main processes and elements of the compressor
for raw biogas, chambers for absorption, depressurization, desorption, pressurization,
and vacuum pump for extraction of vent gases [10]. The characteristics of PSA unit
include feeding pressure, cycle time, purging pressure, adsorbent, and column inter-
connectedness among other things [29].

Pressure swing adsorption (PSA) is a dry method used to separate gases on basis of
their properties. Raw biogas is compressed to an elevated pressure and supplied to an
adsorption column that retains CO2 but leaves CH4. Once the column material is
saturated with CO2, pressure is released hence CO2 is desorbed and fed to the off-gas
stream. Multiple columns can be applied columns are needed for continuous operation
allowing them to be closed and opened consecutively [29].

The Pressure Swing Adsorption (PSA) technology makes use of the ability of
porous adsorbent medium to adsorb specific molecules out of raw biogas and then
release through the application of different pressure levels. For the case of raw biogas
upgrading [1, 29]. For the biogas upgrading process, the operation is based on the
different molecular dimensions of CO2 which is 0.34 nm, methane CH4 with 0.38 nm.
The application of adsorbent material with cavities of 0.37 nm facilitate retention of
CO2 in the pores, as methane flows out with no retention. The most utilized adsorbent
materials are the Zeolites and activated carbons due to their high efficiency [1].
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The pressure swing adsorption process takes place in vertical columns that are
packed with absorbents. The process has four steps; adsorption, depressurization,
desorption and pressurization in the listed order. Biogas passes through in the pres-
surized column, while CO2, N2, O2 and H2S are adsorbed by selected material. Hydro-
gen sulfide and siloxanes are irreversible adsorbed onto adsorption material and
should therefore be removed, together with moisture before injection into the PSA
system. It is recommended to use multiple adsorption columns to ensure continuous
operation. Once the saturation of adsorbent material is saturated, biogas is allowed
into the next column, as regeneration is done for the saturated column. The adsorp-
tion column is depressurized to about atmospheric pressure (PSA) or kept under
vacuum (VSA). A mixture of CH4 and CO2 with high content of CH4 methane content
is released and recycled to the PSA inlet. Biomethane produced can attain purity of
96–98%; but up to 4% CH4 can be lost within the off-gas stream [10, 25].

The Pressure Swing Adsorption (PSA) technology makes use of the ability of
porous adsorbent medium to adsorb specific molecules out of raw biogas and then
release through the application of different pressure levels. For the case of raw biogas
upgrading [1, 29]. For the biogas upgrading process, the operation is based on the
different molecular dimensions of CO2 which is 0.34 nm, methane CH4 with
0.38 nm. The application of adsorbent material with cavities of 0.37 nm facilitate
retention of CO2 in the pores, as methane flows out with no retention. The most
utilized adsorbent materials are the Zeolites and activated carbons due to their high
efficiency [1].

Recent development of the PSA/VSA focus on optimization of adsorption materials
and technology. New methods include vacuum swing adsorption system that applies
amine-containing nanogel particles supported by carbon fiber having a honeycomb
shape whose primary application is the capture of CO2 from flue gas with potential use
in biogas upgrading. In this method, the size of the column and operational costs are
reduced by using a rotating design and honeycomb carbon fibers as supportive mate-
rial, while the combination with amine-containing nanogel particles, increases the
recovery of CO2 [10, 31]. The Amine-containing nanogel particles also reversibly
uptake and release CO2 at lower regeneration temperature of about 75°C which limit
the degradation and volatility of amine used [31].

Figure 5.
Pressure swing adsorption system [29].
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3.4 Absorption techniques

In the absorption techniques, purification and enrichment processes are based on
the solubility of constituent gases in biogas in a selected liquid. The commonly used
liquids are water or organic solvent like methanol, N-methyl pyrrolidone, and poly-
ethylene and glycol ethers are for absorption of CO in physical absorption plants
installations. Amine scrubbing is widely applied for chemical absorption. Water
scrubbing has two main applications, namely pre-treatment e.g. before PSA and for
the removal of H2S in actual upgrading. The main limitation of these technique is that
it requires significant plant size to achieve high final concentration of methane [30].

3.4.1 Pressurized water scrubbing

Water scrubbing is the most common technology for both biogas cleaning and
upgrading. Pressurized water scrubbing depends on the separation of CO2 and H2S
from raw biogas as a result of increased solubility of CO2 compared to CH4. Based on
Henry’s law, CO2 solubility in water at 25°C is about 26 times greater than the solubil-
ity of methane [13]. Raw biogas is first compressed to 6–10 bar, ND up to 40°C then
injected into the absorption column from the bottom side of the tank, while water is
supplied from the top while water is supplied from the top side of the column then it
flows in the counter-current flow of the gas. The absorption column of the system is
filled with random packing material for increased gas-liquid mass transfer [25].

Biomethane is released from the top of the scrubber, the water phase containing
the CO2 and H2S are circulated to the flush column, in which the pressure is degreased
to 2.5–3.5 bar and while traces of CH4 dissolved in the water is recovered. On the basis
of water re-use single pass scrubbing is often employed when water is from sewage
treatment plants and “regenerative absorption”. Water can be regenerated in a
desorption column by decompression at pressure, leading to the removal of CO2 and
H2S. Water decompression is done by air stripping but where biogas has high concen-
trations of H2S, steam or inert are consumed on desorption process to prevent forma-
tion of elemental Sulfur by means of air stripping, which leads to operational
problems. The regeneration is desirable of huge water requirement by the system e.g.
water flow to upgrade 1000 Nm3 /h of raw biogas needs 180 and 200 m3/h based on
pressure and water temperature. Upon drying, in drying stage, the purity of methane
formed can reach 99% purity [13, 25].

Pressurized water scrubbing process works on the basis of the fact that carbon
dioxide is more soluble in water than methane. It is the simplest and most popular
upgrading technology for biogas. It is necessary to remove H2S from biogas prior to
scrubbing due to its high solubility in water, making its removal difficult. Hence the
need to previously remove hydrogen sulfide (H2S) from biogas, to avoid corrosion
and process efficiency reduction. Biogas is first compressed and fed to the absorption
column (scrubber), for cooling to (5°C) and pressurized (4–10 bar) to allow water to
absorb CO2 and other impurities. The flash tank is used for water regeneration in the
first phase with the recovery of the absorbed biogas, being recycled by injecting at the
biogas inlet. The second phase of regeneration takes place in a second column called a
stripper through a countercurrent with air, operating under atmospheric pressure
[2, 4]. Figure 6 shows the water scrubbing system.

The main parts of the water scrubbing system as shown in Figure 6 are the water
separator, a compressor a flash tank, desorption column, a cooler, filter, water and an
upgraded biogas dryer for upgraded biogas. A water scrubber is a physical scrubber
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which exploits the fact that CO2 is more soluble in water than methane. The CO2 is
separated from the raw biogas and dissolved into the water in the absorption column
by application of high pressure of 6–10 bar. The CO2 is then released from the water
in the desorption column, by addition of air at atmospheric pressure [29].

3.4.2 Chemical scrubbing

Chemical scrubbing systems use aqueous organic or inorganic compounds to bind
the CO2 or H2S molecules existing in biogas. The most commonly used scrubbing
systems use organic compounds, namely aqueous amine solutions like diethanolamine
(DEA), monoethanolamine (MEA) or methyl diethanolamine (MDEA) [25]. Most
scrubbing systems using amine solutions have an absorber unit maintained between
biogas pressure of 1–2 bars which is injected to the tank bottom with amine solution
flowing from the top and a stripper. The solute and solvent (CO2) undergo a reversible
exothermic chemical reaction with the product amine solution which is rich in CO2

and H2S which proceeds to the stripper for regeneration operating at a pressure of
1.5–3 bars and temperature of 120-160°C [6].

The heat in the stripper disrupts the chemical bonds formed in absorption phase
and which creates steam having CO2. Upon cooling this steam, the CO2 is released
while the condensate is recirculated back to the stripping column. Some commercial
systems can cope with biogas with H2S content of up to 300 ppm/v, but H2S poisons
the amine, cause corrosion and increase the system energy requirements hence the
need to remove H2S before amine scrubbing [3].

The advantages of the chemical scrubbing using amine solutions include high
selectivity of the amines by CO2 and the substantial extraction compared to other
methods e.g. two times more CO2 per unit volume is absorbed compared with water.
The process has significantly low energy requirements mainly because of exothermic
reactions and low process pressure operations i.e. 1–2 bar for absorption column and
1.5–3 bar in the stripping column. The draw backs include high energy requirements
for solvent regeneration, expensive amine solvents and losses of solvents to evapora-
tion which increase operation costs [3, 25]. Figure 7 shows that chemical scrubbing
using amine solution.

Figure 7 demonstrates a chemical scrubbing system using amine solution. It is
equipped with the absorption column a heater cooler and a stripping column with a

Figure 6.
Water scrubbing system [29].
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heating medium being hot water, oil or steam. The removal of CO2 using reactive
systems is not new, but it is less common compared to other technologies like PSA and
water scrubbing. The synopsis of features of the chemical scrubbing technology is to
use a reagent which chemically binds carbon dioxide molecules for removal from the
gas [29].

In chemical scrubbing (CSC), there is reversible reactions between absorbed sub-
stances and solvent used. The commonly used biogas upgrading absorption solutions is
based on amines i.e. methyl diethanolamine diethanolamine, monoethanolamine, and
piperazine. For amine scrubber an absorber tank is used in which carbon dioxide is
absorbed from the biogas operating at 20–65°C and 1–2 bar, then followed by a stripper
where carbon dioxide is released by heating the stream. Chemical scrubbing with
amine facilitates production of high concentration of methane concentration in
biomethane greater than CH4 > 99%. The limitation of chemical scrubbing needs pre-
treatment stage, to remove H2S and has got high operational and investment costs [30].

The process is similar to pressurized water scrubbing, but is a chemical absorption
technique. The solution absorbs CO2 in biogas, by chemical reaction between amine
and CO2. The absorber is maintained at operating pressure 1–2 bar while the stripper
maintained 1.5–3 bar. The process is exothermic, causing temperature rise of amine
solution and higher efficiency since the reaction between amine and CO2 increases
with increase in temperature. Hydrogen sulfide (H2S) should be removed prior to the
reaction to avoid poisoning the amine solution [7].

3.4.3 Organic physical scrubbing

Organic physical scrubbing work on the same principle with water scrubbing with
the difference being the use of an organic solvent with higher affinity for H2S and
CO2. Methanol and dimethyl ethers of polyethene glycol (DMPEG) mixtures are all
used in biogas upgrading. The process simultaneously absorbs hydrogen sulfide, car-
bon dioxide, and water due to their higher solubility in polyethene glycol than meth-
ane. Examples of commercially available organic physical scrubbing products
Selexol® and Genosorb®. These products exhibit high hi solubility of NH3 and CO2

compared to H2O. Selexol® can absorb three times more CO2 than water hence lower
liquid requirements which requires a smaller upgrading [3].

The challenge associated with high solubility of carbon dioxide in organic solvents
is difficulty to regenerate organic solvents. Higher solubility of H2S compared to CO2
in Selexol® leads to increased separation temperatures during the regeneration of the
solvent hence higher energy consumption. It is therefore advice able to remove H2S

Figure 7.
Chemical scrubbing with amine solution [1].
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before the gas is treated with the solvent. The Selexol process may also be configured
to remove H2S selectively, or non-selectively in order to remove both CO2 and
(H2S [25]).

In the first stage, raw biogas is compression and cooled to (7–8 bar, 20°C), before
injection to the bottom of the absorption column. Since temperature affects Henry’s
constant the organic solvent is cooled down before it is fed to the column. The
desorption column is used to regenerate the organic solvent by heating it to 80°C and
reducing pressure to 1 bar. This leads to final methane content of 96–98.5% and less
than 2% CH4 losses, in an optimized full-scale plant [3, 25]. The organic physical
scrubbing method is shown in Figure 8 below.

The main elements of an organic physical scrubbing system as shown in Figure 8
are the Sulfur absorber, CO2 absorber, a compressor H2S concentrator, a reflux pump
and accumulator, and stripper reboiler. An organic solvent is used to absorb the CO2

in raw biogas organic in physical scrubbing method in a process that is theoretically
similar to water scrubbing, based on the Henry’s law. These solvents include a mix of
dimethyl ethers of polyethylene glycol. The relative solubility of the biogas compo-
nents depends on the solvent used e.g. the solubility of carbon dioxide is much higher
in the organic solvent than in water, meaning that the Henry’s constant for carbon
dioxide is higher. CO2 has a solubility of 0.18 M/atm in Selexol which is about 3 times
higher than in water. CO2 is about 17 times more soluble than methane in the
Genosorb solvent which is a smaller difference than for water, in which CO2 is 26
times more soluble than methane [29]. These differences in solubility have technical
and economic implications.

Concerns over the environment has motivated a shift from the use of conventional
solvents to green solvents. This includes the use of deep eutectic solvents (DESs),
consisting of two or more components, which are mainly hydrogen bond donors and
acceptors [9]. It desirable for the solvents to have a lower melting point, very low
vapor pressure and preferably be biodegradable. It is through selection of best fit
hydrogen bond donors and hydrogen bond acceptors and donors, that the DESs can be
appropriately engineered to yield desired thermodynamic and physical characteristics.
It is also possible to remove other biogas contaminants by appropriate process modi-
fications [3, 9].

Figure 8.
Organic physical scrubbing [3].
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3.5 Membrane separation

One alternative to the conventional absorption in biogas upgrading is membrane
technology which make use of membranes which can be made from polymeric mate-
rials like cellulose acetate [3]. The membrane is a filter with ability to separate com-
ponents in raw biogas to the molecular level. Membranes came into use in the 1990s
and were initially built with less selective membranes and were applied in applications
with lower recovery demand for the methane [29]. The membrane separation tech-
nology is a viable alternative to the conventional absorption-based biogas technology.
The process relies on the selective permeability properties of membranes which
effectively enable separation of biogas components. The various components of raw
biogas have different relative permeation rates which can be ordered hierarchically
from the slowest to fastest permeation as follows; C3H8, CH4, N2, H2S, CO2 then H2O
[13, 25]. This is demonstrated in Figure 9 below.

The membrane separation system is demonstrated in Figure 9 showing stage wise
removal of CO2, O2, H2O from raw biogas leaving methane in purified form leaving
the membrane. This process can also remove CO2, H2O and hydrogen and parts of the
oxygen from biogas. The permeation rate depends on the size of molecules hydro-
philic through a typical membrane typically made of a glassy polymer [29].

The membranes used in separation are selectively permeable barriers that are
designed allow some molecules to pass through but stop or block other with process
drivers being the pressure, relative concentration, temperature, and electric charges of
the molecules. The membranes used are of three major types, namely polymeric
membranes, inorganic membranes, and mixed matrix membranes [2]. Inorganic
membranes have got higher mechanical strength, chemical resistance and thermal
stability making them more popular. Mixed matrix membranes are the mostly used
type of membrane separation in industrial applications. The polymeric and inorganic
membrane separation technologies need pre-treatment since H2S negatively affect
medium –term performance. As a strategy to recover up to 99.5% methane, a multi-
stage membrane strategy is adopted. The penetration of the membrane technology of
separation is high costs and low reliability [2, 30].

The membrane permeation technique works on the basis of the difference in
permeability of between the various constituents of biogas. The action of a membrane
facilitate separation in which methane is retained, while carbon dioxide and other

Figure 9.
Operation of membrane separation [29].
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constituents penetrate through the membrane. Three types of membranes are cur-
rently used for biogas purification; polymeric, inorganic and mixed matrix mem-
branes. The process is not meant to remove H2S and H2O, however, they should not be
allowed to affect the performance of the membrane. By introducing multiple stages of
membranes, CH4 concentration above 98% and with low operational cost can be
attained [3, 4].

From Figure 10, it is noted that a gas is fed into a membrane separator where the
impurities mainly H2S, CO2, are isolated from raw biogas to exceed as permeates while
larger methane molecules exceed as retentate i.e. biomethane.

The membrane separation is divided into wet (gas–liquid) and dry (gas–gas)
techniques. Biogas is usually pressurized to 20–40 bars or 6–20 resulting in CH4

abundant gas which will on one side of the membrane with the higher pressure. The
CO2, some H2S and a significant amount of methane of 10–15% diffuses to the lower
pressure side. Contaminants like water, siloxanes, NH3, VOCs and H2S are removed
before membrane separation to avoid corrosion and clogging. There are different
configurations of gas-gas units i.e. single-pass membrane unit or multiple stage mem-
brane units with internal recirculation of permeates and retentates. For one system,
about 92% purity of biomethane can be attained while multiple stages can attain 96%
or more methane purity [3, 25].

The cold-membrane and cryogenic technologies combination is an interesting
approach that can be used in upgrading of biogas. Polyimide and polysulfone mem-
branes can be used in biogas upgrading process to attain up to 98% methane purity,
based on simulation results. The process has relatively lower energy requirement of
about 1.6 MJ/kg CH4 which is lower than energy requirements of a standard mem-
brane process which is about 2.4 MJ/kg CH4. The process can further lower energy
requirements to 0.8 MJ/kg CH4 if the process is coupled with liquefied methane
regasification [3, 8].

3.6 Cryogenic separation

Cryogenic separation technology is done by a gradual reduction in the temperature
of raw biogas causing liquefaction of CH4, CO2 and other constituent parts to ensure
methane meets quality standards for Liquefied Natural Gas (LNG). Raw biogas is
initially dried and compressed to 80 bars followed by stepwise cooling to �110°C
leading to gradual removal of impurities like., siloxanes, H2O, H2S, halogens etc. and

Figure 10.
Principle of membrane separation [6].
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CO2 which is the main impurity in biogas to obtain almost pure biomethane with
purity (> 97%) [13, 32].

The physical principle behind cryogenic technique is based on the fact that the
gases like carbon dioxide, hydrogen sulfide liquefy and solidify under different pres-
sure and temperature conditions. Therefore, the cryogenic plants operate at very low
temperature (�170°C) and high pressure (80 bar). Biogas purification is done by
cryogenic technology, with lower methane losses but the process is expensive. The
cryogenic process can be used in the production of liquefied natural gas (Bio-LNG)
[6, 30].

The cryogenic separation process involves the separation of different gas compo-
nents based on the basis of their different boiling points by gradually reducing the
temperature. The process begins by compressing biogas to 80 bars then reducing the
temperature to �25°C. At this temperature and pressure, components that are
removed from raw biogas are moisture, halogens, siloxanes and H2S. Reducing tem-
perature to �55°C, liquefies most of the present CO2, then further reduction to �85°C
is the last step which removes the remaining CO2 in solid form. However, to avoid
operational challenges like pipe clogging, ice formation and heat exchanger clogging,
the impurities like H2S, water, siloxanes and halogens are by practice removed prior to
cryogenic separation [6].

The purity of biomethane produced with cryogenic upgrading be over 97% with
methane losses of less than 2%. The limitation of cryogenic upgrading the high
investment and operation costs, methane losses and need for pretreatment to remove
impurities. There are additional variants and configurations like cryogenic distillation
or cryogenic adsorption [2, 3]. The cryogenic process is shown in Figure 11.

From Figure 11, we note that the cryogenic separation method is characterized by
successive compression and cooling at different pressure to liquefy and isolate the
different components of raw biogas. Water is removed in the distillation Colum of the
process.

Although the cryogenic separation process is quite promising with interesting
performance and results, the method is still under development with just few facilities
operating at commercial scale. The process limitations so far are high costs of invest-
ment and operation costs, methane losses and clogging derived from increased con-
centration of solid CO or and presence of other impurities [13, 28].

The cryogenic processes take advantage of the low temperatures to achieve their
goals. By allowing component gases in raw biogas to liquify. A process does not have
to operate below a fixed temperature level for it to be considered “cryogenic”., but
since the However, since the processes involved in this process are done well below

Figure 11.
Cryogenic separation system [6].
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�55°C, the common gases in raw biogas can be liquefied and separated which forms
the basis for cryogenic biogas upgrading [29].

3.7 Biological upgrade techniques

These processes apply biological separation via hydrogenotrophic methanogenesis
consisting of hydrogenotrophic-methanogens to convert CO2 and H2 in to CH4 but
commercialization of the processes is limited by several challenges [30]. The positive
side is that it requires low investment and operating costs particularly in terms of
electricity and head demand. It does not require any chemical products or additional
equipment. Easy operation and maintenance. The process leads to high concentrations
of hydrogen sulfide while O2/N2 excess necessitates additional cleaning while air
overload creates an explosive mixture [33].

Although the physicochemical techniques dominate the biogas upgrading market,
biological methods have been riding for the last 20 years. Biological technologies for
Sulfur treatment in biogas are classified into chemotrophic and photosynthetic types.
The advantage of biological techniques is that end products are non-hazardous i.e.
sulfur or sulfate with efficiency being same or higher than that of physicochemical
technologies while the Sulfur recovered can be used as a raw material for production
of sulfuric acid, fungicides and Sulfur fertilizers [33, 34].

3.7.1 Chemotrophic removal of hydrogen sulfide

In this process, the Chemotrophic Sulfur oxidizing bacteria, also known as color-
less Sulfur bacteria, is the ideal microbial group used for biodegradation of H2S. The
bacteria are used to oxidize the reduced Sulfur compounds like. Sulfide, polysulfide,
elemental Sulfur, thiosulfate, and sulfite to gain chemical energy and utilize CO2 as a
carbon source. Biodegradation of Hydrogen sulfide is done aerobically using where
the electron acceptor is O2 and anaerobically where the electron acceptor is NO3. The
bacteria include genera Thiobacillus, Acidithiobacillus, Sulfolobus, Thiovulum,
Thiothrix and Thiospira [3, 24].

3.7.2 Biofiltering

Biofilters remain the simplest type of gas desulphurization systems. The purifica-
tion system consists of a bioreactor where sulfur-oxidizing bacteria like the
Thiobacillus, Pseudomonas and Acidothiobacillus are immobilized on a carrier. In the
process, moisturized biogas is injected from the bottom of the biofilter and forced
through a moist, packed bed with microbial biofilm which purifies biogas. The bed
material is used to supply nutrients or nutrient solution added from the top occasion-
ally. Oxygen whose concentration is 5–10% of volume is supplied by injecting air
directly into the gas stream [3, 24]. Figure 12 shows the biofiltering system.

The biofiltering system as demonstrated in Figure 12 consists of peristatic pumps
for biogas and air, a bioreactor and biogas storage.

Factors influencing the operation of biofilters include the bed medium, moisture
content of biogas, gas temperature, the pH, nutrient and oxygen levels, and the
development of biofilm. A good or suitable bed material should have large specific
area and porosity, create small pressure loss, light in specific weight and cheap. The
bed material should absorb gas odor and but retain its nutrients, contain indigenous
microorganisms and water i.e. moisture content between 40 and 60%. Suitable bio
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filter materials include natural organic materials like composts, coconut fiber,
woodchips/bark, and peats mainly because of their native microorganism consortia
and good level of performance [3, 35].

The benefits of using biofilters are reduced operating costs, no chemical require-
ments. The main limitations in use of bio filters in purification of biogas are media
acidification by the sulfuric acid formed from H2S, degradation and inefficient
mixing. Solutions to these challenges include using a carrier with alkaline properties,
adding alkaline. Biofilters are also not suitable for high loading rates due to limited
buffering capacity and limited control capability for moisture, and pH during high
airflows [3, 25].

3.7.3 Bio trickling filters

The general mechanism of biotrickling filtration is same as bio filters, except for
the use of inert packing bed material hence the need for continuous supply of the
nutrient solution. Plastic supports, activated granular carbon or porous ceramics, are
materials commonly used to provide support for biofilm formation. Advantages of bio
trickling over traditional filters include better process stability, better control and
regulation of the pH and temperature, low flow resistance, less space and continuous
nutrient supply. The continuous washout of products of acidic reactions solves the
problem of buffering and acidification common in bio filters. However, the challenge
of continuous nutrient supply leads to excessive growth of biomass and clogging of
anaerobic zones. Commercially available bio trickling systems include BioSulfurex®
(DMT Environmental Technology), Biopuric process (Biothane Corporation),
Bidox® (Colsen B.V.) and BiogasCleaner® (BioGasclean) [3, 5].

3.7.4 Bio scrubbing

Bioscrubber system is applied in the removal of compounds like ammonia, amines,
hydrocarbons, hydrogen sulfide and odorous contaminants. Bio scrubbing system
consists of two reactor units with the first reactor as absorption tower where the

Figure 12.
Biofiltering system [29].
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pollutants are absorbed in a liquid phase before it goes to the second reactor which is
activated sludge. Degradation occurs in the activated sludge reactor where microor-
ganisms like Thiobacillus and Thioalkalivibrio) grow in suspended flocks. The effluent
generated is recirculated back to the absorption tower. In the removal of H2S, a
sedimentation tank is installed after the second reactor for collection of elemental
Sulfur with O2 being used as the oxidant. Optimal microbial growth and activity are
maintained by addition of oxygen, nutrients and pH regulation together with contin-
ual purging of by-products and excess biomass out of the system [3, 36].

No injection of N2 and O2 is required by bio scrubbers. They are used to handle
load fluctuation loads better as well as stable performance due to easy control condi-
tions. The main disadvantage of the bio scrubbing process is high initial costs. Com-
mercially available bio scrubbing systems used for H2S removal from are THIOPAQ®
process and Sulfothane™ which are very similar. In the process, the gas is injected to
the absorption tower where counter flow of alkaline solution absorbs H2S from raw
biogas. The formed sulfide-containing goes to a micro-oxygenated reactor. The
chemotrophic sulfur oxidizing bacteria, are dominated by haloalkaliphilic Thioalka-
livibrio which convert absorbed sulfide to elemental Sulfur [3, 37].

3.7.5 Phototrophic Sulfur removal with anoxygenic bacteria

Phototrophic Sulfur removal uses bacteria with ability to utilize light as an energy
source to remove Sulfur compounds from the environment e.g. anoxygenic
phototrophic sulfur bacteria, purple non-Sulfur bacteria, cyanobacteria, and
phototrophic members of phylum Chloroflexi and Heliobacteria. Some bacteria like
the anoxygenic phototrophic sulfur bacteria can oxidize hydrogen sulfide to elemental
Sulfur through an oxygenic photosynthesis. Anoxygenic phototrophic Sulfur bacteria
consist of two families namely Chlorobiaceae (green sulfur bacteria) and
Chromatiaceae (purple Sulfur bacteria). The purple and green sulfur bacteria use light
as an energy source, and use reduced Sulfur compounds as electron donors for photo-
synthetic CO2 reduction. Sulfide oxidation produces globules of elemental Sulfur. The
Chromatiaceae store Sulfur outside of their cells while the Chlorobiaceae store Sulfur
inside. The green Sulfur bacteria utilize bacteriochlorophyll c, d, or e found in special
light-harvesting organelles (chlorosomes) that allow the growth under the lower
intensity light (25–80 lx). The photosynthetic pigments in purple Sulfur bacteria, are
bacteriochlorophyll a or b and various carotenoids i.e. spirilloxanthin, rhodopinal,
spheroidene, and okenone) [25].

