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Abstract Due to rapid increase in population and explosive evolution of life
standards, there is tremendous increase in solid waste generation in the last few
decades. Furthermore, most of the countries are going to be industrialized; hence
more amount of energy will be required in upcoming decades. Today’s more than
85% of the world demanded energy is supplied by fossil fuels. Fossil fuels are finite
source of energy and therefore it is necessary to find out other alternatives for
energy generation. Improper management of solid waste (MSW, waste biomass,
etc.) is responsible for climate change, water and soil and local air pollution. These
wastes have a high value with respect to energy recovery. The energy generation
from the biological waste materials has been identified as alternative to the fossil
fuels due to it’s dual benefit of resource generation and waste minimization.
Anaerobic conversion of solid waste biomass is a matured technology for envi-
ronmental protection and waste management. The end products are biogas
(a mixture of methane and carbon dioxide), which is a useful, renewable energy
source and organic manure slurry which can be used as fertilizer for agricultural
purposes. Anaerobic digestion is a simple process, used to convert organic material
(from a wide range of solid waste) into methane. This paper is mainly focused on
the anaerobic digestion of solid waste biomass to produce methane, technologies
related to pre-treatment of feed materials and post treatment of product gas to enrich
the methane composition and the value addition of product fractions are also
discussed.
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1 Introduction

A remarkable rise in solid waste generation has been observed in the last few decades
owing to explosive growth of population with comfortable life standards. Sustainable
management of this huge quantity of solid waste has become one of the biggest
challenges for mankind [1]. Unplanned dumping or dumping solid waste in engi-
neered landfills is a common practice today, specifically in developing countries.
With increasing population, land availability is decreasing day by day and such
unsustainable methods of waste disposal not only occupy and deplete the land
resources but also lead to anaesthetic and unpleasant environment. Another challenge
faced by the whole world today is exponential increase in energy demand against its
production and availability [2, 3]. At present around 88% requirement of electrical
and thermal energy is met by non-renewable sources [4]. It is well known that these
non-renewable resources of energy are going to exist for a finite time, therefore
number of researches are going on to explore new renewable sources and to establish
such technologies which can utilize existing renewable sources to its optimum extent.

There are different methods available to treat the various solid wastes. For
biodegradable waste also, there are number of treatment methods available such as
aerobic composting, anaerobic digestion, anaerobic fermentation, pyrolysis, incin-
eration with or without energy recovery, etc. [5]. Out of these methods, anaerobic
digestion is one of the most promising technologies to address both of the above
mentioned issues. In this method, putrescible wastes are biologically degraded in
absence of oxygen with the help of anaerobic bacteria in order to produce compost
and biogas [6]. Biogas produced from this process majorly consists of methane
(CHy), carbon dioxide (CO,) with some impurities of moisture, hydrogen sulfide
(H,S), ammonia (NH3), siloxane, particulate matter, etc. Biogas can be converted to
energy directly by combustion or it can be cleaned and enriched in terms of
methane to increase its calorific value and to make it as a clean fuel [7].

2 Process of Waste Degradation and Biogas Generation

Degradation of putrescible fraction of the waste in an anaerobic digester takes place
in four stages, namely: hydrolysis by hydrolysing bacteria, acidogenesis by acidi-
fying bacteria, acetogenesis by acetogenic bacteria and methanogenesis by
methanogenic bacteria [4, 7].

2.1 Hydrolysis

This is considered to be the first stage of anaerobic digestion in which hydrolyzing
bacteria transforms complex compounds such as protein, carbohydrates and fats
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into simpler compounds such as amino acids, monosaccharides, soluble fatty acids
and other monomers [4]. Hydrolysis can also be considered as pre-treatment of
solid waste for further reactions such as acidogenesis. This step is considered to be
the rate limiting step of whole process of anaerobic digestion [7, 8]. Various kinds
of enzymes such as proteases, lipases and cellulases are also involved in the process
of degradation of proteins, lipids or fats, and cellulose, respectively. Rate of this
process depends on various parameters such as pH of the medium, enzyme pro-
duction, particle size, etc.

2.2 Acidogenesis

Products of hydrolysis such as fatty acids, amino acids, sugars and other water
soluble chemical substances are then undergo acidogenesis where monomers are
converted into volatile fatty acids (acetic acid, butyric acid, propionic acid, formic
acid), aldehydes, alcohols and gases (carbon dioxide and hydrogen). Anaerobic
microorganisms use amino acids and peptides as source of energy which is derived
from decomposition of proteins [4].

2.3 Acetogenesis

The acetates and hydrogen to be used by methanogenic bacteria in methanogenesis
phase are produced in this phase by the acetate bacteria. It is stated in literature that
the microorganisms which carry out this process, gets affected by toxic effects of
hydrogen produced in this phase. Therefore a syntropy exist between acetate bac-
teria (producing hydrogen gas) and autotrophic methane bacteria (require hydrogen
to produce methane gas). Acetogenesis is considered to be a very important phase
of the process of biogas generation, as the methane produced from the acetate
reduction accounts for 70% (approximately) of total methane generated in the
process [4].