3.7.6 Chemoautotrophic methods

The chemoautotrophic biogas upgrading methods rely on the hydrogenotrophic
methanogens which use H2 to convert CO2 to CH4 based on the following Eq. (1):

4H2 þ CO2 ! CH4þH2OΔ0 ¼ �130:7KJ=mol (1)

To make this reaction renewable requires that the source of hydrogen used should
be derived from renewable sources hence the need to apply renewable electricity to
hydrolyze water for H2 generation. This facilitate storage of the surplus energy gen-
erated by solar and wind to create a new technology called power to gas (P2G).
Variable renewable sources need buffering to enable energy delivery when it is dark
with no solar and the wind is still. Storage batteries are widely used to store electricity
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but have drawbacks like capacity limitations, high production cost, and use of toxic
materials. Hydrogen (H2) is a clean energy resource that can be produced by electrol-
ysis of water. As a renewable energy carrier, H2 has some disadvantages like very low
volumetric energy density about 10.88 MJ/m3 compared to CH4 which has 36 MJ/m3

making hydrogen storage a challenge in terms of space requirement. This makes
integration of P2G technology for conversion of H2 to CH4 really attractive as it
integrates wind or solar energy technology as well as biogas technology [25, 37].

Biogas upgrading makes use of existing facilities of the biogas plants which reduces
the initial investment cost. The process of chemoautotrophic does not separate or
absorb the CO2, instead it is converted to methane (CH4) leading to significant
increase in the final energy value of the output “wind gas” wind gas is methane
produced using the surplus energy from wind turbines) or “solar gas” which is meth-
ane produced using surplus solar energy. This technology acts as a precondition for
the sustainability of the ambitious biogas development strategy of decoupling the
biogas production from the biomass availability. Hydrogen assisted biogas upgrading
configurations are classified into in-situ, ex-situ and hybrid designs. The in-situ and
ex-situ processes have been experimentally proven with several research undertaken
unlike the hybrid concept which is still under development [13, 36].

3.8 In-situ biological biogas upgrading

This method was earlier own presented as one of the raw biogas cleaning technique
not aimed at producing biomethane grade biogas. Situ is a biotechnology based on the
direct injection of pure air or oxygen and in the process, the bacteria that oxidize H2S
develop with the presence oxygen, leading to the biological removal process of H2S, to
produce sulfur (S) which leaves the digester via the digested. The microorganisms are
widely found in the anaerobic environment present in bio-digesters [4, 37]. In situ
desorption technology is yet to be fully developed even though it has been around for
over 20 years. In-situ is based on the greater solubility of CO2 over CH4 in water. The
process set up includes an anaerobic digester linked or connected to an external
desorption unit. Sludge transported to an aerated desorption column from the
digester. Nitrogen or air flowing in counter-current mode dissolves the CO2 from the
sludge in the desorption unit. The sludge desorbed sludge is pumped back into the
digester to reabsorb amore CO2, and the sludge as the sludge is continuously recycled
in the desorption column. It is possible to strip out H2S with dissolved CH4 and CO2

from the recirculating sludge by applying large quantities of air or N2, causing reduc-
tion in the H2S and CO2 concentration [26, 27].

In the in-situ concept, H2 is injected into a biogas reactor so that it is coupled with
the endogenous CO2 from anaerobic digestion in the digester for conversion into CH4

by autochthonous methanogenic archaea. The process can yield methane with purity
of 99% if operational parameters like the pH are fully monitored to values above 8.5,
as a result of the removal of bicarbonates which inhibits of methanogenesis [13]. CO2

dissolved in the liquid phase of the reactor dissociates to H+ and HCO3
� ions Utiliza-

tion of carbon dioxide (CO2) leads to reduction in H+, which causes concomitant
increase in the fermentation pH [13]. The reaction is summarized in Eq. (2) below.

H2Oþ CO2 $ Hþ þHCO3� (2)

Studies on in-situ biogas upgrading reactors show some process inhibition of
methanogenesis from bicarbonate consumption which proves the argument that
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conventional biogas production systems need a pH of 8.5 as the threshold for optimum
bio-methanation process for mesophilic and thermophilic activities. Co-digestion with
acidic waste can be applied to mitigate the pH increase and alleviate the technical
limitations. Another solution to the challenge is application of pH control which
enable upgrading to almost pure biomethane [13].

Oxidation of the Volatile Fatty Acids (VFA) and alcohols is thermodynamically
feasible in where H2 concentration is very low. High H2 levels (> 10 Pa) inhibit bio-
digestion and, and promote accumulation of electron sinks like lactate, ethanol, pro-
pionate, and butyrate. VFA degradation will cease if there is introduction of sudden
and high H2 concentrations in the reactor which causes system imbalanced or even,
fatal deteriorated as a result of excess acidification caused by VFA accumulation.
Injection of H2 in batch reactors at a concentration more than stoichiometric amount
for hydrogenotrophic methanogenesis leads to accumulation of acetate, due to stimu-
lated homoacetogenic pathway, and/or decreased methanogenic activity of
acetoclastic archaea. However, upon longer term H2 exposure, there is increase in
hydrogenotrophic population which improves the utilization capacity of H2 and
reverts the inhibition [13, 25].

Solubilization of H2 to the liquid phase is another important parameter since it
must cross the interface between the liquid and gas for it to be available for the
microorganisms. Hence aqueous solubility of most gasses is rather low, limiting the
gas–liquid mass transfer and which retards performance the bioreactor. Therefore, the
material and module type used to inject H2, use of gas recirculation flows and the
reactor designs are important aspects of the implementation of sufficient in-situ
biogas upgrading. Studies in Batch experiments showed that the rate of uptake of H2

decreases rapidly at CO2 concentrations <12% and maximum CH4 purity attained was
89%. Studies in continuously fed reactors using hollow fiber membranes for H2 injec-
tion in a reactor treating cattle manure and cheese realized 96% CH4 purity of final
gas. Studies in up flow anaerobic sludge blanket reactor, using a hollow fiber mem-
brane in an external degassing unit and realized 94% methane purity [13, 36].

3.9 Ex-situ biological biogas upgrading

Ex- situ biogas upgradation relies on supply of carbon dioxide from external
sources and hydrogen in an anaerobic reactor, which eventually contributes to their
conversion to methane. The ability of ex situ process to manage high concentrations of
influent gases, reduces retention time about 1 hour leading to a smaller device for
upgrading. Depending mainly on the reactor used, the ex-situ technology can produce
methane with final purity of 79–98%, the main challenge facing this technology is low
gas–liquid mass transfer rate [26].

Through studies, it has been established that the operating temperature signifi-
cantly affects bio-methanation efficiency e.g. enriched thermophilic culture resulted
in >60% higher H2 and CO2 bioconversion when compared to mesophilic culture in
batch. In q typical study, increase of operating temperature from 55 to 65°C showed
significant increase in efficient of bio-methanation operation Other than temperature,
an adaptation period is needed for microorganisms to efficiently ferment the CO2 and
H2 gasses e.g. it was established that operating a mesophilic trickle-bed reactor with
immobilized hydrogenotrophic culture for 8 months, improved output to CH4 content
of over 96%. Similar results are experienced for bio-methanation efficiency under
thermophilic conditions [25].
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The reactor type and application of gas recirculation or liquid mixing are important
design parameters for biogas upgrading system. Up flow in series or bubble column
reactors realize over 98% methane purity, even when H2 is injected through conven-
tional spargers instead of advanced membrane modules. The trickle bed reactor sys-
tems yield higher CO2 and H2 conversion efficiency to achieve as high as 98–99%
methane purity, due to the formation of biofilm of mixed anaerobic consortia which
act as good biocatalyst for the process. High stirring speed or diffusion devices with
pore sizes generate gas-bubbles which are able to mix the reactor yield better kinetics
and gas quality [13].

The bio filter technology involves passing the biogas through a column having a
synthetic material, in the form of a biofilm. The parallel or countercurrent flow
maintains the humidity and nutrients, that are essential for the microorganisms that
degrade of H2S [4].

In biological gas scrubber, a two-stage system is used to remove H2S. In the first
stage H2S scrubbing column, applies sodium hydroxide solution while activated
sludge is used in the second stage which is injected with injected with air, because the
microorganisms used are aerobic, leading to the solution regeneration [4].

4. Applications of biomethane

Biomethane has superior properties compared to biogas and is attractive substitute
of natural gas. It has both industrial and domestic application like use as cooking gas,
cogeneration can be packed in containers/cylinders as compressed biomethane and
can be injected to natural gas mains for distribution. The main challenge is the cost of
processing which is a function of technology used. Bio-CNG, which is a methane-rich
compressed fuel in form of biomethane. Bio-CNG is made from pure biogas with more
than 97% methane composition pressurized to 20–25 MPa. Compressed bio-CNC is
similar in properties to regular CNG in terms of its fuel properties, economy, engine
performance, and emissions. Like regular CNG, bio CNG has high octane number, and
yields high thermal efficiency. It can therefore substitute the regular compressed
natural gas in gas pipelines and other applications including fuel for natural gas power
plants [28, 36, 38, 39].

4.1 Hydrogen production

Hydrogen is an ideal raw material for a sustainable energy transformation, but
with the challenge being where and how to get hydrogen from renewable sources.
Renewable hydrogen can be produced using renewable energy sources and usually
produced via water electrolysis [40]. Biogas has applications beyond electricity and
biomethane production, as because, through steam reforming, it can be used to man-
ufacture green hydrogen, in a process where a catalyst refines and separates the
hydrogen from the gas stream [6, 40]. The most common method used to manufac-
ture hydrogen is by steam-reforming of natural gas, followed by pressure-swing
adsorption to remove impurities. However, small reformers like those used for com-
bined heat and power with biogas plants are in commercial operation [40]. The biogas
has low heating coefficient due to high composition of carbon dioxide and water vapor
interfere with the combustion process [2, 40]. Upon removal of carbon dioxide and
water molecules, the methane (CH4) can be used for hydrogen synthesis and bio-fuel
production. Methane can be split to hydrogen molecules (H2) in a process that can be
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done in a steam/methane reformer. In the process, high pressure and temperature
steam is combined with the methane (CH4) to produces flow of hydrogen molecules
and CO molecules [2, 6, 33].

It is through thermochemical processes of hydrocarbons that large-scale hydro-
gen production is manufactured through the reforming process. Biomethane has
significant potential application in hydrogen manufacture as a substitute of fossil
natural gas as a raw material for reforming processes. The demand for renewable
hydrogen production is set to grow significantly due to concerns over fossil fuels
depletion and greenhouse gas emissions, and associated concerns over global cli-
mate change. The availability of capital, desired hydrogen amount and purity
hydrogen and the composition of available biogas will influence the selection of
reforming processes [41].

Biomethane as significant application in fuel cell technologies for applications like
power generation Fuel cells can use hydrogen to generate electric power just like
batteries as well as fuel for the fuel for powering fuel cars. Fuel cell technology in
power generation is emission free and hence attractive [42]. Biomethane can be used
as a source for renewable hydrogen, for stationary fuel cells and power fuel cell
electric vehicles (FCEVs). The Hydrogen-powered FCEVs are environmentally
attractive since they have no tailpipe emissions other than making them extremely
clean as transport option to fossil fuel powered vehicles [37, 41].

Use of biomethane for hydrogen production can increase energy sustainability can
be for energy applications like fossil fuels. Hydrogen can be manufactured by
autothermal reforming (ATR), electrolysis or methane reforming (SMR) [43].
Biomethane can be used as a substitute of natural gas which will provide a hedge
against growing demand for natural gas [41].

Hydrogen fuel can be used to reduce emissions from engines which are widely
used in transportation. Hydrogen fuel cells promise to provide an alternative to inter-
nal combustion (IC) engines particularly due to the clean exhaust emissions, renewal
nature of the fuel and higher efficiencies. Hydrogen fuel cell vehicles can achieve
widespread acceptance except for existing challenges like waste heat removal in
mobile applications [44].

4.2 Production of biofuels from biomethane

The transport sector is important since it accounts for about 14% of the global
greenhouse gas emissions [45]. Liquefied biomethane is a feasible fuel for power
plants and heavy tracks and can also be used as a raw material for production of other
fuels and chemicals like methanol, dimethyl ether, and hydrogen fuel. Biomethane is
currently used as a transport fuel many countries with benefits of lower environmen-
tal impact compared to fossil fuels and several other processed transport fuels [46].

Biofuels include the Bio-CNG which is compressed biomethane similar to (CNG)
in properties with industrial, automotive and domestic applications. The process
needs removal of impurities likes water, N2, O2, H2S, NH3 and CO2 to achieve com-
position of >97% CH4, <2% O2 at 20–25 MPa. Bio-CNG occupies less than 1% of the
volume at standard conditions [46, 47].

Biomethane can also be used in the industry as transport fuel by liquefying it to at a
high pressure re ranging from 0.5 to 15 MP [4]. In the biological or chemical pathways,
biomethane can be converted to methanol, diesel, liquefied petroleum (LPG) and
gasoline. Methanol is produced by partial oxidation of methane as shown below;
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CH4 þ 0:5O2 ! CH3OH ΔH0 ¼ �128 kJ=mol (3)

In another method, methane is biologically converted from to methanol by using
methanotrophic bacteria used in methanol production through the action of methane
monooxygenase (MMO) enzyme [5].

Methanol can also be produced by reforming methane to syngas then followed by
catalytic conversion of syngas to methanol as shown below [6].

2H2 þ CO ! CH3OH ΔH0 ¼ �91 kJ=mol (4)

3H2 þ CO2 ! CH3OHþH2O ΔH0 ¼ �49 kJ=mol (5)

Methanol can then be converted to gasoline through methanol-to-gasoline process.
Biogas or biomethane can be processed to methanol through dry reforming, steam
reforming, partial oxidation reforming, autothermal Reforming (ATR) and the
Fischer-Tropsch (FT) Process. Synthesis gas (syngas) is the main product of
biomethane reforming process. Syngas is a raw material for production of many long
chain hydrocarbons [48].

i. Dry reforming

In dry reforming, CO and H2 are produced by reaction of methane (CH4) and
carbon dioxide (CO2). The process utilizes two greenhouse gases (CH4 and
CO2) making it very attractive. Unfortunately, the endothermic reaction
reduces the of CO2 emissions, since CO2 emitted generate the heat required
for the reaction has to be accounted for. Dry reforming is an efficient route
for producing synthesis gas yielding a H2/CO ratio close to 1 [49]. The
disadvantage of dry reforming compared with steam reforming it produces
lower syngas ratio (H2/CO = 1), The ratio of H2/CO ratio is influenced by
water gas shift reaction (WGS), which reduces the ratio due to reverse
reaction that oxidizes hydrogen to water. In this process, the H2/CO ratio is
kept between 1 and 2 by partial oxidation of methane through feeding water.
This enhances forward water gas shift reaction. The energy demand by the
process is lower since partial oxidation is exothermic [48]. The temperature
range for dry reforming process 700–1000°C [48].

CH4 þ CO2 ! 2COþ 2H2 ΔH0 ¼ 247 kJ=mol (6)

ii. steam reforming and water shift reaction

This process combines methane in biomethane with water vapor generate CO
and H2 in the in the presence of a catalyst. The process is endothermic and
takes place between 650 and 850°C, to produce hydrogen yield of 60–70%
[49]. Steam reforming takes place between 700 and 900°C. The two-step
chemical reaction is shown below;

CH4 þH2O ! COþ 3H2 ΔH0 ¼ 206 kJ=mol (7)

COþH2O ! CO2 þH2 ΔH0 ¼ �41 kJ=mol (8)

The process of steam reforming is often followed by a water shift reaction to
improve hydrogen generation.
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iii. Partial oxidation reforming (POR)

This process is used to produce hydrogen at reduced energy cost because the
process is moderately exothermic compared to steam reforming which is
highly endothermic. H2 and CO are produced by the partial oxidation at
atmospheric pressure and between 700 and 900°C partial oxidation
reforming. The H2/CO ratio of 2 yield is achieved in full conversion with
reduced soot formation. Methane react with oxygen to form carbon dioxide
(CO2) due to decrease in CO selectivity. The combustion is strongly
exothermic leading to formation of hot-spots in the reactor bed and coke
deposition on the catalyst [49]. In this process, methane is oxidized to syngas
as demonstrated below

CH4 þ 0:5O2 ! COþ 2H2 ΔH0 ¼ �25:2 kJ=mol (9)

iv. Autothermal Reforming (ATR)

Autothermal Reforming is a combination of two processes i.e., POR and SR in
the presence of carbon dioxide. In Autothermal Reforming (ATR) partial
oxidation takes place in the reactor to produce heat needed for steam
reforming in the catalytic zone. The process does not need external heating
and the reactor is easy to stop and restart. Compared to partial oxidation
reaction, the hydrogen yield is higher and consumes less oxygen
compared [49].

4.2.1 Upgrading syngas

The Syngas produced from the dry reforming has carbon dioxide which should
be removed before it is supplied to the Fischer-Tropsch reactor. Amine absorption
has high selectivity for carbon dioxide. Other applications of this technology are
separation of CO2 from flue gases, natural gas cleaning and largescale upgrading
of biogas. Common solvents used in the process are alkanolamines like
monoethanolamine (MEA), diethanolamine (DEA) or methyldiethanolamine
(MDEA) [50, 51].

4.2.2 Fischer-Tropsch (FT) process

The Fischer-Tropsch (FT) synthesis, was name after the German inventors Franz
Fischer and Hans Tropsch is a process used to manufacture liquid hydrocarbon fuels
like coal-to-liquids (CTL) and/or gas-to-liquids (GTL) based on source of syngas.
[50, 51]. The biomethane and natural gas conversion to fuels via Fischer-Tropsch
synthesis (FT-synthesis) is feasible at industrial scale [48]. The Fischer-Tropsch (FT)
process is coverts syngas to products like LPG, diesel, and jet fuels [24, 50].

The Fischer-Tropsch synthesis (FT-synthesis) polymerizes the carbon and hydro-
gen atoms in syngas or biomethane to create long chain molecules. The process is run
over iron or cobalt catalyst at 20–30 bars [14] in an overall exothermic process leading
to polymerization of CH2 to hydrocarbons with long chains called syncrude. The
various reactions in Fischer-Tropsch process are summarized below;
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2nþ 1ð Þ H2 þ nCO ! CnH2nþ2 þ nH2O (10)

2nH2 þ nCO ! CnH2n þ nH2O (11)

Reactors used are include multi-tubular fixed bed, circulating fluidized bed,
fixed fluidized bed, and slurry reactor. The reactions for the slurry reactor conditions
are 20–30 bar, ands 200–300°C while the syngas H2/CO ratio of 1–1.8 [48, 50]. For high
temperature synthesis, fluidized-bed FT reactors are used to generate light hydrocar-
bons in form of gaseous hydrocarbons and gasoline and generally have higher output.
The catalysts used are Fe and Cowhich are sensitive to sulfur compounds in syngas [50].

4.2.3 Biofuels from biomethane

Various biofuels can be made from biomethane for the transport sector e.g. methanol,
compressed biogas (CBG), hydrogen, liquid biogas (LBG), dimethyl ether and Fischer-
Tropsch (FT) fuels [52]. Fuels can be produced by biogas upgrading to biomethane then
compressing to make (CBG) or liquefying to make (LBG), or gasification to produce
syngas for use in manufacture of hydrogen, methanol, DME and FT diesel [52].

4.3 Biomethane for gas and power grids

In many countries, governments have come up with national support schemes to
promote biomethane market. Support mechanisms include feed-in support schemes,
green gas products and quota obligations as market drivers in Europe. Biomethane
production for many countries is based on organic waste as feedstock, but for
Germany which dominates Europe’s feed-in market is based on energy crops. In
Germany, the main driver is the feed-in tariff for renewable electricity through
the Renewable Energy Sources Act (EEG). Biomethane support schemes mainly
relay on mass balancing systems or ‘book and claim’-certificates. Existing mass
balancing systems, can contribute to international market development through
creation of common standards. As biomethane becomes popular and relevant in
the energy systems, integration into power and gas grids and shift away from subsidies
to markets and competition with natural gas will become major issues [53].

Biomethane should meet some standard specifications with respect to storage and
transport before it can be practical injection into existing natural gas networks. The
presence of various components in different concentrations make it difficult to inject
biogas to the grid hence the need for upgrading. Pipeline designers should know the
exact he thermodynamic properties of a gas mixture are, particularly in terms of
density, and heating value which may tend to vary greatly in biogas [54].

Biomethane has a very important role to play in the transition to renewable sources
of energy. Demand based production of biomethane for power generation directly links
the gas grid and the electricity grids which can help in balancing the power grid. The gas
grid will shift from fossil fuel distribution to provide energy balancing service provider
with short-term as well as seasonal storage options. There is increasing integration of
decentralized biomethane feed-in into the gas grid for the gas grid infrastructure thus
introducing new challenges. There are examples in Germany of facilities that feed in
more biomethane to the local distribution network than the total discharge which leads
to the need to compress the excess gas and transfer it to a higher level [24, 53].

Production of biomethane from energy crops has a negative impact on agriculture.
On the other hand, use of digestion residues as fertilizers close to biogas production

30

Anaerobic Digestion – Biotechnology for Reactor Performance and Environmental Sustainability



site improves local nutrient cycles. Production of energy intensive nitrogen fertilizers
and use of declining global phosphorous reserves can be avoided by use of bio-
fertilizer from the digesters [8, 18].

Biomethane is the most efficient biofuel in terms of fuel production equivalent per
area of crop land needed and is therefore expected to a larger role in the fuel/energy
market because of government support, growing use in NGVs and reduction in GHG
emissions. There is growing awareness of biomethane and a shift in perception from
regarding biomethane as a sub-branch of biomass production to an independent
renewable energy resource. And legislation and strategies are recognizing biomethane
as an independent energy resource [53].

The main sustainability challenge facing biomethane market is cost of subsidies
and need for free market competition with fossil natural gas which can be accelerated
if the market price of natural gas rises. The European cap-and-trade for greenhouse
gas emissions GHGs is another driving factor for the future. Since use of biomethane
omits GHG emissions, there will not be compensation or penalties in form of GHG
certificates [37, 53].

The evolution of biomethane markets is expected to create their own demand and
supply and also enable and exchange between different countries since the green gas
product market open to international trade. Each country has tended to create its own
set of biomethane support schemes to address individual situations and are therefore
designed with to address the priorities and challenges of specific countries. For
biomethane market to grow, countries should open up their support schemes to
biomethane imported from neighboring countries to encourage international trade in
biomethane [53].

4.4 Electricity from biomethane

Biomethane can be used as fuel for power generation in various prime movers.
They include internal combustion engines, gas turbines of varying sizes, fuel cells,
among other. The efficiency can be improved through combustion and conversion in
set ups like cogeneration and tri-generation schemes [6, 37].

Diesel engines can run on biomethane as a direct substitute of natural gas. Biomethane
used can made from biogas upgrading or gasification and methanation schemes [55].
Diesel engines would perform efficiently whether using pure diesel or when running in
dual fuel mode as long as the calorific value of fuel is controlled [55, 56].

Electricity from biomethane can be used directly onsite to avoid or limits electric-
ity imports from the grid while excess generated electricity within the design of
decentralized power generation systems using a wide range of prime movers for the
electric generators e.g. turbines, internal combustion engines, fuel cells, etc.
Biomethane can converted to hydrogen fuel for wide renewable applications or used
in fuel cells for direct conversion. Various pathways for use of biomethane for power
generation are summarized in Table 4 below.

From Table 4, it is biomethane can be used through various conversion technolo-
gies with varying characteristics in thermal and electricity generation. The conversion
can be done in cogeneration, trigeneration and open conversion systems. Prime
movers that can use biomethane include internal combustion engines, gas turbines,
fuel cells, and Stirling engines as well as production of fuels for application in trans-
port, heat and electricity generation.

In the transport sector, biomethane has a double role to play in emissions reduction
i.e. as a direct fuel substitute of fossil fuels and as feedstock for production of biofuels/
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chemicals through the Fischer-Tropsch (FT) Process e.g. diesel, jet fuel, and gasoline,
and through reforming processes to produce hydrogen and methanol [6, 28].

Biomethane production and use has less environmental impact, but is still associated
with some greenhouse gas emissions like CO2, CH4 and N2O whose quantities depend
on the technology applied and the source of biogas or feedstock used. Biomethane use
can reduce the negative environmental impact and pollution potential while anaerobic
digestion and gasification used to produce biogas and syngas can be used for hygiene
and of bio wastes further keeping the environment clean and healthy [57–59].

5. Results and discussion

5.1 Summary

Biogas is a product of the anaerobic digestion process with many applications as in
generation of renewable energy. The main component of biogas with energy value is
methane, but has impurities like moisture, carbon dioxide, siloxanes, hydrogen

Device/
technology

Application Remarks

1 Fuel cell Generation of electricity Very efficient, reliable but expensive

2 Hydrogen
production

Biomethane can be converted to
hydrogen for use as combustion fuel or
electricity and process chemicals.

Renewable hydrogen process if its biogas
or methane. Hydrogen is manufactured
by dry reforming, steam reforming, or
hydrolysis

3 Bio-methanation Biomethane can be fed to natural gas
supply as substitute for natural gas

Renewable replacement of fossil natural
gas is feasible with use of biomethane

4 Diesel engine Biomethane can be used as a diesel
engine fuel in either dual fuel mode or
pure gas engines

Diesel engines have more fuel flexibility
and efficiency and can easily use easily
use biofuels as fossil fuel substitutes

5 Gas/petrol
engine

Biomethane can be used as a fuel for
petrol or gasoline engines with little or
no modification

Less efficient than diesel engines but are
easier to convert to biogas fueled engines.

6 Stirling engine Stirling engines are also called hot air
engines.

Stirling engines have fuel flexibility and
can run on a wider range of fuels

7 Gas turbine Based on size, gas turbines can be
micro, small, and large gas turbines in
open, closed or combined cycle
configuration

Turbines are simple in construction, are
versatile and can use raw biogas as well as
biomethane and easy to operate.

8 Cogeneration In cogeneration, biomethane is burn to
simultaneously produce useful heat and
electricity.

Cogeneration with biomethane as a fuel
can be applied on various conversion
systems like Stirling engines, diesel
engines, gas turbines, hydrogen and fuel
cells to increase system efficiency

9 Trigeneration Trigeneration refers to generation of
electricity and both heating and cooling
from same fuel/energy resource
simultaneously

Trigeneration is the most efficient
conversion system but more complex and
expensive

Table 4.
Summary of biogas to electricity conversion systems and technologies [2, 6].
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sulfide, siloxanes, hydrocarbons, oxygen, ammonia, oxygen, carbon monoxide and
nitrogen whose presence is undesirable as they reduce the calorific value of biogas and
create operational problems in the energy systems. This necessitate biogas cleaning
and application of multi-stage technologies to produce upgraded biogas called
biomethane. Biomethane gas is a flexible and easy to store fuel with similar properties
and applications as natural gas with no need to modify any equipment settings for
natural gas devices and equipment.

Technologies that are commercially available for operating biogas upgrading bio-
gas today include amine scrubbers, water scrubbers, PSA units, organic scrubbers and
membrane units. Cryogenic upgrading technology though interesting has some
important operational challenges that have to be resolved. For medium scale
upgrading schemes all the most common upgrading options are feasible. The scrub-
bing technologies have proved to be effective and efficient and have similar costs of
investment and operation. The water scrubber is a preferred choice for many applica-
tions due to the simplicity and reliability, but the high purity and very low methane
slip from amine scrubbers are notable characteristics. The pressure swing adsorption
(PSA) and membrane units, have similar investment costs as the scrubbers. Advances
in the membrane technology has also led to low methane slips with this technology,
which is a notable progress [1, 6].

The physical and chemical biogas upgrading technologies are the technologies that
are currently mature and have reached near optimum technical and economic feasi-
bility. There main limitation is huge energy consumption which limit expansion of the
biogas market. Upgrading technology selection may depend on factors like costs,
quality of products, location, and technology maturity and requirements [26]. It is
possible to attain 98% methane content with a water scrubber but the content of
oxygen and nitrogen in the raw biogas cannot be separated in the water scrubber and
therefore should be controlled. Oxygen and nitrogen can also be transported with
water from the aerated desorption column to the absorption column. With methane
composition of 50% in raw biogas, composition of oxygen and nitrogen can double in
the final product after upgrading [29, 32].

Biological methods are the less explored methods for industrial-scale testing and
optimization scenarios, even show they promise significant potential in terms of
techno-economic feasibility with new horizons in hybrid renewable energy applica-
tions. There also exist large gaps between pilot scale and commercial scale technology
applications like hydrate separation, cryogenic separation, biotechnologies, and
chemo lithotrophic-based bioreactors. The main limitation to wide scale use of
biomethane is high cost remains a major limitation to widespread biogas
application [26].

5.2 Production pathways for biogas

Biomethane is produced by processing raw biogas through multiple steps and by of
methane from other components. The various pathways for biogas and biomethane
production and applications are summarized in Figure 13.

Figure 13, shows various pathways for production of biogas and related by-
products, biogas purification, upgrading and various energy applications. The raw
materials for biogas production undergo pre-treatment and then fed to the biodigester
to undergo anaerobic digestion to produce biogas and digestate. Digestate is applied as
green manure, animal bedding, and application like crop irrigation to enhance agri-
cultural production. Raw biogas is purified mainly by desulphurization for
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applications like boilers, cogeneration and engines. Raw biogas can also be upgraded
and applied in catalytic reforming for production of hydrogen and biofuels, liquefied
to produce bio-liquified natural gas (bio-LNG) or compressed to produce bio-
compressed natural gas (bio-CNG) [2, 6, 35].

5.3 Processes comparisons

Biomethane has become an important renewable energy resource for heat and
power generation and industrial applications as a feedstock. Applications of
biomethane include a transport fuel as a substitute for natural gas, diesel and liquid
natural gas, thermal applications i.e. steam and heat generation, combined heat and
power, tri-generation, and injection into the natural gas grid upon meeting certain
requirements. Biomethane can be manufactured through upgrading of biogas or by
gasification followed by methanation process. The approaches in biomethane produc-
tion have similar efficiencies in biomethane production from the energy output and
conservation perspective but since the two technologies have fundamental differences
in process and equipment, the cost of the output varies. The main limitations facing
biomethane production are the high costs of the process while many biological pro-
cesses are still under research and development and are yet to be fully commercialized.

Biomethane technology market is a promising venture globally mainly due to
existence of mature production, conversion technologies and applications Biomethane
remains viable and as a result of abundance in cheap feed stocks supply for anaerobic
digestion and gasification. Biomethane has significant flexibility for domestic and
industrial scale production and use and is promising to be a leading economical
alternative to produce renewable bioenergy.

There are five main biomethane production processes through biogas upgrading.
The techniques are pressure swing adsorption which has an option of temperature

Figure 13.
Pathways for production and application f biogas and biomethane [6].
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swing adsorption, absorption technics based on amine, membrane separation, cryo-
genic separation and biological separation. Biogas upgrading can be significantly
improved by combining a wide range of methods ranging from biological and physi-
cochemical processes and adaptation of technologies in the field of advanced oxida-
tion or anaerobic phototrophs. The treatment of biogas can theoretically apply
biological methods like chemotrophic or phototrophic to remove H2S then start
upgrading using more efficient physicochemical processes. Purification of biogas is
generally a high energy intensive process. But through appropriate choice of a combi-
nation of cleaning and upgrading methods based on the methane purity demand saves
energy as well as minimize methane loss, in large scale operations. The physicochem-
ical processes are more developed and widely used compared to many biological
methods which are still new and not yet commercialized, but they offer significant
huge potential in terms of efficiency, feasibility, and technological easiness. Biological
methods of upgrading biogas open new horizons for integration of different forms of
renewable energy besides electricity, storage advances and decoupling bioenergy pro-
duction from the availability of biomass resources. The various processes have differ-
ent benefits and limitation. The water scrubbing can simultaneously remove CO₂, H₂S,
NH₃ and dust but consumes a lot of water. On the other hand, the pressure swing
adsorption technique requires biogas pretreatment since water and hydrogen sulfide
can damage the adsorbents but, has low energy requirement. The advantage of Amine
absorption is low methane loss and produces high quality CO₂, although it has high
energy consumption. The advantage of the membrane permeation systems is there
compactness and ease of operation but yields a relatively low methane (CH₄) purity.

Biomethane can be used in power generation using primemovers gas turbines, micro
turbines, diesel engines, petrol engines, Stirling engines. Other applications are hydro-
gen production, manufacture of transport fuels, fuel for cogeneration and trigeneration,
compression to bio-CNG and LPG, syngas production, methanol production.

5.4 Applications

Biogas has multiple applications which include heat and electricity generation.
Electricity can be produced from biogas at sewage works, by means of a combined
heat and power (CHP) engine, gas turbines, petrol engines, modified diesel engines of
dual engines, among others. Biogas and biomethane can also be used as a fuel in
automobiles to power an internal combustion engine or a fuel cell in cleaner processes
compared to use of fossil fuels [2, 5, 6, 60].

Upgraded biogas or biomethane can attain same properties as natural gas and
hence be used as a substitute fuel for natural gas as green natural gas. Biomethane can
be injected to natural gas pipelines for use in applications domestic heating and
cooking, power generation and feedstock for many industrial processes [6, 35, 61].

6. Conclusions

Biogas is a product of the anaerobic digestion process with many applications as in
generation of renewable energy. The main component of biogas with energy value is
methane, but has impurities like moisture, carbon dioxide, siloxanes, hydrogen sul-
fide, siloxanes, hydrocarbons, oxygen, ammonia, oxygen, carbon monoxide, and
nitrogen whose presence is undesirable as they reduce the calorific value of biogas and
create operational problems in the energy systems. This necessitates biogas cleaning
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and upgrading to biomethane. Biomethane gas is a flexible and easy to store as a fuel
having similar properties and applications as natural gas with little or no modifications
to the natural gas equipment.

Biogas upgrading methods can be classified into physical, chemical and biological
methods like water scrubbing, physical absorption, pressure swing adsorption, cryo-
genic separation, membrane separation, chemical scrubbing, chemoautotrophic
methods, photosynthetic upgrading and desorption. The physical and chemical
upgrading technologies have almost reached optimal level but still have high energy
requirements. High-pressure water scrubbing is more economic for small-sized plants,
but potassium carbonate scrubbing has high net value for large-sized plants. There-
fore, physicochemical methods are technologically ready compared to biological
methods which are still new and not yet commercially available, although they offer
huge potential in respect to feasibility, technological easiness, and potential. Through
biological upgrading new opportunities for integrating different forms of renewable
energy are availed besides upgrading including electricity storage advances and
decoupling bioenergy production from availability of biomass.

Biogas can be cleaned or purified to remove harmful components like moisture and
H2S without necessarily upgrading to biomethane which is mainly about the removal
of Biogas. removal of CO2. Some upgrading methods remove other impurities in
addition to CO2, while others require upfront removal of H2O and H2S. Raw biogas
cleaning/treatment and upgrading which enables the use of biogas in applications like
vehicles fuel or for injection into the natural gas grid as a substitute for natural gas.
There have been significant developments over the last few years, in the field of
biogas cleaning and upgrading through process improvements and development of
new technologies although water scrubbing, PSA and amine scrubbing currently
dominate the market. Membrane separation is a technology is while organic physical
scrubbers have limited share of biogas upgrading market. Cryogenic upgrading tech-
nologies, which are potentially the best choice for combination with liquefaction of
biomethane, still face operational challenges that may be resolved.

The market for biomethane globally is promising mainly due to existence of
mature production, energy conversion technologies and applications and abundance
of cheap feed stocks for anaerobic digestion and gasification. Biomethane has signifi-
cant flexibility for domestic and industrial scale production and use and is promising
to be a leading economical alternative to natural gas.

The main limitations facing biomethane production are high costs of the process
while others like biological techniques are still under development. Biogas upgrading
can be significantly improved by combining a wide range of methods ranging from
biological and physicochemical processes and adaptation of technologies in the field of
advanced oxidation or anaerobic phototrophs. The treatment of biogas can theoreti-
cally apply biological methods like chemotrophic or phototrophic to remove H2S then
start upgrading using more efficient physicochemical processes. Purification of biogas
is generally a high energy intensive process. But through appropriate choice of a
combination of cleaning and upgrading methods based on the methane purity demand
saves energy as well as minimize methane loss, in large scale operations. The physico-
chemical processes are more developed and widely used compared to many biological
methods which are still new and not yet commercialized, but they offer significant
huge potential in terms of efficiency, feasibility, and technological easiness. Biological
methods of upgrading biogas open new horizons for integration of different forms of
renewable energy besides electricity, storage advances and decoupling bioenergy pro-
duction from the availability of biomass resources.
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Biomethane can be used in power generation using various available uses like the
use of gas turbines, micro-turbines, diesel engines, petrol engines, Stirling engines
besides thermal applications as a biofuel for transport and industrial applications. The
tracks for production of fuels biomethane are compressing to produce (CBG) or
liquefying to make (LBG), hydrogen production, methanol, production, DME, and FT
diesel.

Biomethane can be manufactured through upgrading of biogas or by gasification
followed by methanation process. The approaches in biomethane production have
similar efficiencies in biomethane production from the energy output and conserva-
tion perspective but since the two technologies have fundamental differences in
process and equipment, the cost of the output varies. High initial and operating costs
remain the limiting factor facing the biomethane technology market, while several
promising technologies are still under research and development.
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Chapter 2

Structure and Sludge-Water Mixing
of Anaerobic Reactor
Yang Min

Abstract

Complete sludge-water mixing reaction is a common mode of operation for
anaerobic reactors. However, sludge-water mixing must be carried out at low mixing
intensities or flow velocity in order to maintain stable anaerobic colonies in the anaero-
bic sludge and thus achieve high anaerobic biochemical reaction efficiencies. In this
chapter, the Continuous Stirring Tank Biochemical Reactor (CSTBR) was defined in
terms of the sludge-water mixing time scale t and the biochemical reaction time scale
T (t << T) for the analysis of sludge-water mixing reaction of anaerobic reactor, it tends
to CSTR when t ! 0. Upflow Anaerobic Sludge Blanket (UASB) reactors and Internal
Reflux Packed-Bed Anaerobic Reactors (IRPAR) with confined anaerobic sludge can
mix sludge and water with lower mixing intensities to achieve the CSTBR mode, the
corresponding velocity can be as low as 0.4–5.0 m/h. This chapter analyses the structural
and operational characteristics of these two types of anaerobic reactors, and presents the
corresponding sludge-water mixing calculation models and the operation conditions
required to achieve the CSTBR mode. Such mixing model analysis is an effective way of
designing structural of anaerobic reactors and controlling operation.

Keywords: anaerobic reactor, CSTBR, sludge, sludge-water mixing, mixing time scale

1. Introduction

1.1 Anaerobic reactor

The anaerobic reactor is a biochemical reactor that efficiently carries out anaerobic
biochemical degradation of organic matter. The biochemical reaction of organic mat-
ter degradation by anaerobic colonies in an anaerobic reactor is carried out by the
activity of microbial symbiont, which includes a complex process consisting of many
species of bacteria and a number of intermediate steps. If the organic matter is made
up of complex organic compounds. It first needs to be hydrolyzed into simple organic
matter, which is then fermented by acid-producing bacteria to produce volatile acids,
which are then converted into acetate and hydrogen by specialized hydrogen-
producing acetic acid-producing bacteria. Finally, methanogenic bacteria convert the
acetate and hydrogen into methane. This related, complex process is shown in
Figure 1.

As can be seen from the tandem reaction route in Figure 1, the anaerobic degra-
dation process can proceed efficiently when the microorganisms in each sequence
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utilize the organic intermediates at the same rate as these intermediates are produced.
Anaerobic biodegradation of organic matter can almost always be carried out
spontaneously as soon as reaction conditions are suitable.

Anaerobic reactors have been used for anaerobic biodegradation of organic matter
in water for a long time. An obvious problem recognized in early studies was that by
simply increasing the amount of anaerobic sludge in an anaerobic reactor without
good sludge-water mixing, the increase in reaction efficiency of the anaerobic reactor
was limited. Subsequent studies have shown that using, for example, refluxed gas
released from the anaerobic reaction or refluxed effluent to agitate the sludge-water
and increase the strength of the sludge-water mixing also failed to significantly
improve the reaction efficiency of the anaerobic reactor. It was not until Lettinga et al.
developed the UASB anaerobic reactor in the 1970s and the development of the fixed-
fill bed anaerobic reactor in the same generation. These types of anaerobic reactors
have a higher anaerobic biochemical reaction efficiency than the previous anaerobic
reactors that consisted of air bubbles or mechanical agitation of the sludge in suspen-
sion. The study of these anaerobic reactors and their engineering applications has
gained much attention because of their well-shaped sludge morphology and the con-
ditions conducive to sludge-water mixing. Speeces describes the special clustering of
anaerobic microorganisms in granular sludge and biofilms as reducing the distance of
metabolic material transfer and thus optimizing the collaboration between microor-
ganisms [1]. It can be seen that in addition to the amount of anaerobic sludge and the
state of sludge-water mixing, the morphology of the anaerobic sludge present, the

Figure 1.
Anaerobic biochemical reaction block diagram.
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stability of the anaerobic colonies within the sludge, and the solid phase mass transfer
distance all influence the reaction efficiency of the anaerobic reactor. The morphology
of the anaerobic sludge and the composition and stability of the internal biological
community must be maintained while the sludge-water in the anaerobic reactor is
adequately mixed. As a result, anaerobic reactors cannot use general mechanical or
similar mixing methods to mix sludge-water simply by increasing the mixing intensity
to avoid high shear flows destroying the anaerobic sludge morphology and the com-
position of its internal biological community. This makes sludge-water mixing in
anaerobic reactors rather special and needs to be focused on both the structural design
of the anaerobic reactor and the operating process, as well as the mixing pattern to mix
sludge-water at low mixing intensities. This chapter will analyze ways to improve the
efficiency of the sludge-water mixing reaction in terms of anaerobic reactor structure,
operation, sludge properties, sludge-water mixing pattern, and mixing intensity. This
will assist in the engineering design and operational control of anaerobic reactors to
improve the efficiency of anaerobic biochemical degradation of organic matter.

1.2 Continuous stirred tank biochemical reactor (CSTBR)

According to the basic theory of mixed reactors, there are three mixing modes of
reactors used for mixing reactants, mode of continuous stirring tank reaction (CSTR),
mode of diffusion mixed reaction, and mode of push-flow reaction. Due to the long
reaction time and complexity of the biochemical degradation of organic pollutants,
the CSTR mode is more often used in biochemical reactors of wastewater treatment.

Figure 2 shows a model of an ideal CSTR. By definition, the reactants are instan-
taneously mixed in the reactor, with complete homogeneous mixing at time t = 0 and
equal reactants concentrations at any point or a uniform concentration distribution in
the reactor.

Let the reactor volume V, the input and output flow Q, the hydraulic retention
time T, T = V/Q, the initial concentration of inert tracer C0, and the output concen-
tration C(t). In accordance with the mass balance equation, it is obtained that

C tð Þ
C0

¼ exp � t
Tð Þ (1)

Figure 2.
Schematic diagram of CSTR reactor.
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In practical engineering, regardless of the mixing method, the time t > 0 for
homogeneous mixing in a reactor deviates to varying degrees from the ideal model in
Figure 2. The concentration in a reactor can tend to be homogeneous, or the reactor
tends to CSTR when t!∞. In designing a mixed reactor, the time t, when the mixing
process tends to mix homogeneity, is much less than the reaction time T, t << T, the
reactor can be approximated as a CSTR. As shown in Figure 3, increasing the mixing
intensity of a mixing process with diffusion mode, its Peclet number decreases the
output line E(t) of the tracer of instantaneous source tends to that of CSTR for a
shorter time t. Therefore, suitable mixing methods can be selected or constructed
according to the reaction time T and mixing time t in to save energy or meet other
constraints required by the reactants. For example, anaerobic reactors require a low
mixing intensity to complete the sludge-water mixing reaction.

By mixing the water through a turbulent flow field generated by high-intensity
mechanical agitation, the reactor can approach CSTR indefinitely. Short reaction
times and small volumes or mixing scales are easy for mixing with higher-intensity
mechanical agitation to achieve CSTR. The biochemical degradation of organic matter
has a slow reaction rate, takes longer to complete, and the volume and mixing
space scale of the reactor is larger. If the biochemical reactor converges to CSTR at a
time t << T relative to the biochemical reaction completion time or hydraulic reten-
tion time T, the mixing time t can be ignored, allowing the biochemical degradation of
organic matter to proceed in a complete mixed state. The shorter the mixing time t,
the closer it is to CSTR, but at too short a mixing time t is unnecessary compared to the
long biochemical reaction time T. For biochemical reaction tanks with large volumes
and mixing space scale, the mixing mode should be constructed according to the time
scale T of biochemical degradation of organic matter and mixing time scale t, so as to
obtain a biochemical reactor approximating to CSTR, t << T. This type of reactor is
defined as a Continuous Mixing Tank Biochemical Reactor (CSTBR), according to the
sludge-water mixing time scale t and the biochemical reaction time scale T, t << T.

Analysis of the large-scale turbulent mixing of the oxidation ditch and aeration
basin can help to understand the mixing time scale t in a CSTBR. The aerobic-
activated sludge allows the simultaneous mixing of sludge and water at higher turbu-
lent intensities due to its high flocculation capacity. The mixing of small-scale turbu-
lent eddies in the oxidation ditch and aeration tank tends to be instantaneous
compared to the longer time taken to complete the biochemical reaction, so the

Figure 3.
E(t) curve of the actual complete mixing reactor.
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mixing of small-scale turbulent eddies in the mixing process can be ignored, and only
the mixing of large-scale time-averaged flows needs to be considered to analyze the
mixing completion time t. Accordingly, Yang developed a dynamic mixing model of
an oxidation ditch and an aeration tank to analyze the mixing processes and proved
that the oxidation ditch tends to CSTR with a combination of two mixing modes:
discontinuous mixing in circulation and one-dimensional continuous dispersing
mixing, while the aeration tank tends to CSTR with discontinuous diffusion mixing
[2]. Model calculations show that for the same biochemical reaction time T = 12.0 h,
the mixing time t increases from t = 2.5 min for a small volume of V = 500.0 m3 to t =
2.8 h for a large volume of V = 25,000 m3 for oxidation ditches and aeration tanks with
treatment of 1000–50,000 m3/d and volumes of V = 500–25,000 m3. Figure 4 shows
the model calculated mixing output E(t) curves for the instantaneous point sources of
tracers in the oxidation ditch and aeration basin. As can be seen from Figure 4, the
mixing reaction process in these two types of biochemical reactors is almost equiva-
lent. In practice, the mixing is assumed to be complete in both the oxidation ditch and
the aeration tank. The all-mixing completion time t = 2.5 min � 2.8 h satisfies the
CSTBR condition, t << T. Obviously, too short mixing completion time is unneces-
sary. For oxidation ditches with smaller volumes, the mixing time t can be increased
by reducing the roughness of the ditch wall and the water flow velocity in the ditch;
when the ditch volume is too large, the roughness of the ditch wall can be increased to
shorten the mixing time t, making t << T. For aeration tanks, the aeration air rate can
be adjusted to preset the mixing completion time t.

Unlike in oxidation ditches and aeration tanks where sludge-water can be mixed at
a high turbulent intensity. As anaerobic sludge lacks sufficiently strong flocculation
capacity, anaerobic bacteria communities are easily destroyed by shear stresses in the
flow. Thus, high-intensity mixing of sludge-water does not necessarily increase the
efficiency of the anaerobic degradation reaction of organic matter. In the analysis of
sludge-water mixing in anaerobic biochemical reactors, both the scale of the anaerobic
sludge and the stability of the anaerobic bacteria community need to be considered,
requiring greater control of the sludge-water mixing process.

Figure 4.
Output pattern of oxidation ditch and aeration tank.
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2. Methodology

2.1 Anaerobic sludge

Before discussing sludge-water mixing in anaerobic reactors, the properties of anaer-
obic sludge are analyzed. The main body of anaerobic sludge is made up of clustered
aggregations of anaerobic microorganisms. These microorganisms adhere to each other
synergistically, forming a highly structured and stratified symbiosis. For example, in
anaerobic sludge, in the outer layer, it is the fermenting bacteria that are clearly domi-
nant; while in the deep inner layer, the bacteria that degrade propionate are dominant.
One important way to improve the biochemical reaction efficiency of an anaerobic
reactor is to use large amount of sludge. However, it may also reduce the efficiency of
sludge-water mixing, which is not conducive to anaerobic biochemical reactions.

The early anaerobic reactors were simple in construction. The reactor is generally a
reaction tank with an inlet and an outlet and a gas collection port. The anaerobic
reactor relies on the bubbles released from the anaerobic reaction to naturally mix the
sludge and water, namely, biogas stirred anaerobic reactor. Sometimes, a mechanical
stirring device is set up to disturb the deposited sludge and suspend it to participate in
the sludge-water mixing reaction.

In the interior of these anaerobic reactors, the anaerobic sludge can migrate
unrestrictedly within the reaction zone. In practice, anaerobic sludge of uncertain
geometry and distribution can be clearly observed. The sludge can either float in
larger blocks with geometries even larger than 100.0 mm or more, or it can break up
into fine particles and remain suspended in the water. In addition, sludge can float on
the water surface or be deposited on the bottom of the tank and collected in large
sludge masses. The sludge-water mixing at any spatial location exhibits a stochastic
character. This type of anaerobic reactor is defined as an unconfined sludge anaerobic
reactor. The average agitation intensity of its bubbles is not high, and the sludge-water
mixing reaction is inefficient and the time to complete the sludge-water mixing
reaction is longer [3].

To date, no studies have been carried out on the strength of anaerobic sludge in
relation to sludge-water mixing. Speeces’s study noted that dense anaerobic sludge can
be obtained in practice, but that the high intensity of turbulent shear flow can destroy
the composition of bacterial aggregates in anaerobic sludge and that recovery can take
weeks or months. The application of mechanical mixing of sludge-water requires a
high mixing intensity just to keep the anaerobic sludge in suspension. Furthermore,
apart from energy consumption considerations, the resulting complete sludge-water
mixing does not necessarily increase the efficiency of the anaerobic reaction. There-
fore, this mode of sludge-water mixing is rarely used in engineering now.

The geometry of the anaerobic sludge affects the efficiency of the anaerobic reac-
tion. Larger sludge sizes can limit the anaerobic reaction rate due to the long transfer
distance within the sludge, while smaller sludge sizes are not conducive to the forma-
tion of symbiotic biomass in the sludge, which is also detrimental to the anaerobic
reaction. Using VFA, which is susceptible to anaerobic degradation, as an indicator,
Speeces concluded that the unrestricted mass transfer distance for molecular diffusion
within the anaerobic sludge is no greater than 1.0 mm and that at this scale, complete
biopolymers are also obtained at the same time. For example, hydrogen-producing
and hydrogen-using bacteria can both be in the same bacterial aggregate and the
transfer of H2 will not be a limiting factor in carrying out the methanation reaction.
Speeces recommends an average sludge particle diameter of around 2.0 mm.
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In UASB reactors and anaerobic reactors with fixed biofilms, the anaerobic sludge
is confined to a local scale or fixed to the surface of the packed media and does not
migrate with the flow. The geometrical scale of the anaerobic sludge can be controlled
in the unrestricted mass transfer range. As in the UASB reactor, the anaerobic sludge
particles are confined to the sludge bed with a sludge particle size of 2.0–4.0 mm,
which is close to the unrestricted mass transfer distance within that of the Speeces
recommended. This type of anaerobic reactor is defined as a confined-sludge anaero-
bic reactor [4]. With the appropriate sludge distribution, the confined sludge anaero-
bic reactors can achieve a complete sludge-water mixing reaction state through water
mixing at a low mixing intensity, according to the condition of CSTBR.

Figure 5.
The various types of anaerobic reactors.
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2.2 Anaerobic reactor construction

The construction of the anaerobic reactor should be designed to achieve: (1)
complete sludge-water mixing t << T, operating in a CSTBR mode; (2) a low enough
mixing intensity; and (3) a stable biological flora and unrestricted mass transfer scale
in the solid phase sludge.

The configuration of the various types of anaerobic reactors currently in use is
shown in Figure 5. The sludge bed of UASB reactor, packed bed, permeation in anaer-
obic reactor shown are all confined sludge areas, where the sludge is fixed or confined to
a localized area, which is conducive to sludge-water mixing with lowmixing intensity in
CSTBR mode for presetting the sludge-water mixing state, by organizing the water flow
pattern and shaping and distribution anaerobic sludge through the structural design.

In the anaerobic baffled reactor (ABR), although the anaerobic sludge is isolated in the
reaction compartments and cannot migrate with the flow at the full reaction zone scale, it
canmigrate with the flow in the isolation compartments, and the sludge-water in each
reaction compartment is mixed by bubble agitation. The ABR anaerobic reactor is not a
confined sludge anaerobic reactor due to its large isolation compartments. The sludge
moving space scale is of the same order of magnitude as the full mixing space scale.

Other anaerobic reactors, including fluidized bed and mechanically stirred anaer-
obic reactors are unconfined sludge anaerobic reactors, in which the anaerobic sludge
moves within the reactor with the water flow. Complete sludge-water mixing reac-
tions in fluidized beds and mechanically stirred anaerobic reactors require high flow
velocity and mixing intensities. To date, there is still no effective method for analyzing
or presetting the morphology of sludge and the state of sludge-water mixing in such
anaerobic reactors. However, there are some lessons to be learned.

For anaerobic reactors with biogas-stirred, the construction is simple, and almost
no internal structural design is required. Due to the uncertainty of the gas production
of the anaerobic reaction, the anaerobic sludge-water mixing reaction is uncontrolla-
ble. All that can be achieved in current engineering applications is to apply a mixing
model, which is posteriori, to analyze the state of sludge-water mixing and the vol-
umes involved in the mixing reaction based on the monitoring of operational data.

3. Key results

3.1 UASB reactor

Figure 6 shows the internal structure of a UASB anaerobic reactor [5]. The main
structure of which consists of five parts: (1) the sludge bed reaction area formed by
the high-density accumulation of anaerobic sludge particles in the lower part of the
reactor; (2) the sludge blanket; (3) the water distribution area at the bottom; (4) the
three-phase separator; and (5) the gas collection chamber.

In Figure 6, the height of the sludge bed is H1, and the volume is V1; The sludge
blanket with height H2 and volume V2, on the upper part of the sludge bed, below the
three-phase separator; the sludge separating area above the inlet of the three-phase
separator, with a height of H3 and a volume of V3.

The water enters the reactor from the bottom water distribution zone. After
anaerobic biochemical degradation of the organic pollutants in the sludge bed reaction
zone, it flows into the upper sludge blanket zone and out through the three-phase
separator. All sludge particles overflow from the sludge bed with the rising water flow
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and bubbles are separated in the V2, V3 zone, and the three-phase separator and
settled back into the sludge bed, while the gases are collected in the gas collection
chamber. The sludge bed is the main reaction zone where the organic matter is
degraded. In the V2 and V3 zone, small amounts of suspended sludge particles are
present, and the anaerobic biochemical degradation of organic matter continues, but
in smaller quantities.

As can be seen from Figure 6, sludge-water mixing in the UASB reactor occurs in
the sludge bed reaction zone V1 and water in the upper zone (V2 + V3) with upwelling
bubble agitation. The two mixing zones are adjacent to each other, but the mixing
patterns are different. The maximum mixing volume that may participate in a UASB
reactor is (V1 + V2 + V3).

According to the study by Pol et al. [6], settling velocities of granular sludge of
approximately 60 m/h are common, whereas the superficial upflow velocities in
UASB reactors are usually kept below 2.0 m/h in practice. Therefore, the mixing in the
sludge bed can be analogous to the diffusion of a seepage flow in general porous
medium with dense sludge granular. The sludge blanket (V2 + V3) is stirred unstably
by biogas at a small spatial scale, and the volume VC involved in complete mixing
cannot be preset，VC ≤ (V2 + V3). Fortunately, the amount of suspended anaerobic
sludge particles in this zone is small [7], and it is possible to disregard sludge-water
mixing or ignore the amount of organic matter degraded and only analyze the mixing
of the water.

Following the different sludge-water or water mixing patterns in these two mixing
zones, mixing model equations can be developed, respectively [4]. Assuming that the
anaerobic sludge particles in the sludge bed are distributed homogeneously, the
sludge-water mixing process in the UASB can be simplified to a series-connected
water advective diffusion unit V1 with mixing unit Vc, where the water is stirred by
biogas bubbles.

Figure 6.
Schematic diagram of UASB reactor.
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The water entering the sludge bed from the bottom is uniformly distributed and
flows through the sludge bed in the form of seepage. The organic matter is biochem-
ically degraded by the anaerobic sludge while the water diffusive mixing in the sludge
bed, and the two processes interact with each other. However, If the anaerobic bio-
chemical degradation reaction in the sludge bed operates in a CSTBR mode when the
complete time scale tP of the diffusive mixing is sufficiently small, tP << T, or at the
time t, t < tP, before mixing homogenization, the influence of biochemical degrada-
tion of organic matter can be disregarded, and only inert tracers are required to
analyze the diffusive mixing process of the water. For anaerobic sludge particles of
homogeneous distribution, the mixing of sludge-water and mixing of water is com-
pleted simultaneously in the sludge bed.

As shown in Figure 6, u = q/A, where u is the velocity of seepage flow, q is the
influent, and A is the section area. Let C (y, t) be the tracer concentration distribution
in sludge bed, y ∈ (0, H1). Analogous to the diffusion of a seepage flow, the one-
dimensional concentration equation of the tracer in the sludge bed is as follows:

∂C y, t
� �
∂t

þ u
∂C y, t
� �
∂y

¼ Ey
∂
2C y, t
� �
∂y2

(2)

where Ey - diffusion coefficient of the sludge bed.
The sludge blanket (V2 + V3) is stirred unstably by biogas, and the volume

involved in complete mixing cannot be preset. VC is the volume involved in complete
mixing, VC ≤ (V2 + V3) and letting C (t) be the tracer concentration in VC, then the
tracer concentration equation of VC can be written

dC tð Þ
dt

¼ Vc

q
C H1, tð Þ � C tð Þð Þ (3)

where C (H1, tÞ - tracer concentration of sludge bed at y = H1 and time t.
Applying Eqs. (3) and (4) to simulate the diffusive transport process of the

instantaneous tracer at the location of the inlet cross-section, the E(t) output curve,
and the concentration distribution of the tracer, the time tP for the completion of
sludge-water mixing in the UASB reactor can be obtained to analyze the state of
sludge-water mixing.

Let the tracer mass M be injected instantaneously at the inlet section. The initial
boundary conditions of Eq. (3) of the sludge bed are.

C 0, 0ð Þ ¼ Mδ y
� �

(4)

where δ(y) is a Dirac function.

C y, 0
� � ¼ 0, y∈ 0,H1ð Þ (5)

∂C 0, tð Þ
∂y

¼ 0 (6)

The initial boundary conditions of Eq. (4) are.

C 0ð Þ ¼ 0 (7)

C tð Þ ¼ C H1, tð Þ (8)
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If VC is known, based on the model Eqs. (2) and (3), and the initial boundary
conditions (4) and (6), the E(t) output curve of the UASB inlet instantaneous tracer
injection can be numerically calculated using the difference method.

Figure 7 shows the vertical distribution of tracer concentrations in the UASB
reactor at moments ti, i = 1, 2,...,10, obtained from the model analysis. As the mixing
time increases, the peak tracer concentration gradually decreases and the sludge-
water mixing area in the sludge bed becomes homogeneous. The concentration in the
upper bubble natural mixing zone is shown at the end of the fold on the left side of the
curve. Before the sludge-water in the sludge bed is uniformly mixed, the tracer
concentration in the bubble agitation zone is lower than the tracer concentration in
the outflow from the top of the sludge bed, and the concentration on the boundary
surface at the top of the sludge bed decreases transversely. After homogeneous
mixing, the tracer concentration in the bubble agitation zone is greater than that in the
outflow from the top of the sludge bed, and the concentration variation in the two
zones on the decomposition surface at the top of the sludge bed tends to be smooth.
According to Yan and Yang’s model, the sludge-water mixing in the sludge bed is
considered complete when the peak concentration C = 2C, C—the average concentra-
tion of tracer in the sludge bed. In Figure 7, the time of complete mud-water mixing is
t4 and the peak concentration of tracer is located in the central region of the sludge
bed; when t4 << T1, the sludge bed operates as a stand-alone CSTBR, T1—the
hydraulic residence time of the sludge bed. And the upper bubble mixing region is the
CSTR for the water mixing with a mixing volume of VC.

Figure 8 shows the E(H1, t) output curves for the tracer at the top of the sludge
bed and the E(t) output curves for the tracer in the upper bubble mixing zone
obtained from the UASB model calculations and analysis. The left side shows the high
sludge bed expansion condition and the right side shows the low sludge bed expansion
condition. In the high expansion sludge bed condition, the volume of the upper bubble
mixing zone (V2 + V3) and the volume of water involved in mixing are small, E(H1, t)
is close to the E(t) output curve, and the UASB reactor can be simplified to a CSTBR

Figure 7.
Vertical concentration distribution curve of tracer.
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operating unit; in the low expansion sludge bed condition, E(H1, t) deviates from the
E(t) output curve, and the UASB reactor can be simplified to a CSTBR of sludge bed
operates in tandem with a CSTR of water with a mixing volume of VC in its upper
part. The tracer concentration peaks at high sludge bed swelling conditions are smaller
than those at low sludge bed swelling conditions, and the sludge-water mixing is
better.

In a computational analysis of the sludge-water mixing process in a group of UASB
reactors, Yan and Yang used the UASB tracer test data from the Pena test on engi-
neering scale to determine the diffusion coefficient of the sludge bed,
Ey = 0.00006 � 0.00012 m2/h. The value of Ey is larger when the upward water flow
velocity is larger, and the sludge bed expands and is smaller when the upward water
flow velocity is smaller. The variation of Ey is not significant and is stable at 10�4

orders of magnitude.
Here present the key elements of a computational analysis of sludge-water mixing

in a UASB reactor [2]. The sludge bed height H1 = 1.0 � 2.5 m, an upward flow
velocity u = 0.4 � 0.8 m/h, a hydraulic residence time T1 = 3.1 � 3. 8 h, and a mixing
completion time t4 = 1.0 � 1.9 h, t4 << T1.The sludge bed operates as a CSTBR, with
low upward flow velocity u and mixing intensity.

As VC is generated by the agitation of bubbles released from the anaerobic reac-
tion, its value cannot actually be determined in advance. However, there are two
extremes in the operating conditions of the UASB reactor. The sludge-water mixing
process can be calculated without prior determination of the VC. This can be used to
analyze sludge-water mixing characteristics of UASB reactor.

1.Sludge bed with high expansion condition, H2 = 0, (V2 + V3) is much smaller
than V1, at this time can ignore the upper involved in the volume of water
mixing VC, calculate and analyze the state of sludge-water mixing in the sludge
bed. Under these conditions, the sludge bed has the longest diffusion mixing
time and flow, the percolation diffusion coefficient is also larger, and the sludge-
water mixing state is the best.

2.The sludge bed with low expansion condition, where H2 and (V2 + V3) are
maximum, but taking VC = 0, (V2 + V3) operates in a push-flow mode. At this
condition, the sludge bed has the shortest seepage diffusion mixing time and
flow and also has a smaller percolation diffusion coefficient due to the denser
sludge particle build-up, which results in the worst mud-water mixing conditions

Figure 8.
UASB output concentration and cumulative mass output curve.
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in the sludge bed. When (V2 + V3) is operated in push-flow mode, the end of the
E (H1, t) curve at the top of the sludge bed does not produce a descending fold
when the boundary concentration of the sludge bed outflow is higher. As can be
seen from Figure 7, the sludge-water mixing time calculated for this condition
will be greater than the mixing time for the normal condition of VC > 0. This
condition occurs at the beginning of the UASB start-up operation when gas
production is low.

From these two extreme operating conditions, the possible sludge-water mixing
states in the UASB reactor can be approximated, while the other general operating
conditions have sludge-water mixing states in between. In general operation, 0 < VC

< (V2 + V3). To obtain an accurate VC during UASB reactor operation, a tracer
test is required, and VC can be calculated by model analysis of E(t) curve of tracer
output.

The model analysis determines the seepage diffusive mixing of the sludge bed and
the mixing of the upper water volume to complete the vertical mixing of sludge-water
in the UASB reactor in CSTBR mode. The horizontal sludge-water mixing operation is
ensured by a uniform water distribution system at the bottom of the sludge bed,
resulting in a uniform horizontal concentration distribution in each section of the
UASB. The uniformity of water distribution at the bottom of the sludge bed directly
impacts the sludge-water mixing in the sludge bed. There is already more technical
and engineering experience in this aspect. A more reliable water distribution system
for UASB reactors is the small resistance distribution system. Although the accuracy of
the water distribution uniformity is not as good as with large resistance distribution
systems, its large cross-sectional flow paths make them less likely to block and easier
to clear.

The morphological shaping of sludge particles and their scale control also are
key factors in the control of sludge-water mixing. The shape and size of the sludge
particles, as well as the compactness and homogeneity of the accumulation, have a
direct impact on the seepage and diffusion processes in the sludge bed. Numerous
biological factors—may influence the formation of sludge particles Speece [1], in
addition to the usual COD concentration: alkalinity, organic acids, hydrogen partial
pressure, multiple trace elements, methanogen types, lipids, and nitrogen and cal-
cium. The formation of sludge particles appears to be a very complex biological
process. However, once the sludge particles in the sludge bed have been initially
formed, they can be hydraulically graded to leave the sludge particles with good
settling and conformational scales. This results in a uniformly stacked sludge bed with
the right size of anaerobic sludge particles. A range of 9.0–55.0 m/h is the
recommended flow velocity for hydraulic classification by Speece [1].

The larger sludge bed expansion height H1 and lower upward flow velocity u
facilitate sludge-water mixing, allowing the UASB to operate in a CSTBR mode.
However, a higher sludge bed expansion height will not be conducive to maintaining
a uniform sludge particle distribution and releasing air bubbles between particles
inside the sludge bed, it will also cause the sludge-water mixing reaction to deviate
from CSTBR. Too low a flow velocity may result in compaction of the sludge bed,
which is not conducive to seepage diffusive mixing. As a general rule of thumb, UASB
reactors have an upward flow velocity of u = 1.0–5.0 m/h and a sludge bed height of
H1 = 1.5–3.0 m. Limits the height of the sludge bed and the upward flow rate, which
also limits the amount of sludge and the volumetric load of organic matter in the
UASB reactor.
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3.2 Internal reflux packed-bed anaerobic reactor (IRPAR)

Internal reflux is widely used in biochemical treatment processes to promote
mixing of the water and improve the efficiency of the biochemical reactions. In many
cases, internal reflux is provided to facilitate the mixing of water, although it may be
mainly required to meet other process operating conditions. For example, in aerobic
or anaerobic biofilters, internal reflux is used to increase the flow velocity to flush out
excess or aged biofilm growing on the surface of the filter media; in fluidized beds,
internal reflux is used to increase the water flow velocity to fluidize suspended
bioparticles and also to mix the water; in filled bed anaerobic reactors, internal reflux
is used to increase the mixing intensity of bubbling between the pores of the filler and
the mixing of the water and is desired to obtain a completely mixed anaerobic reactor.

In Figure 9, the anaerobic reactor IRPAR is equipped with an internal reflux
system [7]. The substrate was fed in at the bottom of the reactor through a conical
inlet followed by a distribution plate. The effluent was withdrawn from the top for
recirculation and disposal.

Here the water and sludge-water mixing processes in an IRPAR are analyzed, and
the convergence to a CSTR biochemical reactor as a CSTBR is demonstrated under set
conditions. This analysis and demonstration were done by Yan and Yang.

Figure 9 shows the model of an IRPAR. C0 is the influent concentration, and C(H,
t)is the effluent concentration at time t. The height and the volume of the packed bed
reaction zone are H and V, and the reflux ratio is R, R > > 1. The influent q and the
reflux Q, Q = Rq, are mixed instantaneously at Point A and uniformly distributed to

Figure 9.
Model of IRPAR.
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the bottom with concentration C(0, t). The hydraulic retention time is T, T = V/q, and
the reflux cycle time is TL = V/Q.

For the fillers with pore sizes much smaller than the mixing scale of the anaerobic
reaction zone, the sludge-water mixing proceeds with reflux water and influent tra-
versing the surface of the biomembrane in each cycle. As shown in Figure 9, the
mixing of water occurs at three scales of mixing: (1) large-scale transport of water
flowing from the upper outflow to the bottom inflow, and then traversing the surface
of the biomembrane attached to the filler in the reactor; (2) small-scale mixing of the
biogas and the rising water; and (3) the microscale molecular diffusion within the
biomembrane on the filler. The large spatial and time scales of the reflux transport are
close to H and TL, respectively. The small mixing scale of the rising flow and biogas is
close to the scale of the filler pores. The mixing scale within the biomembrane is close
to the membrane thickness, which is much smaller.

Figure 9 ignores the flow time of the internal circulation pipeline. Let C (y, t) be
the concentration distribution of the tracer, y ϵ (0, H); C (k) is the average tracer
concentration in the reactor at time t = kTL, k = 0, 1, 2, . . ., Eq. (3) was derived:

C kð Þ ¼ 1
TL

ð kþ1ð ÞTL

kTL

C H, tð Þdt (9)

According to Eq. (6), the average output concentration in TL is equal to the
average concentration C (k) in the reactor. The average concentration C (k), k = 0, 1,
2, ..., can be obtained by mathematical induction

C kð Þ
C 0ð Þ ¼ 1� 1

R

� �k

(10)

where C (0) - initial average concentration in the reactor and k = 0. According to
Eq. (8), furthermore, as R ! ∞, the average concentration C (k) achieved in a CSTR
at t = kTL, can be obtained as follows:

C kð Þ
C 0ð Þ ¼ e�

k
R (11)

The cycle time TL can be defined as a mixing time scale of the IRPAR. The essence
of internal reflux mixing is large-scale transport, and it cannot change the tracer
concentration distribution C (y, t). Only the small-scale mixing of biogas and the
rising water flow can encourage uniform mixing of the water.

The discontinuous discrete distribution of the mean tracer transport concentration
on the mixing time scale TL is obtained from Eq. (10) and shown in Figure 10. The
CSTR continuous output curve is also given in the figure. From Figure 10, it can be
seen that after R > 10, the concentration output curve of the anaerobic reactor has
been able to discretely converge to the continuous concentration curve of the CSTR as
a CSTBR. A simple derivation shows that the rising flow velocity in the reactor with
internal reflux is uL = (R + 1)u, u being the rising flow velocity in the absence of reflux
or when R = 0. For u = 0.5 � 5.0 m/h, and taking R = 20, uL = 10.5 � 105 m/h, TL/
T = 21. At this point, the mixing time scale TL << T, and the ability to mix sludge-
water at low flow velocity and mixing intensities is close to CSTR on the time scale TL,
as a CSTBR. Taking a larger R-value and reducing TL can be closer to CSTR or be a
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CSTBR, but will make uL too large for the stability of the microbial symbionts in the
anaerobic sludge membrane.

Consider the steady-state anaerobic degradation reaction of organic pollutants
with only internal reflux transport. The concentration difference ΔC of organic pol-
lutants formed between the bottom section and the upper outlet section is

△C ¼ C0 � C 0, tð Þ
R

(12)

From Eq. (12), letting R ! ∞ or TL ! 0, Eq. (13) was obtained

C0 þ Tr ¼ C H, tð Þ (13)

where r is biochemical degradation rate of pollutants.
Eq. (13) is the concentration equation of a steady-state CSTR. Therefore, consid-

ering the homogeneous distribution of the anaerobic biomembrane, even without
considering the unstable small-scale mixing of biogas and rising water flow, and only
using a sufficiently large internal reflux ratio R, R > > 1, an equivalence between the
sludge-water mixing reaction in the internal reflux anaerobic reactor and the complete
mixing and reaction of the CSTR can be achieved, and the microscale molecular
diffusion of the biomembrane is processed synchronously.

In accordance with the conditions set by the internal reflux sludge-water mixing
model, the pore size of the filler media and the pore space between the filler media in a
packed bed anaerobic reactor should be sufficiently small, much smaller than the
mixing space size of the anaerobic reactor, and evenly distributed. In addition to
economic considerations, the specific surface area, roughness, biological inertia,
mechanical strength, and suitable shape and void space of the filler material should be
considered. The particle size and inter-particle void size of the filler is a key consider-
ation, with Speece recommending a particle size of around 15 mm. Speece’s research
shows that the depth of the packed bed has no significant effect on operation, but the
recommended packing height is 2.0 m [1]. Although the smaller filled bed height

Figure 10.
E(t) curve of the CSTR and the internal reflux anaerobic reactor.
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increases the area of lateral water distribution and the difficulty of uniform water
distribution, smaller uL, and mixing intensity can be obtained.

Filled bed anaerobic reactors rely on the mixing of water at point A in Figure 9 and
uniform water distribution at the bottom of the packed bed to ensure a uniform lateral
distribution of concentration in the packed bed. Similar to the UASB reactor, the
water distribution at the bottom of the packed bed in a packed bed anaerobic reactor
uses a small resistance distribution system to help prevent blockages in the water
distribution system and to facilitate cleaning and maintenance.

In some aerobic or anaerobic biochemical reactors with filled media and internal
reflux, when the particle size of the filled media is much small and evenly distributed,
the sludge-water mixing process in large-scale internal reflux is isomorphic. A large-
scale sludge-water mixing model similar to that of the IRPAR can be used to analyze
the operating mode of sludge-water mixing in internal reflux and the conditions for
achieving a CSTBR, such as biofilters and biological contact aerobic or anaerobic
biochemical reactors.

4. Conclusion

According to anaerobic sludge properties, sludge-water mixing in anaerobic reac-
tors operating in complete mixing mode should all take place at low mixing intensities
or water flow velocity in order to maintain a stable anaerobic biota in the anaerobic
sludge and thus improve the efficiency of the anaerobic biochemical reaction. In this
chapter, the CSTBR was defined in terms of the sludge-water mixing time scale t and
the biochemical reaction time scale T (t << T), which is used to analyze the sludge-
water mixing characteristics of anaerobic reactors and tends to CSTR as t ! 0. Both
the UASB reactor and the IAPRA reactor are confined sludge anaerobic reactors and
have different mixing patterns. However, both can achieve CSTBR mode with low
mixing intensity and simultaneous sludge-water mixing. According to the structural
characteristics and mixing patterns of these two types of anaerobic reactors,
corresponding sludge-water mixing calculation models can be established to analyze
the working conditions and corresponding operational parameters to achieve the
CSTBR mode.

1.The UASB reactor consists of a sludge-water mixing reaction unit that operates as
a CSTBR and a unit of water mixing unit that operates as a CSTR in series mode.
The UASB reactor can be simplified to a single-stage CSTRB anaerobic reactor
when the sludge bed expansion height is large and the volume of the upper part
of the water involved in the natural mixing of the bubbles is small. The sludge-
water mixing reaction can reach the CSTBR at a low mixing intensity, which
corresponds to flow velocity as low as 0.8 m/h in a UASB of engineering scale.

2. IAPRA mixes sludge-water with a internal reflux of large space scale, and the
mixing time scale is the internal reflux period TL. The sludge-water mixing
reaction reaches CSTBR when TL << T. The sludge-water mixing intensity is
lower, and the corresponding water flow velocity can be as low as below 5.0 m/h
for a CSTBR mode.
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Chapter 3

The Investigation of Chemical
Composition and the Specific
Heat Capacity of Cow Dung and
Water Mixture
Vhutshilo Nekhubvi

Abstract

Energy is essential for the progress and development of nations. It must be reliable,
affordable, and environmentally friendly. Among the most promising renewable
energy sources, biogas technology has been developed to secure the existing energy
supply. However, there is a need for more scientific research on the optimal use and
performance of biogas plants for beneficiaries and installers. This study investigated
the chemical composition of cow dung and its specific heat capacity. The results show
that elements such as Al2O3, CaO, Fe2O3, K2O, MgO, MnO, Na2O, P2O5, SiO2, and
TiO2 have different chemical compositions. Furthermore, the results show that cow
dung’s composition and oxide content affect its specific heat capacity. Dzwerani had
the highest concentrations of Al2O3, Fe2O3, and SiO2. Since the oxide composition of
the dung samples from Tshino, Maila, and Gogogo differed, their specific heat capac-
ities were also different. The results of this study encourage further investigations to
determine a more accurate relationship between specific heat capacity and oxide
composition.

Keywords: biogas, cow dung, specific heat capacity, titanium dioxide, silicon dioxide

1. Introduction

As nations strive to progress, they need energy to power their industries, fuel
transportation, and provide electricity for homes and businesses. Additionally, access
to energy also allows countries to pursue other goals, such as improving healthcare,
education, and infrastructure. Without reliable access to energy, economic growth is
severely limited, as many industries and businesses require energy to operate. Fur-
thermore, access to energy can also provide a source of employment to citizens,
creating jobs, and helping to lift people out of poverty. As a result, almost all devel-
oping countries have taken initiatives to introduce biogas technology in rural areas to
improve energy supply and reduce poverty [1–5]. However, the beneficiaries and
installers of these plants still need more scientific knowledge about biogas production.
This means that they need help to make the best use of the technology available and
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optimize the performance of their plants. Due to its availability, cow dung is the most
common feedstock used in household biogas digesters in rural areas. The investigation
results of the study [6] showed that cow dung might be one of the feedstocks for
efficient biogas production. Fresh cow dung is estimated to contain 28% water [7].
However, Refs. [8, 9] indicated that fresh cow dung contains approximately 80%
water. For anaerobic digestion (AD) to generate biogas energy, fresh cow dung is
mixed with water at a widely-used ratio of 1:1 [6]. Cow dung moisture is an important
parameter that influences biogas production. In the absence of moisture, the anaero-
bic bacteria responsible for biogas production cannot function properly, and the
process slows down. If moisture levels are too high, sludge may form, clogging the
digester and reducing efficiency. Research shows that cow dung slurry comprises 1.8–
2.4% N2, 1.0–1.2% P2O5, 0.6–0.8% potassium, and 50–75% organic humus [10]. The
main issue for biogas energy production lies in knowing several parameters in the
mixture, building materials of the digester, insulation, and a heat source. Alfa et al.
[11] indicated that biogas production depends on the physical and chemical properties
of the feedstock type used. Cow dung’s physiochemical properties are important in
operating a biogas digester system and maintaining digestion stability [12, 13].

Temperature is one of the most important parameters of AD system [14]. It was
shown that the temperature of the AD system’s manure directly influences biogas
production. They found that the higher the temperature, the higher the biogas pro-
duction [15]. This indicates that thermal energy management is crucial for the effi-
ciency of anaerobic digestion. Obot et al. [16] indicated that heat transfer problems
are associated with thermal properties, one of which is specific heat capacity. Obot
et al. [16] argued that specific heat capacity is critical for thermal analysis problems.
Specific heat capacity is defined as the measure of the amount of heat energy
required to raise the temperature of a slurry inside the digester by 1°C [16]. The
heat demand of AD systems depends on substrate characteristics, operating
temperature, geographic region, and AD parameters such as digester type or size [17].
Thus, knowing the specific heat capacity of cow dung and the water mixture added to
the digester is beneficial when determining the amount of heat required to raise the
slurry temperature to the desired operating temperature. This information can help
select the appropriate heating system and equipment for a biogas digester, leading
to an efficient and effective biogas production process. As a result, the biogas
production process is optimized, leading to a more cost-effective and reliable
energy source. Methods for determining the specific heat capacity of material have
been reported. However, few reported specific heat capacity of cow dung and
water mixture. Gebremedhin et al. [18] assumed that the specific heat of cow dung is
equal to the specific heat of water when modeling heat transfer problems in their
study. Nayyeri et al. [19] conducted a study aiming to determine the thermal proper-
ties of cow dung. Only three physical quantities were determined: specific heat
capacity, thermal conductivity, and thermal diffusivity. They reported that the spe-
cific heat capacity of cow dung increased linearly from 1:992 to 3:606 kJ=kg°C.
Yerima et al. [20] reported the specific heat capacity of cow dung to be 2:0525kJ=kg°C.
Ref. [21] reported the specific heat of cow dung to be 2.7992 kJ=kg°C and further
showed that the specific heat capacity of the slurry mixture of water and cow dung is
the sum of the specific heat of the water and that of cow dung 3:490 kJ=kg°Cð Þ. Das
and Mondal [22] used the following expression for the specific heat capacity of the
slurry of cow dung and water mixture added to the digester when determining the
amount of heat required to raise the slurry temperature to the digester operating
temperature of 35°C
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Cp ¼ 4:19� 0:00275 TSð Þ (1)

where ?? is the specific heat capacity J
kg °C
� �

of the slurry, and (TS) is the total solid

of cow dung expressed in (kg=m3).
This research aims to investigate the chemical composition and specific heat

capacity of cow manure-water mixtures, with a special focus on their suitability for
biogas production. Anaerobic digestion can be optimized by investigating the thermal
properties of cow manure-water mixtures, which increase the biogas production
efficiency. Different cow manure-water mixtures will be tested under different con-
ditions, including temperature and mixing ratio, to measure their specific heat capac-
ities. Additionally, we will analyze the chemical composition of cow dung to identify
the main components that contribute to biogas production. Research results from this
study will contribute to a better understanding of cow dung’s potential as a biogas
feedstock. To improve the efficiency and sustainability of biogas production from cow
dung-water mixtures, we must understand the digester’s chemical composition and
specific heat capacity.

2. Methods

2.1 Analytical methods of chemical composition

After arrival from the feedlot, the quantity of fresh cow dung samples was heated
in an oven to 103°C for 24 hours to remove the moisture content. The procedure was
carried out following the Standard Methods for the Examination of Water and
Wastewater [23]. The samples were milled with the vibrating disc mill RS 200 until
the final analytical fineness (< 40 μm) was reached. Each 10 g of milled powder was
mixed with boric acid before palletization. The powder was then pressed onto a bed of
2.5 g boric acid in an aluminum cup (40 mm diameter), applying a pressure of 30
tonnes for 20 seconds. The chemical composition was measured using S2 Ranger
(Bruker) X-ray fluorescence (XRF) in a vacuum with a 30 mm sample holding mask.
The pellets were introduced into the XRF instrument after calibration. The measure-
ment results were displayed as main oxides (%) or trace elements (ppm).

2.2 Determination of specific heat capacity

A recent study found that there is no universal method for determining specific
heat capacity [24]. An experimental method is described for determining the specific
heat capacity of cow dung mixed with water in the study. Researchers used the
method of mixtures to determine the specific heat capacity of a mixture, which
involves the combination of two substances with known properties. The method
consists of the mixture of cow dung sample and water of known mass (ms ¼ 0:1 kg)
and temperature Ti

oCð Þ placed in an aluminum calorimeter mass,mAl ¼ 0:033 kg
specific heat capacity CAl ¼ 0:900 J=g°C . A brass metal of mass mb ¼ 0:20 kg and
specific heat capacity (Cb ¼ 0:38 J=g°C) was then heated to the desired temperature
of 65°C using a water bath and immediately dropped into the mixture before wiping
excess water. The equilibrium temperature was recorded as Te °Cð Þ. The method
determines the specific heat capacity by cooling the hot brass sample in cool cow dung
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and equating the heat losses of the brass metal with the heat gains of the cool cow
dung slurry [19, 25]. Mathematically, the equation is written as:

Cs ¼ mbCb Tb � Teð Þ �mAlCAl TAl � Teð Þ
ms Te � Tið Þ (2)

As a result of this method, it is possible to determine the specific heat capacity
of cow-dung-water mixtures by comparing the heat losses and gains during heat
transfer.

3. Results and discussion

3.1 Chemical composition and specific heat of cow dung

According to the present results in Table 1, four different sites (Dzwerani, Tshino,
Maila, and Gogogo) have different chemical compositions based on various elements
such as Al2O3, CaO, Fe2O3, K2O, MgO, MnO, Na2O, P2O5, SiO2, and TiO2. It has been
demonstrated that these results are relevant to biogas production using organic mate-
rials found at these sites. Several factors, including the chemical composition of the
organic material, temperature, pH, and the presence of inhibitors influence biogas
production efficiency. Biogas production is highly dependent on the chemical compo-
sition of the organic material. It is imperative to note that organic materials’ chemical
compositions can vary from place to place. Consequently, determining the feasibility
of biogas production requires knowing the chemical composition of organic materials
at different locations. According to the results, site A has a high SiO2 and Al2O3

content, which could affect biogas production efficiency. The inert substances SiO2

and Al2O3 might reduce nutrient availability for microorganisms engaged in anaerobic
digestion. Alternatively, site B has low levels of SiO2 and Al2O3, making it a desirable
location for biogas production. In site B, CaO could act as a buffer and maintain

Location Dzwerani Tshino Maila Gogogo

Al2O3 (%) 2.2 <0.1 <0.1 <0.1

CaO (%) 2.9 2.95 7.49 3.19

Fe2O3 (%) 5.52 1.94 1.52 1.96

K2O (%) 4.74 1.92 1.93 1.39

MgO (%) 1.44 0.96 1.12 1.079

MnO (%) 0.105 0.082 0.094 0.17

Na2O (%) <0.1 <0.1 <0.1 1.502

P2O5 (%) 0.958 1.67 3.86 1.21

SiO2 (%) 41.6 28.3 16.34 24.93

TiO2 (%) 0.427 0.247 0.141 0.143

pH 6.95 6.79 6.99 7.01

C (J/g°C) 2.97 2.79 2.21 2.49

Table 1.
Chemical compositions and specific heat capacity of cow dung.
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digester pH because of its high content. It is possible to produce biogas from Site C
because it contains a high level of CaO and P2O5. CaO could act as a buffer, and P2O5

could provide important nutrients for microorganisms’ growth in anaerobic digestion.
As MgO is well known for influencing microbial activity in the anaerobic digestion
process, Site D has a high content of MgO, which might be advantageous for biogas
production. The chemical composition of organic materials at different sites can
significantly affect biogas production efficiency. Based on the results presented, it is
important to understand the chemical composition of organic matter at different sites
to determine whether biogas production is feasible. Data from the table can be used to
analyze the relationship between cow dung’s specific heat and the oxides present at
each site. In the last column, the specific heat values are expressed in (J/g°C) and
represent the specific heat of cow dung. Specifically, specific heat measures howmuch
heat energy is required to raise a substance’s temperature by a certain amount. Other
factors affecting cow dung’s specific heat are the organic matter’s composition and the
oxides it contains. Although the table does not directly provide specific heat values for
individual oxides, we can still make some observations and discuss the potential
effects of oxide composition on specific heat cow dung.

Dzwerani:
Dzwerani has relatively high proportions of Al2O3, Fe2O3, and SiO2 compared to

other sites. There is a possibility that these oxides contribute to the cow dung’s overall
specific heat. Dzwerani dung likely has a higher heat capacity because of its higher
specific heat value (2.97 J/g°C); in other words, it requires more energy to warm up
than other dung samples.

Tshino:
Compared to other sites, Tshino has a lower oxide content overall. Compared to

Dzwerani cow dung, Tshino cow dung has a lower specific heat value (2.79 J/g°C).
Maila:
Maila has lower oxide content than Dzwerani. The cow dung fromMaila appears to

have a lower heat capacity based on its specific heat value of 2.21 J/g°C.
Gogogo:
There are slightly higher proportions of oxides such as CaO and MgO at the

Gogogo site than at Maila. The specific heat of the cow dung from Gogogo (2.49 J/g°C)
is slightly higher than the heat capacity of the cow dung from Maila. These observa-
tions can be made considering the given data and assumptions. A detailed analysis and
measurement of the specific heat of each oxide present in cow dung would be required
to establish a more accurate relationship between the specific heat of cow dung and its
oxides. Other factors, such as moisture content, density, and impurities, may also
impact cow dung-specific heat. Therefore, further experimental data and analysis are
needed to determine the relationship between specific heat and oxide composition.

4. Conclusions

Based on the results of this study, it can be concluded that cow dung is character-
ized by its composition. Higher proportions of Al2O3, Fe2O3, and SiO2 increase specific
heat capacity. Specific heat capacity can be used to determine how much heat is
required to raise a slurry’s temperature to a desired operating temperature. Since
anaerobic digestion is determined by cow dung and water heat and capacity, biogas
production can be optimized using information about cow dung’s chemical composi-
tion and specific heat capacity. Through experimentation, it was found that cow
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dung’s chemical composition influences biogas production efficiency. Certain ele-
ments and oxides stop microorganisms from digesting cow dung.

This study could help increase agricultural production, as biogas can be used for
more efficient irrigation and fertilization. This would lead to more efficient resource
management and increased sustainability in rural communities.

It can be concluded that cow dung’chemical composition affects the specific heat
capacity at different sites. Based on the specific heat values of cow dung at various
sites, it appears to have a varying heat capacity, possibly due to the oxide composition.
To assess the feasibility of biogas production, it is crucial to understand the chemical
composition of organic matter at different locations. Further research and analysis are
necessary for a more comprehensive understanding of the relationship between spe-
cific heat capacity and oxide composition in cow dung. This includes measurements of
specific heat for individual oxides.
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Chapter 4

Mathematical Modeling and
Applied Calculation of Bioconveyer
and Anaerobic Biofiltration
Vadym Poliakov

Abstract

Deep wastewater treatment is carried out by a bioconveyer technology and a
direct-flow system of multistage biological treatment (DSMBT). To reduce excess
biomass and energy costs, the first bioreactors (sections) of the DSMBT provide for
partial removal of soluble organics in the absence of oxygen, the rest are intended for
aerobic water treatment. Development of a method for engineering calculation of
anaerobic biofiltration as applied to the first sections of DSMBT is the main aim of
the study. Anaerobic substrate utilization is modeled at two levels using two stage
biokinetics. The behavior of the substrate and its derivatives within a representative
biofilm are analyzed, taking into account surface and molecular diffusion, limitation
of the rates of the substrate and acid biodegradation, coexistence of two communities
of microorganisms. The behavior of the original and newly formed organic substrates
in the volume of a representative section is studied by analytical methods. A theo-
retical base and an engineering method for calculating anaerobic biofiltration are
developed and illustrated, which can serve as the basis for applied optimization of
the parameters of bioconveyer plants. It is justified to use the derived calculation
dependencies for similar complex biological treatment plants with any filtering
material.

Keywords: anaerobic biofiltration, bioconveyer, calculation method, biofilm, output
concentration, substrate, utilization

1. Introduction

Deep treatment of wastewater containing a large amount of various organic
contaminants has to be carried out in stages on special purification plants of complex
design. Naturally, the technological process should provide at each stage a significant
reduction in water pollution as a whole, but at the same time it can be aimed at the
predominant removal of the dominant type of contamination. In such widespread
situations, only rational technologies and structural decisions can achieve the desired
result [1–8]. The bioconveyer technology and the direct-flow system of multi-stage
biological treatment (DSMBT) are their successful examples. Their successful exam-
ples are the bioconveyer technology and the direct-flow system of multi-stage biolog-
ical treatment (DSMBT). The specified technology and complex plant were proposed,
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and then tested on an industrial scale by professor P.I. Gvozdyak (Institute of
Colloid Chemistry and Water Chemistry of the National Academy of Sciences of
Ukraine) [9, 10].

The original shape and high density of structural elements contribute to the high
efficiency of the new generation technology. Thus, in fact the solid phase consists of a
set of vertically and densely arranged (upper end is fixed) thin synthetic profiled
fiber-nozzles (viy). Their surface has a complex configuration, which contributes to
the strong attachment of microorganisms to them together with their metabolites.
Due to the multiplicity and vertical orientation of the fibers, the space, that is filled by
them in the sequence of bioreactors (sections) of DSMBT, has a high hydraulic resis-
tance and anisotropy. Therefore, it is justified to interpret it as a specific (pseudo)
porous medium. Simultaneously, the water flow between fibers is conditionally hori-
zontal. This fact gives the right to use one-dimensional mathematical models of
hydrodynamics in anisotropic porous medium, mass transfer and take into account
changes in the permeability of the medium only in this direction.

Currently, there are acute problems of removing xenobiotics, disposal of waste
from biological water treatment. It is possible to significantly reduce the amount of
excess biomass, as well as to minimize energy costs, due to the decomposition of
organic contaminants in the absence of oxygen. An appropriate technological process
is implemented (in fact, low-molecular easily degradable compounds are processed)
as a result of the successive and parallel course of a series of (bio)chemical reactions
[11–13]. Detailed biokinetic model includes nine equations [14]. However, when
developing engineering methods for calculating anaerobic biofiltration, it is sufficient
to single out and formalize those processes and effects that determine the operation of
the corresponding bioreactor-filter and, most importantly, the final result. The
justification for the simplified consideration of the specified complex technological
process as a two-stage process, which is just implemented below, is presented in the
works [15, 16]. Taking into account the specifics of water purification by anaerobic
microbiocenosis in a porous medium, its productive potential deserves special
attention, in fact, the growth rate of anaerobes population under the most favorable
conditions [17–19]. Actually, the vital activity of any microorganisms, including
anaerobes, is significantly limited under the influence of many negative factors of a
physical, chemical, biological nature [20–24]. Low content of the initial and especially
intermediate (long-chain fatty acids) substrates may be the main limiting factor
[25–27]. The adequacy of the initial model to the real conditions of biofiltration, its
provision with reliable information are of great importance in mathematical modeling
of the utilization of easily mineralizable organics in anaerobic bioreactor-filters. The
source of such information are usually the articles that contain original data or data
borrowed from experimental and theoretical studies, for example [28–30].

The principles of organizing the most complex technological process at DSMBT
(deep biological treatment of highly toxic waters) are illustrated in Figure 1. It is
essential that the bioconveyer technology is able to purify both relatively clean and
extremely polluted water, while being waste-free. However, such a result can only be
achieved with scientifically based debugging of DSMBT, namely, primarily due to the
selection of populations of microorganisms that are most suitable for solving local
applied problems. The presented three-stage layout of the technology of biological
water treatment guarantees the production of high-quality drinking water with valu-
able biological additives. Developed on this base, the calculation methods make it
possible to reliably assess the consequences of the action of DSMBT at the stages of
microbiological treatment. The calculation method in relation to the second (aerobic)
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stage in the first version is set out in the articles [31, 32]. The method applied to the
anaerobic stage is presented and discussed below. At the same time, these methods
can serve as the basis for the applied optimization of the technological and design
parameters of the first bioreactor banks (anaerobic I and aerobic II), and in the future,
the entire purification plant. However, for full-scale calculations of DSMBT, it is also
necessary to model the life activity of coexisting organisms that continue the trophic
food chain - from protozoa to filter feeders and then predators. At present, modeling
the removal of bacterial pollution, and at the same time, the waste products of the
nanofauna, its mobilized individuals is problematic primarily due to the lack of
suitable experimental information.

The soluble organic component of pollution is finally eliminated and the content of
high-molecular compounds drops to almost 0 in the bank II. In order to avoid organic
shock load on it (can cause an emergency), an anaerobic reactor bank I is equipped
(Figure 1). A comparative analysis of water treatment by aerobic and anaerobic
microbiocenoses was carried out in the work [33]. At the same time, conditions are
created in the bank III (usually includes two bioreactors) that favor the vital activity
of organisms with more complex physiology (protozoa, filter feeders, predators). The
first section (bioreactor) of the bank is inhabited by representatives of the nanofauna,
while the second section is inhabited by the mesofauna. Of particular note is the ease
of operation and flexibility in the management of DSMBT, its compactness (if we take
into account the scale of the plant’s activity). Indeed, the service of the plant is
comparatively easy. The plant is able to independently adapt to extreme conditions. If
necessary, it is easy to forcibly adjust the composition of the microbiocenosis using
specially selected microorganisms, to supply nutrients in the required amount.

Substrate biodegradation in different sections of the same bank is described by
models of the same type, similar coefficients of which may differ significantly. Since
the diffusion mechanism of mass transfer on the scale of each section can be neglected
[34], the relationship between neighboring sections and banks (by analogy with a
layered medium of a rapid filter, multi-stage filters) is almost one-sided. As a result,
the values of pollution concentrations at the outlet of each section, excluding the last
section, can be considered as initial values when modeling biofiltration. Hereinafter,
the term biofiltration will be systematically used, although it does not quite
correspond to the real conditions in the specific medium under consideration.

Thus, the algorithm for calculating the action of DSMBT is actually reduced to the
sequential determination of the output concentrations of substrates for the sections of
the first, second and, as a result, the third bioreactor bank. Therefore, in order to
develop a method for calculating DSMBT, it is first necessary to analyze, using

Figure 1.
Schematic diagram to calculate biological treatment at DSMBT: S0 – Initial concentration of organic pollution;
SL, SR – Concentrations of its low-molecular and high-molecular components; SB0 – Concentration of primary
bacterial pollution;SB - concentration of total bacterial pollution.
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analytical methods, the utilization of the organic substrate in representative anaerobic
and aerobic banks (sections) under nonuniform boundary conditions. Similar studies
in relation to aerobic conditions were carried out earlier in the above-mentioned
works of the author.

It should be emphasized that the anaerobic biofiltration, organized within one or
two sections of the first bank of DSMBT, as well as the previously studied the aerobic
biofiltration, are modeled in a similar way, namely, at two levels. A key role in the
anaerobic utilization of dissolved organic matter is also played by biofilms which
differ significantly in size and properties (composition, adaptability, activity,
strength, etc.) from aerobic analogues. And above all, due to the relatively slow
growth of anaerobic microorganisms, the current lf

� �
and limiting lfm

� �
thicknesses of

the biofilm formed by them, as a rule, are clearly less than those of aerobic biofilms.
Therefore, when choosing the radius of the fiber Rtð Þ as a linear scale, the following
relation lfm ¼ lfm=Rt < < 1 also holds.

It is appropriate to note that this development can be useful in the case of an in-
depth study of the action of biofilms with poor aeration of polluted waters and, as a
result, the localization of oxygen in their outer part (aerobic zone). However, the
internal part of the biofilm (anaerobic zone) can also make a noticeable contribution
to the processing of the organic substrate. Of course, ignoring such a contribution is
uncritical in view of its usually relative smallness. However, for the operation of the
first bank of the DSMBT, the vital activity of anaerobes is of decisive importance for
the operation of the first bank of the DSMBT. Therefore, the attention is focused
below precisely on the steady-state (due to the stable long-term operation of this
plant) anaerobic biofiltration [35, 36].

2. Theoretical analysis

2.1 Statement and solution of mathematical problem

Thus, the behavior of the substrate and its derivatives within an arbitrary flat
biofilm with a thickness lf (in view of lf < <Rt) is analyzed by analytical methods
at the first stage of studies of stationary anaerobic biofiltration in a (pseudo)
porous medium. It is here that it transforms in several stages, so that the end
products are volatile acids (secondary substrate), carbon dioxide and combustible
biogas, mainly methane. In fact, two stages dominate, at which these products are
formed. The internal mathematical problem in this case is formulated with
respect to the corresponding mass concentrations si i ¼ 1, 2, 3, 4ð Þ assuming only
diffusion (surface + molecular diffusion) mass transfer, significant limitation of
the biodegradation rates of the substrate and acids, coexistence within a
single biofilm of two communities of microorganisms (acid-producing and
methane-producing). The problem includes, first of all, the following system of
equations

De1
d2s1
dx2

¼ 1
Y1

μm1ρB1s1
Ks1 þ s1

, (1)

De2
d2s2
dx2

¼ 1
Y2

μm2ρB2s2
Ks2 þ s2

� μm1ρB1Ys2=B1 s1
Ks1 þ s1

, (2)
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De3
d2s3
dx2

¼ μm1ρB1Ys3=B1 s1
Ks1 þ s1

þ μm2ρB2Ys3=B2 s2
Ks2 þ s2

, (3)

De4
d2s4
dx2

¼ μm2ρB2Ys4=B2 s2
Ks2 þ s2

: (4)

Here, Dei is the effective diffusion coefficient of the i-th substance; Y1,2 are the
effective economic coefficients that characterize the decomposition of the initial sub-
strate and volatile acids by the corresponding groups ofmicroorganisms in general. Also.

Y1 ¼ 1
Ys1=B1 þ Ys2=B1 þ Ys3=B1

,Y2 ¼ 1
Ys21=B2 þ Ys3=B2 þ Ys4=B2

; (5)

Ysi=Bj are the conversion coefficients equal to the mass of the formed or consumed
substance, which falls on the biomass unit of the j-th variety; μmj, ρBj are the specific
growth rate and density of the j-th biomass. This system is supplemented with stan-
dard boundary conditions for biofilms (on the surfaces separating the biofilm from
the liquid film and fiber-nozzle).

x ¼ 0,
dsi
dx

¼ 0; x ¼ lf ,Dei
dsi
dx

¼ kLi Si � sið Þ; (6)

where kLi is the transfer coefficient of the i-th substance through the liquid film; Si
is the concentration of the i-th substance in the liquid medium outside both films.

Dimensionless variables and parameters are introduced using as scales S10 (con-
centration of the primary substrate at the inlet to the section under consideration), Rt
(characteristic microsize), De1 as follows:

Si, si ¼ Si, si
S10

, x ¼ x
Rt
, λj ¼ μmjρBjλj

ΥjDe1S10
, De ¼ De2

De1
, Ksi ¼ Ksi

S10
, kLi ¼ RtkLi

Dei
, lf ¼ lf

Rt
. If the theoreti-

cal analysis of anaerobic biofiltration is performed solely for the purpose of monitor-
ing the quality of biological water treatment, and the combustible gas released along
the way is of no practical interest, then it is enough to restrict ourselves to a truncated
system of the equations for s1, s2, namely,

d2s1
dx2

¼ λ1s1
Ks1 þ s1

, (7)

d2s2
dx2

¼ λ2s2
Ks2 þ s2

� Υ1Υs2=B1

D
λ1s1

Ks1 þ s1
(8)

and the boundary conditions.

x ¼ 0,
ds1,2
sx

¼ 0; (9)

x ¼ lf ,
ds1,2
dx

¼ kL1,L2 S1,2 � s1,2
� �

: (10)

The solution of problem (7)–(10) can be significantly simplified due to the usually
large initial content of the substrate in wastewater. In such situations, which are just
characteristic of bioconveyer technologies, it is reasonable to assume that the primary
substrate decomposes at a maximum rate. It should be noted that this assumption does
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not apply to volatile acids, the decomposition of which is not only limited due to their
low content. At the same time, an inhibitory effect is also possible. Therefore, the
indicated maximum rate will be λ1 and Eq. (8) is reduced to the form

d2s2
dx2

¼ λ2s2
Ks2 þ s2

� ~λ1, (11)

where ~λ1 ¼ Y1Υs2=B1λ1=D. In that case the distribution of the primary substrate
across the biofilm is represented by the following expression

s1 xð Þ ¼ S1 �
~λ1lf
kL1

þ
~λ1
2

x2 � l
2
f

� �
: (12)

Problem (9)–(11) is approximately solved by averaging the right side of Eq. (11).
Previously, this technique was used in the absence of an internal source of degradable
substrate ~λ1 ¼ 0

� �
and then substantiated on the test examples [31]. Therefore, fol-

lowing the previous procedure and keeping the notation, we derive an equation for
the average value uav on the interval 0,X½ �

uav Xð Þ ¼ 1
X

ðX

0

s2 xð Þdx
Ks2 þ s2 xð Þ , (13)

which looks like

uav þ 2Ks2

λs uav � ~λ1
� � �Ψf uavð Þx arctg

x
Ψf uavð Þ ¼ 1: (14)

Here Ψ2
f ¼

2 Ks2þS2ð Þ
λ2uav�X1

� 2Dlf
kL2

� l
2
f . Now the function arctg x

Ψf
is expanded into a series in

terms of the argument and only its first term is preserved. The result is a quadratic
equation for uav

λ2ϕf lf
� �

u2av � λ2ϕf lf
� �þ λ2Ks2 þ λ2S2 þ λ1ϕf lf

� �h i
ua2 þ λ1ϕf lf

� �þ λ2S2 ¼ 0, (15)

where ϕf lf
� � ¼ λ2 kL2l

2
f þ 2Dlf

� �
=2kL2. Physical meaning has only one root, namely,

uav lf , S2
� � ¼ 1

2
Ks2 þ S2
ϕf lf
� � þ

~λ1
λ2

þ 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ks2 þ S2
ϕf lf
� � þ

~λ1
λ2

þ 1

 !2

� 4S2
ϕf lf
� �� 4~λ1

λ2

vuut
8<
:

9=
;: (16)

After the simplification of Eq. (11) considering Eq. (13) and then its double
integration, the expression for the concentration s2 is derived

s2 x; lf , S2
� � ¼ S2 � λ2uav lf , S2

� �� ~λ1
� � lf

kL2
þ l

2
f

2
� x2

2

0
@

1
A: (17)

Thus, the relative value s2 on the outer surface of the biofilm will be
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s2f lf , S2
� � ¼ S2 � λ2uav lf , S2

� �� ~λ1
� � lf

kL2
: (18)

Using the representations for s1 Eq. (12) and s2 Eq. (17) with the help of double
integrating Eqs. (3) and (4) under the appropriate conditions Eq. (6) it is also easy to
find the concentrations s3, s4 of the main end products of decomposition CO2,CH4ð Þ.

To assess the actual active capacity of the biofilm in relation to both components of
organic pollution allows the calculation of their relative ratesif1, if2 across the bound-
ary between both films

if1 lf
� � ¼ ~λ1lf , (19)

if2 lf , S2
� � ¼ lf λ2 uav lf , S2

� �� ~λ1
� �

: (20)

At the second stage of theoretical studies of steady-state anaerobic biofiltration,
attention is focused on the behavior of the initial and newly formed (secondary)
organic substrates on the scale of the section selected for consideration. The basis of
the corresponding mathematical model (the biofiltration compartment in the general
model) is the system of equations for the convective transfer of both substrates within
the given section. Neglecting the diffusion (dispersion) mechanism, the system of
macrotransfer equations can be written in the dimensional form

V
dS1
dy

þ IB1 lf
� � ¼ 0, (21)

V
dS2
dy

þ IB2 lf , S2
� � ¼ 0, (22)

where y is the coordinate in the direction of water movement. Here, the functions
of utilization of primary IB1 lf

� �
and secondary IB1 lf

� �
substrates at the specific surface

area of the biological phase ΩB are presented, for example, in the following form.

Ij ¼ ΩBDej
dsj
dx x¼lj ;
��� j ¼ 1, 2 (23)

In the analyzed case of bioconveyer technology and the anaerobic section with
biomass at the fibers of a radius Rt, the area ΩB is expressed in terms of the fraction of
space free from them n0 (analogous to porosity for porous media) as follows

ΩB ¼ 2 1� n0ð Þ=Rt: (24)

A similar expression as applied to a medium of grains with a radius Rg will be

ΩB ¼ 3 1� n0ð Þ=Rg: (25)

Equations (21) and (22) are supplemented with the boundary conditions.

y ¼ 0, Sj ¼ Sj0: (26)

To establish a relationship between the relative thickness lf and concentration of
the total biomass B as the sum of B1 (acid-producing bacteria and their metabolites)
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and B2 (methane-producing bacteria and their metabolites), the generalized balance
equation between its increase and decrease is used

ΥB1=s1I1 þ ΥB2=s2I2 ¼ kd B1 þ B2ð Þ ¼ kdB: (27)

Equation (27) are transformed after a series of transformations to this equality in
the dimensionless form

uav lf , S2
� � ¼ ψB ¼ 1

λ2
kd2 ρB þ 1ð Þ � λ1

D
ΥB1=s1

ΥB2=s2
� Υ1Υs2=B1

� �� �
, (28)

where kd2 ¼ kdρB2Υs2=B2R
2
t = De2S10ð Þ, ρB ¼ ρB1=ρB2. An expression is derived from

Eq. (28) for the concentration S2 as a function of lf taking into account Eq. (16)

S2 lf
� � ¼ λ2ψB � ~λ1

λ2
ϕf lf
� �þ ψBKs2

1� ψB
: (29)

Of fundamental importance for modeling biofiltration is the assumption of a weak
dependence of the rate of biomass loss on the concentration of dissolved organic
matter, which allows us to assume kd ¼ kd lf

� �
. From a formal point of view, it is much

easier when describing the utilization of substrates in the bioreactor medium to
operate instead of Ijusing the equivalent expressions from the right side of Eq. (27).
Then system Eqs. (21) and (22) takes the following form

dS1
dy

þ χtkd1 lf ¼ 0, (30)

dS2
dy

þ χtDkd2 lf ¼ 0, (31)

where χt ¼ 2 1� n0ð Þ De1L
VR2

t
(for fiber-nozzles), kd1 ¼ kdρB1R

2
t

Υs1=B1De1S10
.

The subsequent analysis by analytical methods of the general stabilized situation in
the reactor medium and the choice of an appropriate calculation scheme are deter-
mined by the degree of saturation with biomass of the space between the fibers. Since
the behavior of the secondary substrate is much more difficult to formalize, therefore,
the attention will be given specially to it.

The determination of the relative thickness of biofilms in the inlet section of the
medium lf0 is of key importance for concretizing the situation. Here it is possible to
express lf through S20 and finally derive the formula

lf0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D

2

k
2
L

þ 2
λ2ψB � ~λ1

S20 � ψBKs2

1� ψB

� �vuut � D
kL

: (32)

Then lf0 is correlated with the limit value lfm. The first two more realistic situations
turn out if lf0 > lfm. Equations (30) and (31) can be easily integrated in this case taking
into consideration the boundary conditions.

y ¼ 0, S1 ¼ 1; S2 ¼ S20 (33)
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As a result, the following linear representations are obtained for the desired con-
centrations

S1 yð Þ ¼ 1� χtkd1lfmy, (34)

S2 yð Þ ¼ S20 � χtDkd2lfmy: (35)

The next computational step is to calculate the value S2m(using Eq. (29) for given
values lfm, S20) related to

S2m ¼ ψB �
~λ1
λ2

� �
ϕf lfm
� �þ ψBKs2

1� ψB
: (36)

Then the coordinate ym of the section, in which S2 ¼ S2m, is calculated by the
formula following from Eq. (35),

ym ¼ S20 � S2m
χtDkd2lfm

: (37)

Two situations are possible depending on the ratios ym≷1. First, at ym > 1 (the
entire medium contains the maximum amount of biomass) the most important for
practice output concentrations Sie are simply calculated from (34) and (35).

Sie ¼ 1� χtkd1lfm, S2e ¼ S20 � χtDkd2lfm (38)

Calculations of anaerobic biofiltration are much more difficult if 1> ym >0. Then
two characteristic zones are formed in the medium, where, respectively, lf ¼ lfm and
lf < lfm. Within the first zone, as before, linear distributions Eqs. (34) and (35) are
valid up to the section y ¼ ym. In the second zone 1≥ y≥ ym

� �
, these distributions are

already non-linear due to decreasing lf along the flow. The corresponding distribution
lf yð Þ is found from Eq. (31), which is transformed to this form

d
dlf

S2 lf
� � � dlf

dy
þ χtDkd2lf ¼ 0 (39)

and solved under the condition.

y ¼ ym, lf ¼ lfm: (40)

Based on Eq. (31), an expression for dS2=dlf is derived and then a solution to
problem Eqs. (39) and (40) is obtained in the form of an inverse function

y� ym ¼ 1

χtDkd2

S2 lfm
� �

lfm
� S2 lf

� �

lf
þ
ðlfm

lf

S2 ζð Þ
ζ2

dζ

2
664

3
775: (41)

Expression Eq. (41) can be simplified after integration taking into account Eq. (29)
and some transformations, so that
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y� ym ¼ 1

χtDkd2
λ2ψB � ~λ1
� �

lfm � lf
� �þ D

kL2
ln

lfm
lf

" #
: (42)

Now, in order to determine the value S2 at any value y within the second zone, it is
enough to attach Eqs. (29)–(42). Therefore, there is a parametric representation for
S2 yð Þ and the thickness lf is here the parameter, which decreases from lfm to lfe. Calcu-
lations of S2 yð Þ can be simplified by getting rid of lf due to the use of the dependence
lf S2
� �

. This dependence has the form Eq. (32), where lf0 and S20 are formally replaced
by lf and S2. As a result, the desired distribution S1 yð Þ is described by the inverse
function y S2

� �
.

To ascertain the distribution S1 yð Þ in the same zone, first of all, Eq. (30) is
presented as follows

dS1
dlf

þ χtkd1lf
d
dlf

y lf
� � ¼ 0: (43)

The corresponding boundary condition will be.

lf ¼ lfm, S1 ¼ S1m ¼ 1� χtkd1lfmym: (44)

Since according to Eq. (39)

dy
dlf

¼ � 1

χtDkd2lf

dS2
dlf

, (45)

then integration of Eq. (43) taking into account Eqs. (44) and (45) gives

S1 lf
� � ¼ S1m þ kd1

Dkd2
S2 lf
� �� S2m

� �
: (46)

Consequently, the relative concentration of dissolved organic matter at the outlet
of the biofilter Se will be

Se ¼ S1e þ S2e ¼ S1m � kd1
Dkd2

S2m þ 1þ kd1
Dkd2

 !
S2e, (47)

where S2eis calculated by Eq. (29) with the value lfe previously found by selection
from the equation

λ2ψB � ~λ1
� �

lfm � lfe
� �þ D

kL2
ln

lfm
lfe

¼ χtDkd2 1� ym
� �

: (48)

The third situation with its characteristic relation lf0 ≤ lfm is largely similar to the
second situation 1> ym >0

� �
. Its calculation with minimal differences duplicates the

computational procedure described above. Since here there is no zone of maximum
saturation with biomass at all, then lf starting with the value lf0 becomes smaller
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according to Eq. (32) as the distance from the inlet section increases. With known lf0
are sequentially calculated:

biofilm thickness at the biofilter outlet from the equation

λ2ψB � ~λ1
� �

lf0 � lfe
� �þ D

kL2
ln

lf0
lfe

¼ χtDkd2, (49)

the output concentration of the secondary substrate

S2e ¼ λ2ψB � ~λ1
� � l

2
fe

2
þ D
kL2

lfe

0
@

1
Aþ ψBKs2

1� ψB
, (50)

the output concentration of the primary substrate

S1e ¼ 1� kd1
Dkd2

S20 � S2e
� �

: (51)

Obviously, when polluted water passes through the section of DSMBT under
study, it is realistic to reduce the concentration of dissolved organic matter by a
relative value

ΔS ¼ 1þ S20 � S1e � S2e: (52)

2.2 Calculation of test examples and discussion of results

The approximate solutions obtained above for stationary internal (biofilm) and
external (bioreactor medium) problems are illustrated by the test examples. Possible
inaccuracies in the calculation of micro characteristics due to the use of adaptive
averaging of the local function of the organic substrate utilization in relation to the
aerobic biofilm were evaluated. It was found that they do not exceed a few percent
and, as a rule, are noticeably smaller than the errors that occurred due to the experi-
mental determination of the model coefficients. The relative flow rates of both sub-
strates through the surface of the representative flat biofilm if1, if2

� �
were the subject

of numerous calculations. They determine the active capacity of the elements of the
biological phase (biofilms of any shape) in relation to organic pollution and underlie
the modeling of anaerobic biofiltration. Calculations were performed using Eqs. (19)
and (20) with a continuous change in the relative thickness lf from 0 to 0.2. Thus, the
range of its real values was covered with a large margin. The initial content of volatile
acids was also discretely varied from 0 to 0.5. In the adopted model, a stable
presence of volatile acids is actually allowed already at the inlet to the bioreactor
S20 >0ð Þ. In practice, such a situation is typical, along with DSMBT also for sequen-
tially operating second and subsequent anaerobic bioreactors (bank I). The initial
information included the following fixed relative values of the coefficients:
Ks2 ¼ 0:25, kL2 ¼ 10, ρB ¼ D ¼ 1, χ ¼ 0:4, λ1 ¼ 10. Also, two characteristic values (10
and 20) were chosen for ~λ1. Graphs of the dependence if2 lf

� �
for ~λ1 ¼ 10 are presented

in Figure 2 and for ~λ1 ¼ 20 - in Figure 3. Here, the only graph for if1 lf
� �

is given due
to the constancy of ~λ1.
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When determining the values if1, if2, their sign is of fundamental importance,
since it governs the direction of transfer of the corresponding substrate. The “+” sign
means that the impurity moves inside the biofilm, and the “-” sign means - in the
opposite direction. Obviously, the primary substrate is only consumed by the biofilm,
and therefore the consumption rate if1 is necessarily positive. The orientation of the
secondary substrate is dictated by the ratio between its concentrations outside both
films S2 and at their common boundary s2f . Thus, volatile acids will diffuse from the
outside at s2f < S2 (Figure 2 and curve 2 in Figure 3), and if2 will already be negative
at sf > S2 (curves 3-5 in Figure 3).

Therefore, thanks to the solution to the problem of the action of a representative
anaerobic biofilm, in essence, a theoretical basis has been developed for subsequent
studies using analytical methods for the operation of purification plants for biological
treatment under anaerobic conditions. Also, the derived dependencies can be used to
specify the model coefficients at the microlevel.

In the second series of examples, the subject of calculations were relative
macrocharacteristics – biofilm thickness, which can be interpreted as a reduced bio-
mass, concentrations of primary and secondary substrates. A larger and less signifi-
cant part of the initial information for the analysis of the technological process was
common to all the examples mentioned and accepted only in a dimensionless form.
The indicated information included: Ks2 ¼ 0:1, kL2 ¼ 10, ρB ¼ D ¼ 1, χt ¼ 0:4. The
coefficients λi, kdi i ¼ 1, 2ð Þ, controlling the amount of the biological phase in the
bioreactor medium, varied continuously kdi

� �
or discretely. In order to reduce the

amount of calculations, it was assumed that λ1 and λ2, kd1 and kd2 are identical. In
parallel, two options for saturation of this medium with biomass were considered.
Formally, they differ in the ratio between the maximum (at the inlet to the medium)

Figure 2.
Dependence if2 lf

� �
: 1 – S20 ¼ 0, 2 – S20 ¼ 0:1, 3 – S20 ¼ 0:25, 4 – S20 ¼ 0:5.
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and the ultimate thicknesses. The ratio lfm > lf0 is true for the first and here the main
option. Therefore, it is real to increase the biomass when creating more comfortable
conditions for it everywhere in the medium, with the possible exception of the inlet
cross-section. In the second option, a strict restriction is imposed on the growth of
biomass, expressed by the ratio lf ≤ lfm ¼ 0:1, at the inlet cross-section of the medium.
It is obvious that the determination of the value lf0 according to Eq. (32) becomes
decisive for the choice of the calculation procedure for a known value lfm. Figure 4
presents the results of the corresponding calculations for four characteristic values λi.
Here, a change of lf0 with a large margin from 0 to 0.4 was allowed. In fact, the value
0.4 is comparable to the porosity, for example, of the granular media. Thus, the value
lf0 cannot in principle exceed the value of lfm, which is usually significantly less than
0.4. Nevertheless, as will be shown below, the data on lf0 can be useful not only for
choosing a calculation variant, but also for technological calculations. A high sensitiv-
ity of lf0 with respect to biokinetic parameters, but especially to kdi, is obvious from
Figure 4. In fact, small changes in kdi cause incomparably large changes in lf0. It is
natural that an increase in the rate of biomass loss leads to a thinning of the biofilm.
Based on Eq. (32), it is easy to indicate such a relationship between the model coeffi-
cients, in which the biomass is not able to accumulate at all. It is described by the
equation ψB ¼ S20= S20 þ Ks2

� �
. On the contrary, with a decrease in kd2 and, thus,

tending of λ2ψB to ~λ1 lf0 will grow indefinitely.

Figure 3.
Dependences: if1 lf

� �
, if2 lf

� �
: 1 – if1, 2-5 – if2; 2 – S20 ¼ 0:5, 3 – S20 ¼ 0:25, 4 – S20 ¼ 0:1, 5 – S20 ¼ 0.

85

Mathematical Modeling and Applied Calculation of Bioconveyer and Anaerobic Biofiltration
DOI: http://dx.doi.org/10.5772/intechopen.112949



It is important to note that the biomass is distributed extremely unevenly along the
section with the exception of the ultimate saturation zone 1≥ y≥ ym

� �
when the selected

initial data is used. This, in particular, is evidenced by Figure 5, which shows the
profiles calculated by (42) for λi ¼ 30, kdi ¼ 17 and 18. The calculations were performed
in parallel for the two above-mentioned options. It is natural that the nature of the

Figure 4.
Dependence lf0 kdi

� �
: 1– λi ¼ 10, 2 – λi ¼ 20, 3 – λi ¼ 30, 4 – λi ¼ 40.

Figure 5.
Change in relative thickness of biofilms along bioreactor medium: 1, 2 – lfm > lf0; 3-5 – lf0 > lfm; 1, 3 и 5 –

kdi ¼ 17; 2, 3 и 4 – kdi ¼ 18.
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biomass distribution for them differed significantly. In the case of restrained biomass
growth, a significant amount of it is at a greater distance from the inlet section than in
the case of unlimited growth (combined graphs 3, 4 and 3, 5). The utilization of
dissolved organics should inevitably occur with less intensity within the ultimate satu-
ration zone, but more intense outside. In order to assess the consequences of severe
limitation of biomass growth for the efficiency of biofiltration process, the distributed
concentrations of the initial and newly formed substrates were calculated. First of all,
the distribution functions Si yð Þ were found for the case lfvm > lf0 with λi ¼ 20 and three
values of kdi. The corresponding curves calculated by Eqs. (29) and (46) are shown in
Figure 6. As noted earlier, a decrease in the rate of biomass loss contributes to its
greater concentration, so that both substrates degrade more strongly throughout the
entire bioreactor medium with the stable functioning of the microbiocenosis.

It is obvious that any redistribution of biomass along the bioreactor should be
reflected in the appropriate way in the shape of the profiles Si yð Þ. Figure 7 indicates
the significance of such changes in the two options under consideration, but only
within the section (bioreactor). Indeed, the pairs of the calculated curves (1 and 4, 2
and 3) corresponding to λi ¼ 40 and two values of kdi diverge significantly in the area
1≥ y≥ ym, but they quickly converge with a subsequent increase in y. Moreover, the
calculation of the content of both the primary and the secondary substrates in the
filtrate gives almost the same results with and without taking into account the restric-
tion on biomass growth. Thus, it is permissible to determine the output concentrations
of organic pollution components, ignoring the inaccessibility of a part of the pore
space for the biological phase.

In conclusion, changes in the residual content of dissolved organic matter due to
variation in the loss of biomass on account of the detachment, respiration and grazing
were analyzed. The relative value ΔS was finally calculated by Eq. (52) for three
values of λi. In this case, the range of the calculations for kdi was from 10 to 30. The

Figure 6.
Decrease in concentrations of primary and secondary substrates along bioreactor: 1-3 – S1, 4-6 – S2; 1, 4 –

kdi ¼ 13; 2, 5 – kdi ¼ 12; 3, 6 – kdi ¼ 11.
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corresponding set of graphs of the dependence ΔS kdi
� �

is shown in Figure 8. Natu-
rally, the calculated curves are limited from above by the total initial value 1.35. Once
ΔS becomes formal equal to this value it means the absence of active biomass in the
section of DSMBT under consideration and, as a result, the complete incapacity of the

Figure 7.
Decrease in concentration of primary substrate along bioreactor medium: 1, 2 – lf0 > lfm; 3, 4 – lf0 < lfm; 1, 4 –

kdi ¼ 21; 2, 3 – kdi ¼ 23.

Figure 8.
Dependence ΔS kdi

� �
: 1 – λi ¼ 20, 2 – λi ¼ 30, 3 – λi ¼ 40.
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latter. With a decrease in kdi, the thickness lf increases, verging towards lfm. Evidently,
the best quality of water treatment here is achieved if lf becomes equal to lfm or, in
other words, the entire medium will contain the maximum possible amount of active
biomass. Then the corresponding maximum values of the output concentrations S1e
and S2e are simply calculated by Eqs. (14) and (15) and as a result

ΔSmax ¼ χtlfm kd1 þDkd2
� �

: (53)

3. Conclusions

Summing up, it should be stated that a method for engineering calculation of
anaerobic biofiltration has been developed. It can be successfully applied in the case of
any porous media with a regular structure. Here it is specified in relation to a biolog-
ical treatment plant of a special design with a pseudo-porous medium. The method
makes it possible to reliably predict the stable effect of any anaerobic biofilm, the
concentration of biomass in the bioreactor medium, its permeability, and, most
importantly, the concentration of organic pollution in the filtrate. It can serve as a
basis for substantiating rational technological and design parameters of DSMBT. It is
also easy to use the method for granular media with minimal adjustments to the
calculated dependencies. This development is based on a number of assumptions that
correspond to real situations with biofiltration under anaerobic conditions. Further
improvement of this method is possible taking into consideration in addition:

• limitation of the decomposition rate of the primary substrate,

• inhibition of the decomposition of the secondary substrate,

• the influence of the acid–base status of the aquatic environment,

• isolation and special consideration of the stage of biooxidation,

• influence of biomass content on the rate of its loss,

• complex composition of the primary substrate.
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Chapter 5

Sustainability and Rural Livelihood 
Security Based on Biomass 
Gasification: An Assessment
Varinder Singh Saimbhi

Abstract

The applications of gasification products comprise impending use as process 
 output that can be converted into mechanical, electrical and/or heat energy use in 
several industries and sectors including rural households. Different types of agricul-
tural and forestry residues, energy crops, dairy-house, piggery, poultry, domestic 
and industrial wastes can be used as feedstock. With or without pre-treatment, the 
feedstock biomass can be gasified under different technological conditions viz. in a 
biochemical digester (biogas plant) or in a thermal digester (gasifiers), to find out 
what are the most suitable conditions for maximum energy outputs. Rural liveli-
hood safety by the use of biogas plants was also assessed. The savings in fuel, overall 
family income, living cost, a slurry of biogas plants used as manure, and reduction 
of greenhouse gases at the domestic level were also studied. Overall annual family 
income varied from Indian Rupee (INR) 2,50,000–27,50,000. Annual livelihood cost 
was averaged at INR 1,66,714 and 1,83,529, respectively, with and without the usage 
of biogas plants. Biogas plant usage helped families save INR 10,295 (with savings 
of 1389 kg of fuel wood and nine cooking gas cylinders). Biogas plant usage also 
prevented methane (755 kg) and ammonia (267 kg) gas emissions annually.

Keywords: sustainability, rural living, gasification, biogas plants, assessment, 
environment

1. Introduction

Sustaining livelihood in today’s world regarding quality of life, better living, 
economy, growth, employment and production needs energy. Shortage in the supply 
of energy, by any means, could disturb the national economic process and livelihood 
of people. India is deficient in energy. It has already been indicated that nature’s 
energy reserves are depleting, and in the coming days, it will become difficult for 
us to maintain energy availability [1]. Agricultural and forestry residues, energy 
crops, dairy-house, piggery, poultry, domestic and industrial waste-based biomass 
as renewable resources will play a key part in substituting conventional fuels. About 
83% of parts will be of biomass from all renewable energy generation resources [2]. 
Agricultural biomass is readily available and can be used to drive energy continu-
ously. Future regional as well as rural energy needs would have to be based mainly 
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on renewable resources, whereas implementing and integrating systems of regional 
energy sustainability for bigger cities, industries, towns, villages, smaller settings, 
etc., remains a problem even now [3]. Renewable energy sources, technologies and 
user applications are becoming more relevant and also call upon society to maximize 
and universalize their use as early as possible [4].

Farmers having abundance of agricultural wastes, a local source of energy, can 
become energy source supplier instead of producers of raw material. For the supply 
of electricity and heat at farms, biochemical conversion (anaerobic digestion) of 
livestock excreta would be a suitable method. Spent-digested wastes used as fertil-
izer virtually resulted in wider reutilizing of nutrients [2]. Gas formation through 
bacteria in anaerobic digestion depends upon number of environmental factors, with 
temperature variation being the important parameter. Bacterial activity for anaerobic 
digestion works best in the temperature range of 20–55°C. Anaerobic gasification of 
biomass at higher temperatures, within the given range, ensues swiftly. Gas pro-
duction doubles at an increment of about each 5°C of temperature, below 20°C, it 
decreases severely and nearly halts at 10°C [5]. Therefore, during colder times when 
gas production from biochemical conversion (anaerobic) process retards it would be 
wiser to shift to the thermo-chemical conversion of biomass to balance the energy 
demands for sustaining rural livelihood.

Thermo-chemical conversion for gasification of biomass is the most promising 
route for biomass utilization [6] and is regarded as a sustainable energy technology 
used for waste management and producing renewable fuel [1]. Capturing atmo-
spheric CO2 and sulfur became a topic of interest in compatibility with conversion of 
biomass, environment benefits and is inexpensive over a wider capacities. Through 
thermal route, biomass can be converted to gaseous fuel in limited atmospheric 
conditions [6].

Depending upon location and owner’s choice, transformation of variety of waste 
into usable ones may convert waste into a resource. Animal farm wastes converted 
into biogas make it an environment friendly reusable form of energy source [7, 8]. In 
agro-based country like India, vast quantities of wastes comprising cattle dung are 
produced endlessly. Biogas plants could convert, economically, the wastes into energy 
that advantageously helps in solving regional as well as rural power crisis. Biogas 
plants have a bright future in city corporations, metro and rural areas, producing 
tonnes of biological wastes, which otherwise go to waste and pollute the environ-
ment. Wastes can be utilized appropriately for power production and saving the 
environment from pollution [9]. Punjab state of India houses thousands of working 
family-size biogas plants with 5–10 cattle heads. About 4000 dairy farms with cattle 
head capacity ranging from 50 to 500 produce milk every day. Also, a large number of 
stray cattle are being housed in public cattle yards (‘Goushalas’). A large quantity of 
biogas can be produced using large capacity (50–500 m3 per day) biogas plants from 
the huge availability of cattle dung [10].

Under anaerobic conditions, biodegradable material is acted upon by methano-
genic bacteria to produce biogas [11, 12]. Biogas contains 50–70% methane (CH4), 
30–40% carbon dioxide (CO2), apart from other gases like hydrogen (H2), ammonia 
(NH3), hydrogen sulphide (H2S), nitrogen (N2) and water vapors (H2O). Methane 
and hydrogen in biogas are energy sources that can be easily converted into heat 
energy (for cooking and lighting) and mechanical energy via internal combustion/
gas engines. Additionally, biogas spent slurry can be used as organic fertilizer in 
agricultural farms to cut down usage and dependency on chemical fertilizers. In this 
way, biogas plants helps replace conventional energy sources, reducing emissions of 
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harmful gases and mitigating the bad effects of carbon released to environment [13]. 
Produced biogas can be used locally or may transported over a longer distance by 
upgrading to natural gas equivalent quality [8].

Biogas plant economy depends on noteworthy investment costs, operation and 
maintenance costs, raw materials (available freely, most of the time), like cattle/
animal dung, poultry droppings, organic wastes of household and industries, sewage 
sludge, aquatic and terrestrial plants etc., costs and income gained from the sale of 
gas and dried slurry. Supplementary value additions may be enriched biofertilizer 
production, greenhouse gas emission reduction and decreased cooking time and 
fuelwood collection. The system economy is also site-specific as prevalent market 
rates affect the cost of input/output, farming practices followed and management 
practices adopted by the involved community, etc. [14]. Certain factors, such as the 
incorporation of advanced technologies of feedstock processing, energy conversion 
and knowledge of complexities between plant size and costs involved, affect the 
impending biogas energy cost [15].

It has been well illustrated that biogas production and use have the capabilities 
to reduce the fuelwood usage and deforestation, cessation of indoor air pollution, 
thereby improving women’s and children’s health, reduction of greenhouse gases to 
mitigate global warming, availability of organic fertilizer for improving soil health, 
generating income, better sanitary conditions, reducing dependence on imported 
fuels etc. [16, 17]. The availability of enhanced livelihood facilities to users has been 
highlighted despite the fact that the user’s awareness and appreciation were partial. 
The need for householders training, in particular educating the women, was proposed 
for adequateness of feedstock, system upkeep, environmental benefits and possible 
livelihood security [18].

Rural livelihood hangs on agriculture for sustainability. Without access to electric-
ity, firewood has been used as the basic cooking fuel. The present condition has an 
adverse effect on the environment and is unsustainable. The biogasification addresses 
the said apprehensions as being the simple yet powerful option for providing bet-
ter fuel for cooking and lightning, empowering households by saving time with 
lesser environmental concerns like dispensation of animal wastes, contamination of 
groundwater, greenhouse gas emission and threat of climate change [19]. Households, 
using biogas from 18 to 24 months were 41.4%, having large size (>20 m3) biogas 
plants were 69.4%, have incurred 50–60 thousand Pak Rupee (PKR) as making cost 
were 41.7%, out of a survey sample. Monthly savings of 3–3.5 thousand PKR by 30.6% 
and more than 3.5 thousand PKR by 20.8% were made by households using biogas in 
comparison to conventional fuel costs [20].

Focus on the use of biogas as a renewable energy technique to realize socioeco-
nomic and environmental sustainability was made that combines the production, 
consumption and natural/industrial ecosystems research. A framework was devel-
oped for adopting biogas energy in industrial and rural ecosystems as bottom-of-the-
pyramid. It was suggested to embed a meta-dimension into the dimensions of biogas 
industrial ecosystem to enable socioeconomic and environmental sustainability 
[8]. In developing countries and humanitarian camps, organic waste management 
addresses hygiene and sanitation, which otherwise causes serious health issues that 
may lead to premature deaths [21]. Net Present Value (NPV), Internal Rate of Return 
(IRR), Payback Period (PBP) and Net Benefit Increase (NBI) of biogas plant’s impact 
on livelihood were studied in Bangladesh. Respondents belonging to 30- to 50-year 
age group were 54%, those belonging to the business group were 24%, up to higher 
secondary education were 36%, those having an average family size of 4 (3.78) were 
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36%, those belonging to middle-income (1,00,001–1,50,000 Bangladesh Taka, Tk.) 
group were 8%, and those belonging to high-income (>1,50,000 Tk.) group were 
92%, out of the surveyed sample. Increase in knowledge, skill, work capacity, nutri-
tion, health and education were found in 58, 64, 70, 78 and 66%, and increase in 
leadership, women liberation, common rules, mutual support, networking connec-
tions were found in 54, 60, 52, 64 and 62% with the use of biogas [11].

A model was developed for making detailed inventories of producing electric-
ity from biogas. Types of biogas systems studied were organic waste landfill-based 
and dairy cattle waste-based. Life cycle assessment (LCA) showed different 
sub-stages of the systems. It was concluded that LCA enables producers, decision-
makers and government agencies to recognize and improve opportunity areas of the 
 technology [12].

Convenient usage of both biochemical (anaerobic digestion) and thermo-chemical 
conversion technologies, the energy production at farms can become surplus by 
using the total biomass produced. Agricultural economy may recover and sustainable 
regional development may become feasible. A combination of renewable technologies 
in energy supply for rural livelihood sustainability has a promising potential.

With its numerous rewards for rural households empowering and making their 
livelihood sustainable, a review discussion was made on the research work in gasifica-
tion of biomass for recommending the sustainable solution with technologies, viz. 
biochemical and thermal gasification and their costs when accounting for certain 
conditions; viz. family size, livelihood cost among others along with users/stakeholders 
interests. An assessment was made on the socioeconomic effects of biogas plants on the 
livelihood security of rural households in the selected villages of Punjab State of India.

2. Biochemical gasification

In a country like India, where about 68.8% of the total population lives in rural 
areas [22], one of the alternative energy source is biogas. Biogas, a product of anaero-
bic digestion in the absence of air of cellulosic biomass, like cattle dung, poultry 
droppings, pig excreta, human excreta, crop residues etc., abundantly available in 
rural areas, is a suitable fuel for providing heat and operating stationary engines. This 
anaerobic digestion results in the production biogas, a mixture of combustible gases, 
mostly containing 50–60% methane, 30–40% carbon dioxide, 1–5% hydrogen and 
traces of nitrogen, hydrogen sulphide, oxygen, water vapors, etc. [23]. Anaerobic 
digestion not only provides valuable fuels and enhances the fertilizer value of the 
waste but also provides a conventional, safe, aesthetical and economical waste 
disposal method. The biogas plant design is unswervingly linked to its hydraulic 
retention time (HRT). The HRT is the time span (days) for which a mixture of water 
and cattle dung remains inside an enclosed digester for gas generation and after HRT, 
its biological capability is diminished. The HRTs of biogas plants differ based on their 
location in India. Most of the plains in India, including Punjab, have 40 days of HRT.

2.1 Design models of biogas plant

Biogas plants are mostly categorized as batch type, and continuous type. Batch-
type biogas plants are appropriate where daily supplies of raw waste materials are 
difficult to obtain and are most suitable for digestion of crop biomass. In continuous-
type biogas plants, supply of gas is continuous, and the digester is fed with biomass 
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regularly. These types of biogas plants may be single-stage, double or multiple-stage. 
There are two basic continuous type biogas plants designs that are popular in India; 
viz., floating drum type, and fixed dome type. Popular models in floating drum type 
are ‘Khadi’ and Village Industry Commission (KVIC) model, whereas, ‘Janta’ model, 
and ‘Deenbandhu’ model are popular among fixed dome types [5].

2.2 Selection of size of biogas plant

The size or capacity is the quantity of biogas produced in cubic metres (m3) on 24 
24-hour basis. Quantity of cattle dung available or number of family members in a 
household quantifies the biogas plant capacity. As a thumb rule, 1 kg of cattle dung 
can produce approximately 0.04 m3 of biogas, or 0.34–0.42 m3 of biogas is required 
per person for cooking food. Either of these criteria can be used for finding the other. 
Therefore, it is presumed that, as the biological process sets in, 1 m3 of biogas is pro-
duced from 25 kg of cattle dung. As a matter of fact, as ordinary cattle, depending on 
a number of factors, produce about 10–20 kg of dung [23]. The plant size calculations, 
based on the above data, are shown in Table 1.

2.3 Cost of installation of biogas plants

The costs of civil construction including the cost of steel required for each type of 
biogas plants was taken as per criteria adopted [4]. The cost of installation of differ-
ent family-size biogas plants that includes material and labour costs at the prevalent 
market rates is given in Table 2.

The Indian government provides a fixed amount of financial assistance, 
for promoting the use of biogas, through the state energy development agency 
(PEDA, Punjab Energy Development Agency in case of Punjab state) in Indian 
rupees, as given in Table 3 [24].

Sr. no. Capacity of biogas 
plant (m3)

No. of animals 
required

Quantity of dung 
required (kg)

Cooking for 
number of persons

1 2 3–4 50 4–5

2 3 5–6 75 7–8

3 4 7–8 100 10–11

4 6 10–12 150 4–16

Table 1. 
Number of persons served, requirement of dung and number of animals for different sizes of biogas plants.

Sr. no. Biogas plant 
models

Plant capacity

2 m3 3 m3 4 m3 6 m3

1 KVIC type 30,000 37,000 43,000 55,000

2 ‘Janta’ type 26,000 30,000 32,000 40,000

3 ‘Deenbandhu’ type 20,000 25,000 30,000 35,000

Table 2. 
Installation costs of different types of biogas plants.
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3. Thermo-chemical gasification

Thermal gasification includes incomplete burning (oxidation in limited air 
amount/oxidant) and reduction processes of biomass to produce combustible mixture 
of gases known as producer gas. In a characteristic incineration procedure usually 
oxygen is in excess, whereas in gasification route fuel is in excess. The combustion 
yields, mainly carbon dioxide, water vapor, nitrogen, carbon monoxide, hydrogen, 
etc., and these are passed through the burning layer of charcoal for the reduction 
process to occur. During this stage, both carbon dioxide (CO2) and water vapor 
oxidize the char to form carbon monoxide (CO), hydrogen (H2) and methane (CH4). 
A typical composition of the gas obtained from wood gasification on volumetric basis 
is as; CO is 18–22%, H2 is 13–19%, CH4 is 1–5%, heavy hydrocarbons is 0.2–0.4%, 
CO2 is 9–12%, nitrogen (N2) is 45–55% and water vapor at 4%. Gasifiers are broadly 
classified into (i) updraft, (ii) downdraft and (iii) fluidized types [5].

3.1 Selection of gasifiers

An extensive review of gasifier manufacturers identified 50 producers proposing 
‘commercial’ gasification plants; out of that, 75% were in the downdraft category, 
20% were in the fluidized bed category, 2.5% were in the updraft category and 

Sr. no. Regions and 
beneficiary category

Capacity of biogas plants in cubic metre/day (INR per plant)

1 2–4 6 8–10 15 20–25

1 (a) Hilly/North Eastern 
Region States
(b) Island; and
(c) Scheduled Castes 
(SC)/Scheduled Tribes 
(ST)

17,000 22,000 29,250 34,000 63,250 70,400

2 All other States and 
Categories

9800 14,350 22,750 23,000 37,950 52,800

3 Additional fixed Subsidy for

(i) Biogas plant if 
linked with sanitary 
toilet

1600 1600 1600 1600 NA NA

(ii) Biogas plant if 
linked with approved 
Biogas slurry filter unit

1600 1600 1600 1600 1600 1600

4 Turnkey job fee 
for construction, 
supervision, 
commissioning and 
free operation and 
maintenance warranty 
for 5 years of trouble-
free operations

INR 3000 per plant for 1–10 m3 and INR 5000 per plant for 15–25 m3 
size. This turnkey job fee is applicable only for plants involving onsite 
construction such as fixed dome design ‘Deenbandhu’ Model, floating 
gasholder. KVIC Model. Turnkey job fees will not be eligible for 
prefabricated/manufactured biogas plants.

NA: Not applicable.

Table 3. 
Central financial assistance (CFA) under the biogas programme.
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2.5% were of different other categories [25]. While very small facts were provided 
on authentic hours of working experience, gasifier’s turn-down ratios, efficiencies, 
emissions and price features. In all, none of the gasifier producers supplied the full 
guarantee for the practical working of their technology [26].

For meeting the thermal and electrical requirements of rural households, downdraft 
gasifiers have been developed in the range of 5–60 kW, as given in Table 4. A 5 kW 
gasifier will be suitable for a family of 4–6 persons. After cleaning producer gas through 
filters, diesel engine gen-sets can be operated, and up to 70% of diesel savings can be 
made. Annual savings of up to INR 20,000 can be achieved by operating the system for 
1500 hours, and one can recover the cost of the gasification system in 3 years [27].

The central financial assistance (CFA) is provided by the Government of India 
through the state energy development agency PEDA in the form of back ended 
subsidy for installation of waste-to-energy biomass gasifier projects for recovery 
of energy from urban, industrial, agricultural waste/residues and municipal solid 
wastes. The details of the fixed amount of financial assistance given in the biomass 
gasifier programme are given in Table 5 [28].

4. Technology specific barriers

Gasification of biomass, as discussed, is intricate and diverges by several means, for 
example, feed properties desirable (i.e. farming/forestry biomass, cattle dung, etc.), 

Sr. no. Capacity (kW) Application Fuel and its size (mm)

1 5 Water pumping Rice Husk, As such

2 10 Water pumping or electricity 
generation

Wood chips, maize cobs, cotton and 
pulses sticks, 50

3 25 Electricity generation Wood chips, maize cobs, cotton and 
pulses sticks, 100

4 40 Electricity generation Wood chips, maize cobs, cotton and 
pulses sticks, 120

5 60 Electricity generation Wood chips, maize cobs, cotton and 
pulses sticks, 150

*Moisture content of fuel: Less than 15%; Engine de-rating: 15–25%; Diesel replacement: 70–75%; and Fuel consumption: 
1–1.3 kg/kWh.

Table 4. 
Performance of biomass gasifier-diesel engine system*.

Sr. no. Items Pattern of assistance (INR)

1. Biomass gasifier for captive power applications 
in industries and other institutions

Electrical – INR 2500 per kWe with dual fuel 
engines

2. Distributed/off-grid power for villages and up 
to 2 MW Grid-connected power projects

Electrical – INR 15,000 per kWe with 100% 
gas engines

3. Biomass gasifier for captive thermal 
applications in industries and other institutions

Thermal – INR 2.0 lakh per 300 kWth for 
thermal use

Table 5. 
The pattern of central financial assistance for biomass gasifiers.
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span of lifetime (long, medium and short-term), natures of usage (cooking, thermal, 
etc.), and upkeep required (monthly, weekly and daily). Discrepancies in the type of 
biomass gasification know-how, practical performance doubts, market inadequacies 
such as controlled energy sector, high investment and transaction costs, restricted 
access, lack of information and competition, trade barriers etc., economic and financial 
reasons such as non-viable, need for incentives, long payback periods, small market 
size, capital costs, lack of access to capital, credit, financial institutions, high up-front 
cost to investors etc. Institutional barriers such as deficiency of organizations to propa-
gate information, permitted/monitoring outline, difficulties in realizing monetary 
inducements, stakeholder’s interest and choice building, clash of welfares, deficiency of 
research and development, private-sector involvement, specialized establishments, etc.  
Procedural barriers such as the absence of typical codes and documentation, expert 
workforces, training services, operation and maintenance services, businesspersons, 
structural limitations, unreliable products, etc. Societal obstacles include the absence of 
customer recognition and social acceptance, and other incidental barriers such as uncer-
tain government policies, high-risk perception and environmental conditions. However, 
policies and programmes initiated by the government have made an attempt to address 
some of these barriers to propagating the technology to rural masses. The policy oppor-
tunities in overpowering such obstacles for the advancement comprise research and 
development aimed at reducing price, consistent working, investment grants, extensive 
demonstrations, work-based monetary inducements, reasonable charges instead of 
biomass power, performance assurances, formation of a big linkage of businesspersons 
and trained individuals for the manufacture, set up, upkeep of skill structures, training 
and awareness are the main concern [23, 25].

5. Assessment methodology

A review was piloted in designated villages/communities of district Patiala of 
Punjab state of India. A feedback form was prepared for the collection of essential 
data associated with farmer land holding, biogas plant set up or not, its kind, capac-
ity, year of installation, cattle heads, fuel type used in the household kitchen, biogas 
usage and other purposes. The socioeconomic contemplations like savings in terms of 
replacing conventional fuel by biogas were also included in survey proforma. The data 
was collected by making personal contacts with the individual farmers in selected 
villages.

To understand the socioeconomic characteristics of domestic level use of biogas 
plants, the questionnaire was set with objectives of knowing the household income 
from different sources (like agricultural land contracts, business, private or govern-
ment service and others, if any). Data on cultivatable area where slurry was used as 
manure, installation cost of biogas plants and their capacity, and any subsidy if given 
by the government to install the biogas plant were also noted. The data collection was 
also done to know the difference between families’ livelihoods: those having biogas 
plants and others with no biogas plants. The survey also focused on amount of savings 
made by people who owned the biogas plant by means of conventional fuel savings 
(i.e. fuel wood, liquefied petroleum (LPG) gas cylinders and dung cakes) made with 
the usage of biogas in kitchen.

The influences of the use of biogas at domestic level were considered in terms 
of by-product (spent slurry) use as manure with decrease, if any, in the applicable 
dose of chemical fertilizers noted in survey proforma for calculating the savings. 
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The greenhouse gas emission reduction by usage of cattle dung, which is otherwise 
dumped in open, was also calculated on a yearly basis as described in [29, 30]. The 
amount of methane and ammonia gases released in kg/year is estimated by multiply-
ing number of cattle by 112 for kg of methane and adding with multiple of number of 
cattle to 40 for kg of ammonia gas release estimation.

6. Assessment results and discussion

Data was collected from 45 farming households in 15 different communities of 
district Patiala. The communities covered in the study were Naraingarh, Gulhar, 
Sagra, Kullar, Noorpur, Majri Palak, Manjoli, Bhedpura, Tuga, Namada, Jagatpura, 
Bhima Khedi, Fatehgarh, Jafarpur and Bakhshi Wala.

6.1 Family details

The detail of family members of different households that had biogas plants and 
others that did not have or had non-working biogas plants is given in Table 6.

About 31 farmers had biogas plants for domestic use, out of which 28 plants 
were found in working conditions and three plants were not working. The average 
number of members in the family of surveyed farmers were six for both households 
having and not having biogas plants. All farmers under the survey work had installed 
‘Deenbandhu’ type biogas plant of 6 m3 capacity. All farmers were using the biogas in 
their household kitchens for cooking purposes. Farmers were also disposing of the 
surplus cattle dung in pits where biogas plant slurry had been kept. About 12 farmers 
were also making dung cakes. The surveyed households had similar human resources, 
most of which were of medium family size.

6.2 Socioeconomic considerations

The surveyed household’s cultivable land holdings, overall income and earnings 
from farming are given in Tables 7–9.

The average land holding was 12.04 acres and 8.12 acres among households having 
and not having biogas plants, respectively. At the same time, maximum percentage 
of farmers belong to semi-medium category in both groups. The households having 

Family size Households having biogas plants Households not having biogas plants

Numbers Percentage Numbers Percentage

Small (<5) 7 25.0 1 5.9

Medium (5–7) 16 57.1 12 70.6

Large (>7) 5 17.9 4 23.5

Total 28 100.0 17 100.0

Maximum 10 11

Minimum 3 3

Average 6 6

Table 6. 
Detail of family members of surveyed farmers.
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biogas plants were holding a comparatively larger farm area as compared to house-
holds not having biogas plants.

The average earnings from all sources of households having biogas plants was 
around INR 8,32,143, and of households not having biogas plants was around INR 
6,11,175. Most of the households fall in INR 5–10 Lakh annual income category 
among both the groups. Whereas the average earnings from farmland of households 
having biogas plants was around INR 5,85,714, and of households not having biogas 
plants was around INR 4,05,882. Most of the households fall in INR 2–5 Lakh annual 
agricultural income category among both the groups. The households having biogas 
plants were earning comparatively better from farms and other works as compared to 
households not having biogas plants.

Details of other remunerative works and income generation among the surveyed 
farmers are given in Tables 10 and 11.

Land holdings (acre) Households having biogas plants Households not having biogas plants

Numbers Percentage Numbers Percentage

Marginal (<1) 2 07.2 2 11.8

Small (1–2) 3 10.7 1 05.9

Semi-med (2–4) 11 39.3 10 58.8

Medium (4–10) 9 32.1 3 17.6

Large (>10) 3 10.7 1 05.9

Total 28 100.0 17 100.0

Maximum 55 26

Minimum 2 2

Average 12.04 8.12

Table 7. 
Land holdings of surveyed farmers.

Income range (Rs.) Households having biogas plants Households not having biogas plants

Numbers Percentage Numbers Percentage

Less than 2 lakh 0 0.0 0 0.0

2–5 lakh 7 25.0 7 41.2

5–10 lakh 15 53.6 9 52.9

10–15 lakh 3 10.7 0 0.0

More than 15 lakh 3 10.7 1 5.9

Total 28 100.0 17 100.0

Maximum 27,50,000 21,00,000

Minimum 2,50,000 2,50,000

Average 8,32,143 6,11,176

Table 8. 
Details of overall income from all sources of surveyed farmers.
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About 16 households having biogas plants and nine households without biogas 
plants were engaged in government/private service, business and other works. The 
households with biogas plants were more business-oriented, whereas those without 
biogas plants were more service-oriented.

The average income earned from service and business of households with biogas 
plants was INR 4,94,444 and 3,91,667, respectively. as compared to INR 3,90,000 and 
3,83,333 for households without biogas plants. The households having biogas plants were 
comparatively earning better from other works than households without biogas plants.

The details of monthly and yearly livelihood costs and annual conventional fuel 
(wood, cooking ga and dung cakes) savings made using biogas by the surveyed farm-
ing household are given in Table 12.

Income range (Rs.) Households having biogas plants Households not having biogas plants

Numbers Percentage Numbers Percentage

Less than 2 lakh 4 14.3 2 11.8

2–5 lakh 13 46.5 11 64.7

5–10 lakh 6 21.4 3 17.6

10–15 lakh 3 10.7 1 5.9

More than 15 lakh 2 7.1 0 0.0

Total 28 100.0 17 100.0

Maximum 27,50,000 13,00,000

Minimum 1,00,000 1,00,000

Average 5,85,714 4,05,882

Table 9. 
Details of income from farm land of surveyed farmers.

Other works Households having biogas plants Households not having biogas plants

Numbers Percentage Numbers Percentage

Service 9 56.3 6 66.7

Business 6 37.5 3 33.3

Others 1 6.3 0 0.0

Total 16 100.0 9 100.0

Table 10. 
Detail other remunerative works done by the surveyed households.

Other 
works

Income of households having biogas plants 
(Rs.)

Income of households not having biogas 
plants (Rs.)

Maximum Minimum Average Maximum Minimum Average

Service 10,00,000 1,00,000 4,94,444 8,00,000 1,50,000 3,90,000

Business 7,00,000 1,50,000 3,91,667 5,00,000 3,00,000 3,83,333

Table 11. 
Income earned from other works by the surveyed households.
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The average annual cost of livelihood of households with biogas plants was INR 
1,66,714. In contrast, it was found that the average annual cost of livelihood of farmers 
who did not have biogas plants at their houses was INR 1,83,529. The farming households 
with biogas plants were less spendthrift as compared to households without biogas plants.

6.3 Impact of biogas plants on livelihood of rural people

The details of annual savings made by using biogas in kitchens in terms of fuel 
wood, cooking gas cylinders and dung cakes in different households with biogas 
plants are given in Table 13.

The average annual fuel savings made by the surveyed families were about 1389 kg 
of wood and about nine cooking gas cylinders. Five farming households were also 
saving about 440 kg of dung cakes. The average annual fuel savings by the surveyed 
families was INR 10,295.

The farming households with biogas plants also used dried biogas plant slurry as 
manure, and farming households without biogas plants used cattle dung as farm yard 
manure. The details of total chemical fertilizer (Urea) savings made and paddy yield 
(in quintals, q) gained by the farming households are given in Tables 14 and 15.

Surveyed farmers used dried slurry as farm yard manure (FYM) on 4.7 acres, on 
average. The parameters taken into consideration to convert the quantity of fertilizers 
saved and increase in production into money with the rate of urea was Rs.2.5 per kg 
and rate of the paddy was INR 2040 per quintal (average rate of course and fine vari-
eties). The average increase in yield by using dried biogas plant slurry as manure was 
1.8 quintal per acre, and 48.0 kg of fertilizer was saved per acre. The average money 
saved by the use of biogas plant slurry was equal to INR 3957 per acre.

With the use of cattle dung as FYM alone, chemical fertilizers (Urea) savings 
were also made on about 4.4 acres, on average, by farming households without biogas 
plants. It was also found that average increase in yield by using FYM was 2.1 quintal 
per acre, and 57.1 kg of fertilizer was saved per acre. The average money saved by the 
usage of cattle dung as FYM alone was found to be equal to INR 4336 per acre.

The use of biogas plant slurry as manure was not found to be better regarding 
urea fertilizer savings and crop yield gain than cattle dung use as FYM in paddy crop 
cultivation.

Livelihood cost (Rs.) Households having biogas plants Households not having biogas plants

Numbers Percentage Numbers Percentage

Less than 1 lakh 4 14.3 0 0.0

1–2 lakh 14 50.0 11 64.7

2–3 lakh 10 35.7 6 35.3

More than 3 lakh 0 0.0 0 0.0

Total 28 100.0 17 100.0

Maximum 3,00,000 3,00,000

Minimum 60,000 1,08,000

Average 1,66,714 1,83,529

Table 12. 
The total cost of livelihood of the surveyed households.
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6.4 Impact of biogas plants on environment protection

The details of cattle head and quantity of greenhouse gas (methane and ammonia) 
emission reduction by the farming households with biogas plants are given in Table 16.

With the use of biogas plants, the farmers prevented the emission of methane and 
ammonia from the open disposal of cattle dung. The average amount of ammonia and 
methane emissions contained yearly were about 267 and 755 kg, respectively. Whereas, 
with the open disposal of cattle dung by household not having biogas plants, the average 

Details Fuel wood saving 
(kg)

LPG cylinders 
(No.)

Dung cakes 
(kg)

Total savings (Rs.)

Maximum 3000 12 600 15,450

Minimum 500 5 200 4200

Average 1389 9 440 10,295

Table 13. 
Annual savings made by using biogas in kitchens.

Details Cultivation 
area (acre)

Urea fertilizer saving 
(kg/acre)

Yield gain (q/
acre)

Total benefits (Rs.)

Maximum 10 65 2.5 52,120

Minimum 2 30 1 4330

Average 4.7 48.0 1.8 18,598

Table 14. 
Savings from chemical fertilizers and yield increase by using biogas plant slurry as manure in paddy cultivation.

Details Emission reduction by biogas plants 
(kg/year)

Emission by open disposal of cattle dung 
(kg/year)

Ammonia Methane Ammonia Methane

Maximum 520 1456 320 896

Minimum 120 336 40 112

Average 267 755 176 494

Table 16. 
Details of greenhouse gas emission reduction by biogas plants and emissions from open disposal of cattle dung by 
the surveyed households.

Details Cultivation area 
(acre)

Urea fertilizer saving 
(kg/acre)

Yield gain 
(q/acre)

Total benefits 
(Rs./acre)

Maximum 8 70 3 33,967

Minimum 1 45 1.3 5275

Average 4.4 57.1 2.1 19,078

Table 15. 
Savings from chemical fertilizers and increase in crop yield by using cattle dung as manure in paddy cultivation.
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yearly ammonia and methane emissions were about 176 and 494 kg, respectively. This 
means biogas plant helps greatly in protecting the environment from greenhouse gases.

7. Conclusions

Biogas plants were successful in the outer peripheries of villages or in fields. Biogas 
can be burnt for cooking or lighting the house. It can also be used to run internal 
combustion/gas engines to generate motive power or generate electricity. Two types 
of economic benefits can be taken, i.e., one is it saves the energy cost to be purchased, 
and the other is it can earn extra money by selling to the neighbors. Owing to the 
problems of land availability and provisions of required feedstock, biogas plants are 
less successful in the interiors of communities.

Thermal gasification of biomass is an encouraging technology to replace the usage 
of conventional fuels and to decrease fossil CO2 release into the atmosphere. A great 
potential exists with this type of renewable energy: it can consume extensive kinds of 
materials as feed input for energy production. Also, it can produce numerous chemi-
cals and fuels. Abundant quantities of crop/forestry-based biomass are available, and 
it can be optimally used for the thermal and power requirements of communities by 
empowering co-operatives with the technical know-how of the technology along with 
convincing incentives that may change the overall energy scenario at the rural level.

The assessment study showed that the average family members of surveyed house-
hold were 6, each and the average cultivable land was 12.04 acres and 8.12 acres among 
households having and not having biogas plants, respectively. Out of the 45 households 
surveyed, 13 have income from government/private service and 7 farmers were running 
some business. The income of the surveyed households varied from INR 2,50,000 to 
Rs.27,50,000. The average annual fuel savings made by the surveyed families were about 
1389 kg of wood, and about nine cooking gas cylinders. Five farming households saved 
about 440 kg of dung cakes. The average annual fuel savings by the surveyed families 
was Rs.10,295. The average annual cost of livelihood of the farmers who have and did 
not have biogas plants at their houses was INR 1,66,714 and 1,83,529, respectively. 
The farmers, having biogas plants, used dried slurry as FYM on about 4.7 acres, and 
the average increase in yield was 1.8 quintals per acre, and 48 kg of chemical fertilizer 
(Urea) was also saved per acre. The average money saved by the use of biogas plant 
slurry as FYM was about INR 3957 per acre. The farming households without biogas 
plants also saved chemical fertilizers (Urea) by using cattle dung as FYM on about 4.4 
acres. The average increase in yield by using FYM was 2.1 quintal per acre, and 57.1 kg of 
chemical fertilizer was saved per acre. The money saved was around INR 4336 per acre. 
The average number of cattle heads owned by the surveyed farmers was 7. The biogas 
plant farmers prevented the emission of methane and ammonia to the tune of about 
755 kg of methane and 267 kg of ammonia on an average per year. The average amount 
of ammonia and methane released to the atmosphere, by open disposal of cattle dung 
were about 176 and 494 kg, respectively, of households not having biogas plants.
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Chapter 6

Bacteriophage as Biotechnological 
Tools to Improve the Effectiveness 
of Anaerobic Digestion Process
Şuheda Reisoglu and Sevcan Aydin

Abstract

Wastewater treatment plants (WWTPs) serve as habitats for diverse and 
densely populated bacterial communities, fostering intricate microbial interactions. 
Conventional treatment methods employed often fail to completely eliminate 
pathogens. Consequently, inadequate chemical treatments lead to the eventual release 
of waterborne bacterial pathogens into the environment through effluent water. 
Anaerobic digestion represents a biological treatment approach for organic waste 
and wastewater, providing cost-reduction benefits and enabling energy generation 
through biogas production from organic waste. However, the role of viruses-host 
interactions in anaerobic digestion and their effects on biological wastewater 
treatment (WWT) has been lacking and requires further research and attention. 
Bacteriophages (phages), viruses that target specific bacteria, are abundant within 
WWTPs and engage in diverse interactions with their host organisms. Also, there 
are reports indicating the presence of archaeal viruses capable of impacting crucial 
methanogenic organisms in anaerobic digestion, alongside phages. Despite their 
apparent lack of discernible metabolic functions, viral community have significant 
potential to influence WWT by shaping the structure of microbial communities, 
thereby impacting the efficiency of the processes. This chapter aims to explore the 
influence of reported viral communities, especially phages on shaping microbial 
communities; elucidate the dynamics and limitations of phage-host relationships; 
and evaluate their potential as biological tools for enhancing the anaerobic digestion 
process in WWT.

Keywords: anaerobic digestion, bacteriophage, biofilm removal, community dynamics, 
wastewater treatment

1. Introduction

Engineered biological systems comprise the basis of high-potential environmental 
processes such as wastewater treatment (WWT) and the production of bioenergy 
carriers. WWT is an application in which modified microbiological processes take a 
role in carbon and nutrient removal biologically, also termed biological wastewater 
treatment (BWT) systems such as anaerobic digesters. In this regard, anaerobic diges-
tion (AD) is a useful and crucial process in which microbial communities comprise 
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bacteria and archaea, which can degrade organic matter in anoxic conditions. AD is 
significantly employed in industrial processes besides occurring naturally in various 
environments including aquatic sediments and animal gut. It is a valuable process that 
plays an important role in reducing fossil fuel dependency and producing methane 
by transforming waste disposal into a useful process [1]. The anaerobic digestion 
process encompasses four primary stages: hydrolysis, acidogenesis, acetogenesis, and 
methanogenesis. Acetogenic bacteria play a crucial role in this process by converting 
simple substrates, including acetate, H2, CO2, and various fermentation by-products 
such as propionate, butyrate, and alcohols. The preservation of a specific archaeal 
group, known as methanogens, is imperative to ensure the successful and stable 
operation of the AD process. This group is responsible for catalyzing the terminal and 
most delicate step of the anaerobic process, which is methanogenesis. Methanogens 
are generally categorized into two main groups based on their substrate conversion 
capabilities: acetotrophic and hydrogenotrophic methanogens, and of particular 
importance, acetotrophic methanogens significantly contribute to methane produc-
tion, with approximately 70% of the generated methane originating from acetate 
conversion [2].

Structural changes in bacterial communities frequently cause variations in the 
effectiveness of biological wastewater treatment (BWT) systems. Therefore, the 
stabilization of microbial composition is very important for BWT. Although BWTs 
primarily use bacterial communities to decompose contaminants, the AD composi-
tion in the treatment is quite diverse, extending beyond bacteria. Although a diverse 
array of organisms contributes to the intricate dynamics of the microbial community 
in this process, there is an increasing recognition of the role that viruses, particu-
larly bacteriophages, play in controlling bacterial populations. Moreover, the viral 
concentration is significantly higher in samples from WWTPs compared to in other 
aquatic environments, and the strong correlation detected between bacteriophages 
and bacteria in BWTs adds to this interest. This interest has moved toward the role of 
bacteriophages in assessing process efficiency and waste quality [3].

Bacteriophages, or simply phages, are viruses that target and infect specific 
bacteria and, like other viruses, are mostly obligate parasites, so they do not have 
an internal metabolism and need the metabolic mechanism of their hosts to main-
tain their life cycle [4]. It has been revealed that phage activity in various aquatic 
and terrestrial ecosystems, especially in the oceans, is a driving force in shaping 
microbial communities and in biodiversity through interspecies gene transfer [5]. 
Concentrations of phage are expressed to be approximately 108–109 particles per 
milliliter in BWT harboring wastewater from a wide variety of different sources, and 
this means a higher concentration than other ecosystems studied so far (Figure 1) [6]. 
In BWT, there is a significant increase in interest in phages in terms of their impact on 
the bacterial consortium and consequently process efficiency and effluent quality. It 
was revealed that there is a relationship between the viral community structure and 
methane production in the anaerobic digesters of WWTs, and it was found that the 
viral shunt was effective in methane production [7]. Even though anaerobic digesters 
have the potential to study the relationship of phages to the microbial community and 
the effects of these relationships on the system, as they are systems in which a large 
number and variety of phage and prokaryotic host interactions are associated with 
easy access and nutrient-rich environment, the effects of phages on the microbial 
community are still not fully understood. This is since classical methods used in phage 
studies were generally culture-dependent, and because of bacteria that are still uncul-
turable or difficult to culture in BWT, it is difficult or impossible to detect phages 
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specific to these bacteria by culture-dependent methods [8]. With the development of 
culture-independent methods, especially shotgun metagenomic with bioinformatic 
tools, novel phages are discovered in BWT systems and detailed information on 
phage-host dynamics is obtained [9]. The aim of this chapter is therefore to explain 
the role of phages in AD process by examining the effects of phages on anaerobic 
microbial community structure in the light of this new information.

2. Anaerobic microbial community dynamics and interaction

2.1 Phage-host dynamics in anaerobic digestion

The relationship of the phage with its host is based on the host density and 
infection frequency. Thus, these two parameters may be the driver of the evolution 
of phage-host dynamics in BWT. A study examining sequencing data from four 
anaerobic digesters in full-scale WWTPs revealed monthly fluctuations in phage 
and prokaryotic populations over a year, demonstrating significant correlations at 
both α- and β-diversity levels and supporting the notion that cell lysis operates in a 
density-dependent manner [7]. As to the other factor, high infection rates of virulent 
phages can result in excessive prokaryotic mortality, although the impact may vary 
due to differences in phage titers and infection cycles. In the context of BWT, an 
“arms race” ensues between virulent phages and their hosts, marked by increasing 
phage infectivity and host resistance over time. Prokaryotes employ various strategies 
to resist phage invasion, including protein-based defense mechanisms and emerg-
ing chemical antiphage defenses. Some of these mechanisms have been observed in 
WWTPs, demonstrating adaptation to local phage predation pressures. The “arms 
race” dynamics, characterized by ongoing host-phage interactions, incur costs for 
both bacterial resistance and phage infectivity resistance. As a result, these dynamics 
may eventually transition to fluctuating selection dynamics, where phage and host 

Figure 1. 
Since wastewater treatment systems receive wastewater from different sources, various bacterial/viral/fungal 
microorganisms that come with these sources enter the treatment systems along with the wastewater.
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genotype frequencies oscillate due to negative frequency-dependent selection. This 
may provide an advantage to rare bacterial resistance alleles via phage evolution to 
infect common bacterial genotypes [10].

In addition to the host density and infection, the type of infection also has the 
capacity to seriously affect population dynamics and the functions of organisms. 
Phages generally affect their host in two ways: lytic and lysogenic. The lytic cycle 
results in the death (lysis) of the host bacteria following infection and the subsequent 
release of new phage virions, resulting in a drastic decrease in bacterial popula-
tion density in this type of infection. In lysogeny, the phage cycle is continued by 
integrating phage genetic material within the genetic material of the host (prophage 
formation) without the lysis of the host cell. This means that the bacterial density 
in the medium is not changed by the phage, since there is no lysis of the host cells 
(Figure 2).

In a study showing that phages affect microbial community structure and per-
formance of the process in BWT systems, Microlunatus phosphovorus density in an 
activated sludge reactor diminished with the addition of phages [11]. In another study 
conducted in an MBR system receiving industrial wastewater, phage abundance 
showed an inverse proportion to both the bacterial hosts and related bacteria [3]. 
Yang et al. [12] detected a simultaneous decrease in phage concentration and diversity 
with the increase in bacterial concentration in activated sludge in the municipal 
wastewater system. Brown et al. [13] stated that while there was a substantial rela-
tionship between increasing virus abundance and decrease in bacterial abundance in 
the nitrification process, the abundance of viral particles was notably affected by pH 
and magnesium ion exchange, which are effective in the attachment of phages to the 
host cell.

While lytic phage infection is characterized by a marked decrease in the number of 
host bacteria, the prophage incorporated into the bacterial genome rather than killing 

Figure 2. 
The lytic and lysogenic life cycle of bacteriophages. When bacteria are infected by lytic phages, the bacterial cells 
undergo lysis, and the abundance of bacteria decreases while lysogenic infection does not decrease the infected 
bacterial abundance.
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the bacterium may benefit the bacterium and promote its growth. Incorporation 
of the prophage into the host genome can protect the bacterial host by developing 
resistance to lytic phage infection, increase pathogenicity by promoting host growth 
and spread, and may provide the host with an advantage over the competition with 
other strains [14]. Prophages can support the resistance and bacterial stability in the 
microbial population, rather than cause the infected population to decline [15]. On 
the other hand, Heyer et al. [16] revealed that lytic phage infection can reduce the 
biogas production amount in the anaerobic digester while lysing the host cell, increas-
ing nutrient cycling and promoting the growth of auxotrophic bacteria.

In addition to the other microbial communities in wastewater treatment, archaeal 
community dynamics have crucial importance for improving the anaerobic treat-
ment and waste reclamation via biogas. In a study conducted by Aydin et al. [9], 
the density of the archaeal community and structure were evaluated via Illumina 
Next-Generation Sequencing. Before the implementation of phage cocktails in the 
reactor, the most abundant archaeal genera were found to be Methanothermobacter 
and Methanosaeta; however, microbial dynamics and archaeal community underwent 
alterations with the addition of the phage cocktail. While the dominant genus of the 
archaeal composition in phage-added reactor was Methanoculleus with a 43% ratio, 
both Methanosaeta and Thermoplasmatales followed with 22% relative abundance. 
Even though abundances of methanogens show alterations in the AnMBRs, the main 
pathway in the production of biogas continued as hydrogenotrophic methanogenesis.

2.2 Archaeal viruses in anaerobic digestion

Viruses exhibit a ubiquitous presence within the biosphere, exerting significant 
influence upon the hosts they infect. A widely accepted concept is that viruses can 
target members of virtually every microbial taxon, with an extensive catalog of bacte-
rial viruses, namely, phages, already well-documented. In addition to phages, there 
are viruses known to infect archaeal cells, termed archaeal viruses or archeoviruses. 
The ramifications of viral interactions for the structural composition and population 
dynamics of archaeal communities within anaerobic digesters have only recently 
emerged as a focal point of scientific inquiry, representing a field that remains largely 
uncharted [17]. Investigations into archaeal viruses, in contrast to phages, reveal rela-
tively limited information; nevertheless, various archaeal viruses have been reported 
to infect microorganisms associated with anaerobic digesters. In a study conducted 
by Wolf et al., a lytic archaeal virus named “Drs3” was detailed alongside its host, 
Methanobacterium formicicum strain Khl10. This hydrogenotrophic methanogenic 
archaeon and its corresponding virus were both obtained from the anaerobic digester 
of an experimental biogas plant [18].

Based on the current scientific literature, the existence of mycoviruses, viruses 
that target fungal cells, within anaerobic digesters has not been ascertained. However, 
the absence of reports does not preclude the possibility of mycoviruses inhabiting 
these environments. Indeed, it is plausible that mycoviruses remain largely unex-
plored and yet to be discovered, representing a promising frontier in the quest to 
unravel the intricate dynamics governing microbial communities within anaerobic 
digestion systems. Drawing from the widely accepted concept that viruses have 
the capacity to infect members of virtually every microbial taxon, the potential 
existence of mycoviruses underscores the imperative need for advanced research 
endeavors to extend the comprehension of this intricate ecosystem [17]. Utilizing 
isolation-independent approaches, like metagenomics and genome-based searches, 
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has the potential to augment the catalog of viruses linked to methanogenic archaea in 
anaerobic digesters. Through the detection of viral communities and their interplay 
with methanogens, there is the prospect of improvement of the stability of anaerobic 
digesters. By unraveling the presence and dynamics of individual viral communities 
in conjunction with methanogens, there is a potential avenue to bolster the stability of 
anaerobic digesters [19].

3. Pathogen biocontrol

WWTPs receive wastewater from different sources such as municipal, industrial, 
and livestock wastewater in addition to hospitals, which include highly opportunistic 
pathogenic bacteria. Therefore, the influent water of BWT generally involves patho-
gens including opportunistic Escherichia coli strains, Salmonella spp., Staphylococcus 
aureus, and Acinetobacter baumannii. Despite using different biological or chemical 
water treatment methods, WWTPs are not fully capable of eliminating pathogens, 
so pathogenic species can often be found in the effluent, threatening environmental 
and public health through release in the aquatic environments [20]. For instance, 
the opportunistic pathogen A. baumanni was detected in each stage of WWTP 
and eventually released from the treatment plant via effluent water to the aquatic 
media without lysis [21]. Also, it has been indicated by Oliveira et al. [22] that the 
conventional treatment process for carbapenem-resistant pathogen removal was not 
adequate with the discovery of this pathogen in effluent water samples. The effluent 
water, which is reused as drinking water or for recreational purposes, may contain 
microbial contamination due to the lack of adequate and effective treatment. If waste-
water discharges contain fecally transmitted pathogens originating from humans 
and livestock, diseases can spread even in developed countries with the reuse of this 
treated water [23]. Considering the high lethal levels of pathogenic bacteria found in 
discharged effluent samples without any degradation and their dissemination into the 
environment through aquatic resources, it is obvious that pathogen removal must be 
ensured as much as possible with the most efficient approaches in the BWT process.

In recent years, the phage application for pathogen biocontrol has been gaining 
substantial attention instead of the current physicochemical methods since phages 
can be active until the last target bacterial cell is eliminated [24]. The use of antibiot-
ics in the treatment of pathogens from wastewater may not give the desired result, 
since most pathogens have developed resistance to antibiotics. Phages have several 
properties that make them appealing as therapeutic or biocontrol agents. While 
phages have an antibacterial effect in removing antibiotic-resistant pathogens, they 
are equally influential for antibiotic-resistant bacteria. Phages, which target and 
lysis only bacteria specific to them through special receptors, can increase in number 
depending on the density of pathogens and can easily adapt to the environment 
[25]. Self-limiting phages hardly affect the native flora. Being naturally found in any 
environment, they are generally easily discovered and are easy to isolate, especially 
with culture-independent methods [26].

Recently, pathogen-specific phage isolation has been made and some of these 
isolated phages have been found to be successful agents of pathogen biocontrol in 
BWT. In a study conducted by Dhevagi and Anusuya [27], the application of E. coli 
and Salmonella phages resulted in a significant reduction in the abundance of these 
pathogens in sewage sludge. In addition to single phage application, the application 
of a phage cocktail, in which more than one species-specific phage is combined, is 
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a popular phage application method since it expands the host range and eliminates 
the development of phage resistance and the pathogen recovery after phage imple-
mentation [28]. In this regard, the efficiency of a single phage, a combination of a 
two-phage, and a cocktail of three phages on the removal of Salmonella in wastewater 
were tested. The phage cocktail provided the most efficient removal of pathogens 
compared to the other two [29]. In addition, phage cocktail consisting of polyvalent 
phages with a wider host range can exhibit more successful results. For example, in 
a study conducted in activated sludge systems, it was determined that the cocktail 
consisting of polyvalent phages was more effective than the cocktail consisting of 
phages with narrow host ranges in reducing the antibiotic-resistant E. coli strain 
[30]. It is worth mentioning that a careful selection of phages to be used in pathogen 
biocontrol is crucial to targeting and eliminating bacterial populations. Because lyso-
genic phages do not always degrade the bacterial cell and may undesirably transfer 
genetic information via horizontal gene transfer, therefore lysogenic phages may not 
be suitable for pathogen biocontrol. The phages to be used for this purpose must have 
a lysis cycle [31].

4. Biofilm disaggregation

Biofilm is a complex matrix structure that bacteria produce in their environments 
and infections in order to survive. Bacteria forming the biofilm are embedded in the 
extracellular polymeric substance (EPS) matrix. These EPSs are typically polymeric 
substances consisting of polysaccharides, proteinaceous substances, glycopeptides, 
lipids, and lipopolysaccharides. The biofilm, which develops as bacteria adhere 
to the surface and form colonies, is usually a complex structure consisting of the 
combination of more than one bacterial species and acts as a protective shield for 
bacteria against antibacterials and other bacteria. Through this protective structure, 
the stability of the bacteria increases while at the same time reducing the effective-
ness of traditional antibacterial agents. For membrane bioreactors, which is a novel 
approach in wastewater treatment, biofilm structures form challenges, because the 
biofilm layer significantly affects the normal operation of the device by continuously 
reducing the net wastewater flow rate passing through the membrane surface. In 
recent years, phage-based applications as a solution to the biofilm-based blockage and 
foaming problem have attracted intense interest from researchers due to the unre-
sponsiveness of resistant bacteria to existing antibiotics [32]. In this context, there are 
studies in which phages are used in the disaggregation of biofilms, which are formed 
by pathogenic bacteria in wastewater treatment and limit the progress and effect of 
the process. By using the lytic phage isolated from the wastewater treatment system to 
eradicate the biofilm formed by the Delftia tsuruhatensis pathogen on the membrane 
filter, the membrane flow was improved by 70% and the success of the isolated phage 
as a biocontrol agent was demonstrated [33]. In the context of an urban wastewater 
treatment facility, approximately 48 bacteriophages specific to Proteus mirabilis 
were isolated, thereby inhibiting the development of biofilm formation caused by 
this strain [34]. Ayyaru et al. [35] stated that the E. coli phage they used to clean the 
nanocomposite membrane contaminated by antibiotic-resistant pathogens solved the 
contamination problem and increased membrane flow. Another illustration of biofilm 
disaggregation was provided in a study conducted by [36], which demonstrated the 
inhibitory activity of bacteriophage MA-1 against various strains of Pseudomonas 
aeruginosa.
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Figure 3. 
Bacterial biofilm disaggregation through phage-mediated disruption. As depicted in the figure, the sequential 
steps involved in biofilm biocontrol using bacteriophages comprise (1) phage application, (2) initiations of 
EPS disruption through enzymes such as dispersion B (DspB) or EPS depolymerizes, (3) biofilm disaggregation 
through the disintegration of EPS and exposure of the phage infection, and (4) completion biofilm disaggregation 
and cell lysis [37].

The interaction between the bacteria in the biofilm and the related phages of these 
bacteria is seen as an important tool in the fight against biofilms formed by bacteria. 
While bacteria use EPSs to protect them from attack by phages, it becomes easier for 
phages that can express polysaccharide depolymerase enzymes to find the appropri-
ate host receptor (Figure 3) [38]. In this context, genetically engineered phages can 
provide a high rate of removal in biofilm degradation. It has been shown that the 
modified T7 phage shows very high success in biofilm removal by overexpressing 
DspB, a polysaccharide depolymerase enzyme [39]. As in eliminating the formation 
of pathogenic bacteria in complex structures, the application of a phage cocktail 
containing more than one type of phage may be more beneficial than the application 
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of a single phage in biofilm removal. Because biofilm structures are usually complex 
structures formed by more than one type of bacteria, treatment with a wide host 
range is essential to interfere with this structure. Wide-host-range polyvalent phages 
and phage cocktails are an important strategy in biofilm disaggregation, offering high 
efficiency in recent years [40].

5. Reconstruction of microbial community structure

The microbial community’s composition is influenced by various factors, 
 including both biotic and abiotic elements. However, our understanding of biotic 
control remains limited due to the lack of suitable tools for studying biological inter-
actions. Recent studies have highlighted the significant presence of phages, which 
are recognized as the most abundant biological entities on Earth [41]. Consequently, 
there has been growing interest in investigating the impact of bacteriophage preda-
tion on microbial communities. For instance, in the oceans, phages are responsible 
for lysing more than 25% of microbial cells. Similarly, in natural freshwater environ-
ments, phage lysis accounts for up to 71% of microbial mortality, exerting a profound 
influence on microbial food webs and the cycling of aquatic carbon [42].

In the context of WWTPs, anaerobic BWT represents a highly dynamic process 
wherein the symbiotic relationship between bacteria and archaea leads to the produc-
tion of methane, a significant bioenergy source. The utilization of phages and their 
beneficial application in the augmentation of anaerobic bioreactor systems emerges 
as a promising strategy for enhancing performance, mitigating membrane biofouling, 
and influencing community shape, as illustrated in Figure 3. By selectively influenc-
ing specific bacteria within the community using phages, it is plausible to enhance 
methane production by modulating the proportion of archaea. The relationship 
between bacteria and archaea in anaerobic environments, such as anaerobic bioreac-
tors, is vital for methane production. Bacteria break down complex organic com-
pounds into simpler forms, which are then utilized by archaea to produce methane. 
Through the introduction of bacteriophages, which target and control the growth of 
specific bacterial strains, it is possible to manipulate the composition and dynamics 
of the microbial community. By reducing the abundance of certain bacteria through 
phage-mediated mechanisms, it is conceivable to shift the balance within the commu-
nity toward favoring specific archaeal populations that are more efficient in methane 
production [43]. This targeted modulation of the microbial community can optimize 
metabolic processes and potentially enhance methane production rates.

The outcome of phage-host interactions and their influence on the coexistence 
dynamics of bacterial hosts within microbial communities depend on the nature of 
these interactions as well as external conditions. The nature of phage-host interac-
tions refers to factors such as the specificity of phages toward certain bacterial strains, 
the efficiency of phage infection and replication within hosts, and the ability of hosts 
to develop resistance mechanisms against phages. These factors determine whether 
phages act as facilitators of coexistence or promoters of competitive exclusion. 
External conditions, including environmental factors and resource availability, also 
play a significant role. Furthermore, the presence of other species within the com-
munity can interact with phage-host dynamics, influencing the outcome. Interactions 
between phages, bacterial hosts, and other community members can create complex 
ecological networks that shape coexistence patterns [44]. Overall, the coexistence 
or competitive exclusion effects mediated by phages within microbial communities 
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are contingent upon the specific phage-host interactions and the prevailing external 
conditions. Understanding these factors is essential for comprehending the dynamics 
and stability of microbial communities. Every instance of phage infection introduces 
novel genetic information to the specific bacteria it targets, establishing a close and 
interdependent relationship between bacteriophages and their host bacteria. This 
dynamic connection between phages and hosts plays a pivotal role in shaping the 
evolution and ecology of microbial communities [45].

The interaction between phages and bacteria can reshape bacterial communities 
through various mechanisms. It can alter the dynamics of bacterial competition, drive 
bacterial diversity, or facilitate horizontal gene transfer between different species 
within the microbial community [46]. Scientists have proposed several approaches 
to explain this coevolutionary relationship. One of these approaches is the Red Queen 
hypothesis. This hypothesis, originally proposed by Van Valen [47], suggests that the 
successful adaptation of one organism can reduce the adaptability of other species 
that inhabit the same environment and interact with it. In the context of phages and 
bacteria, this hypothesis involves a coadaptation process referred to as an “arms race,” 
wherein these entities constantly engage in defensive strategies against each other 
[48]. However, when the level of resistance between phages and their host bacteria 
reaches a high threshold, the ongoing arms race between them may deteriorate, ulti-
mately leading to the emergence of fluctuating selection dynamics. This phenomenon 
can create an opportunity for rare bacterial resistance alleles to persist and exploit the 
evolutionary dynamics of phages, enabling them to infect more prevalent bacterial 
genotypes [49].

The second hypothesis, Kill-the-Winner, proposes that the dynamics between 
phages and bacterial hosts are driven by negative frequency-dependent selection 
within the microbial population. This hypothesis suggests that phages selectively target 
and infect the most abundant bacterial strains, often referred to as the “winners” in the 
population. By reducing the population size of these dominant strains, phages alleviate 
competition and create opportunities for less abundant strains, or “losers,” to prolifer-
ate. The negative frequency-dependent selection arises from the fact that the efficacy 
of phages in infecting bacterial hosts depends on the relative abundance of the target 
strains. The more abundant a particular bacterial strain becomes, the higher its sus-
ceptibility to phage infection is due to the increased encounter rate between the phages 
and their hosts. As a result, the growth of dominant strains is suppressed, allowing less 
abundant strains to catch up and contribute to the overall diversity of the microbial 
community. This mechanism of negative frequency-dependent selection promotes the 
coexistence of multiple bacterial strains by preventing any one strain from achieving 
long-term dominance. Instead, it maintains a dynamic equilibrium where the relative 
abundance of bacterial strains fluctuates over time [50]. The Kill-the-Winner hypoth-
esis highlights the role of phages in shaping the structure and diversity of microbial 
communities by balancing the competitive interactions among bacterial strains. It 
emphasizes the importance of considering the ecological and evolutionary dynamics 
between phages and their bacterial hosts in understanding the stability and function-
ing of microbial ecosystems. In resource-limited environments, phages may act as 
“Kill-the-Winner” agents, targeting and reducing the population of dominant bacterial 
strains, which allows less abundant strains to thrive and coexist. In contrast, under 
resource-rich conditions, phages may selectively infect and eliminate specific strains, 
leading to competitive exclusion. This recurring rise and fall of specific microbial 
populations can contribute to bacterial diversity by regulating the competitiveness of 
different species and facilitating the coexistence of diverse organisms [51].
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The third explanation for phage-bacteria interactions is the concept of polyva-
lency. It is commonly observed that phages exhibit a narrow host range, meaning 
they can only infect specific bacterial species or strains. However, there are excep-
tions to this pattern, as certain phages known as polyvalent phages possess a broad 
host range, enabling them to infect multiple bacterial species. Polyvalent phages 
have the ability to recognize and bind to a wider range of host receptors, allowing 
them to infect diverse bacterial hosts. This broader host range is advantageous for 
phages in environments where multiple bacterial species coexist, as it increases their 
potential targets for infection [52]. The existence of polyvalent phages has been 
documented in various studies, and their broad host range has significant implica-
tions for microbial communities. By infecting multiple bacterial species, polyvalent 
phages can influence community dynamics, including competition and coexistence 
patterns, as well as the overall stability and diversity of the microbial community. 
Understanding the prevalence and impact of polyvalent phages adds a layer of 
complexity to the interplay between phages and bacterial hosts within microbial 
communities [53].

The impact of phage-driven changes in microbiota on BWT performance has 
been observed in WWTPs. Liu et al. [54] addressed the knowledge gap regarding 
phage population dynamics during sludge bulking. They noted a substantial reduc-
tion in the abundance of nitrifying bacteria during sludge bulking. Moreover, viral 
contigs linked to nitrifiers were more frequently identified and found in greater 
abundance in viromes from bulking sludge samples. These findings suggest that 
phages may contribute to the decline of autotrophic nitrifiers under bulking condi-
tions. Additionally, through the utilization of advanced sequential methodologies, 
a significant revelation emerged regarding the phages isolated from activated 
sludge. It was discerned that a subset of these phages demonstrated a notable 
interspecies infection capability, signifying their capacity to infect bacteria across 
diverse species boundaries [30]. In the study of Aydin et al. [9], the effects of a 
phage cocktail on the treatment of pharmaceutical wastewater using an anaerobic 
bioreactor were investigated. The implementation of the phage cocktail resulted in 
significant changes in the bacterial and archaeal community in both the biofilm and 
sludge. Notably, there was a transition from Methanothermobacter to Methanoculleus 
as the dominant archaeal community, accompanied by a syntrophic interaction 
between the bacterial genera Macellibacteroidetes-Desulfovibrio and the archaeal 
genus Methanoculleus. These findings suggest that harnessing bacteriophages could 
be a promising strategy for regulating bacteria within anaerobic microbial com-
munities and restoring the balance between bacterial and archaeal populations in 
a rapid manner. However, it is important to note that there is a limited number of 
experimental studies exploring the effects of different bacteriophage species and 
combinations on microbial community structure and activity within anaerobic 
bioreactors. Hence, conducting comprehensive studies over extended operational 
periods is strongly recommended to assess the influence of different phage species 
and combinations on the performance of anaerobic reactors and the dynamics 
of microbial communities. In conclusion, this study highlights the potential of 
phage-based approaches in enhancing the treatment of pharmaceutical wastewater 
in anaerobic bioreactors. Further research is needed to explore a broader range of 
bacteriophage species and combinations, as well as to assess their long-term effects 
on reactor performance and microbial community dynamics. Such studies will 
contribute to advancing our understanding and application of phage-mediated 
strategies in anaerobic wastewater treatment.
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6. Limitations and perspectives

Typically, phages are thought to target specific bacterial species or strains. 
However, polyvalent phages with a broad host range have been frequently found in 
wastewater treatment systems. Additionally, multiple phages may infect hosts that are 
more abundant in the environment. Consequently, phage-host interactions in waste-
water treatment ecosystems often form intricate networks. Yet it remains challenging 
to identify phage-host relationships under in situ conditions [53]. Traditional host-
range assessments rely on available hosts in laboratory settings. However, in complex 
ecosystems like wastewater treatment systems, the diversity and number of potential 
hosts far exceed those found in labs, and phages may also compete for hosts. While 
modern computational methods based on sequencing can predict host interactions, 
these methods typically establish one-to-one relationships [55]. Therefore, they may 
not fully capture the complex phage-host infection dynamics in wastewater treatment 
systems, necessitating the development of innovative approaches to assess host ranges 
under in situ conditions.

Furthermore, unlike virulent phages, temperate phages have the ability to make 
a pivotal decision shortly after infecting a host cell: they can opt for lytic growth, 
causing the host cell to burst, or they can enter the lysogenic cycle, integrating their 
genetic material into the host cell as a prophage. Given that free phages are consis-
tently flushed out with the effluent, prophages might have a higher likelihood of 
persisting in BWT systems. Prophages can play a direct role in host cell survival in 
unfavorable conditions by suppressing unnecessary metabolic activities. However, 
they also carry the potential to act as genetic bombs that can lead to host cell lysis, 
or even the demise of the entire host population, under specific environmental 
circumstances [56]. Extensive prophage induction followed by the sudden lysis of a 
substantial portion of the microbial community can contribute to issues like foaming, 
bulking, or reduced process efficiency in BWT systems [57]. Nevertheless, temper-
ate phages in BWT environments have not been comprehensively investigated. The 
factors that influence the choice between lytic and lysogenic infections remain poorly 
understood, and the triggers for prophage induction are yet to be explored.

7. Conclusion

Phages possess the capacity to influence the diversity and arrangement of 
microbial communities within anaerobic digesters of wastewater treatment plants 
(WWTPs). The occurrence of frequent fluctuations in both phages and prokaryotes 
has the potential to impact the stability of the microbial composition and evolution-
ary processes. However, it is important to note that phages are not the sole viral 
entities present in anaerobic digesters. There have been reports of archaeal viruses 
with the potential to influence the methanogenic organisms critical to the anaerobic 
digestion process. Considering the possibility that each species may be susceptible to 
one or more viruses, it is reasonable to assume that the current knowledge of viruses 
affecting methanogens is merely the tip of the iceberg. Therefore, it is imperative 
to conduct further investigations into the genetic diversity of viruses targeting 
methanogens.

Of equal importance is a comprehensive understanding of the dynamics governing 
virus-host interactions throughout the AD process. Furthermore, the deliberate 
implementation of host-based treatments, tailored to regulate the prevalence of 
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distinct microbial groups, holds promise for effectively addressing challenges like 
bulking and foaming issues in the process. These strategic interventions can guide the 
system toward its intended operational objectives. Enhancing the understanding of 
how these viruses impact the microbial community of AD and its dynamics will play 
a pivotal role in evaluating the efficiency and stability of the entire biogas production 
process.
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