2.4 Methanogenesis

In this phase, products of previous phase (acetic acid, hydrogen, carbon disulphide
and methanol, etc.) are converted into methane by methanogenic bacteria.
Heterotrophic methane bacteria are responsible for conversion of acetic acid into
methane whereas autotrophic methane bacteria are responsible for CO, reduction
into methane [4].
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3 Feedstock for Anaerobic Digestion

There are variety of feedstocks which has shown the potential to generate biogas by
anaerobic digestion such as waste from the dairy, food and feed industries, sludge
from municipal wastewater treatment plants, wastes from slaughterhouses, kitchen
(food) waste, garden waste, animal waste, crop waste from agriculture, etc. The
amount and the composition of the biogas produced depend on the operating
conditions as well as the type of substrates used. While selecting feedstock for
anaerobic digestion it should be well ensured that it is able to fulfil all nutritional
requirements of microorganisms. Usually organic material fed to the digester is of
varying composition, therefore the composition and quantity of biogas produced
also varies. Organic material fed to the digester majorly composed of carbohy-
drates, fat and protein. All these components provide different quantity of biogas
with different composition when undergo anaerobic digestion. With support of
previous researches, Schnurer [9] has reported that carbohydrates produce 0.38 m’
of biogas/kg VS with ratio of CH4:CO, reaching approximately 50:50. Similarly
fats are reported to produce 1 m® of biogas/kg VS with 70:30 ratio of CH4:CO,, and
Proteins are reported to produce 0.53 m® of biogas/kg VS with CH,:CO, ratio
approximately 60:40 where VS stands for volatile solids. These data can be used for
theoretical calculation of biogas production but there are several factors which
affects the process and thus amount of biogas produced. Schnurer [9] has also
reported approximate methane yield (m* CHy/ton VS) by various substrate such as
for food waste it varies from 400 to 600, for slaughterhouse waste it is 700
approximately, from sugar beets it ranges from 300 to 800 and for municipal sludge
it shows in the range of 160-350, etc. To get better results, codigestion of different
(mixed) substrate should be done instead of a single type of waste.

Results can be further improved by pre-treatment of substrate [10, 11]. Type of
pre-treatment depends on type of waste; certain pre-treatment such as size reduction
can be used to increase the efficiency of process when size of the substrate is bigger.
There are other pre-treatments also such as chemical treatment of cellulosic material
can be done to break its crystalline structure and increase the rate of degradation.
Pre-treatment of saturated fats with heat is also in practice to increase their
digestibility. Other Pre-treatment methods such as chemical solubilisation,
thermo-chemical liquidization, wet oxidation and mechanical disruption are also
used to increase the decomposition of VS, destruction of pathogens and production
of methane [1].

4 Parameters Influencing the Process

The quantity and composition of biogas produced through digestion process largely
depends on the operating parameters such as pH, temperature, loading rate,
retention time, moisture content, degree of digestion, mixing and C/N ratio [9, 12].
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pH: pH of the system varies during different stages of anaerobic digestion,
such as during acidogenesis, pH of the system falls in acidic category
whereas methanogenic activities requires pH to be in the range of 6.5-7.
Therefore it is very much necessary to regulate and maintain the pH at
desired range at various stages in the entire digestion process.
Temperature: All the physical and chemical processes are very sensitive to
temperature. The optimum temperature or temperature range is therefore very
necessary for a process/reaction to occur for maximum product yield. The
progress of anaerobic digestion is strongly influenced by the activities of
various microorganisms. It is reported in [12] that the optimum temperatures
for psychrophilic microorganisms is 10 °C, for mesophilic microorganisms
this range is 20—45 °C and for thermophilic microorganisms it is even greater
than 50 °C.

Loading rate: Loading rate in a digester defines food availability for
microorganisms. A very high loading rate can create an imbalance in system,
as much of substrate will remain undecomposed because microorganisms
will not be able to decompose all substrate provided.

Retention time: Retention time is very much dependent on feedstock.
Complex compound such as fibre and cellulosic material need more time for
hydrolyses to get converted into simpler compound, thus overall retention
time increases, on the other hand, easily degradable feedstock such as sugar,
does not require hydrolysis therefore retention time decreases. Usually it
varies from 10 to 30 days. In colder atmosphere retention time may go as
high as 100 days.

Degree of digestion: For same retention time degree of digestion is usually
much more for easily degradable material such as sugar as comparative to
complex material such as fibre. More retention time is an indicator of high
degree of digestion.

Mixing: Mixing is the essential part of an anaerobic digester. A gentle
mixing serves number of purposes in an anaerobic digester such as:

e It provides uniform temperature throughout the process.
It facilitates contact between the nutrients, substrate and microorganisms.
Material accumulation at the bottom of digestion tank is also prevented
by proper mixing and thus risk of foaming is also reduced.

e Transfer of hydrogen between microorganisms responsible to carry out
anaerobic oxidation and methane producers is also facilitated by mixing.

¢ Gentle mixing helps in aggregates formation and thus helps in preventing
the washing out of methane producers.

e Uneven loading in the digestion tank can also be avoided by continuous
mixing which avoids sedimentation and thus utilizes the existing diges-
tion tank volume.

C/N ratio: The substrate act as a source of energy for microorganisms, it
must be able to meet the nutritional requirements (C and N) of the
microorganisms. Microorganisms consume carbon (C) as their energy
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sources and nitrogen (N) as to build new cells. Therefore, It is important that
the C/N ratio neither should be too low (too much nitrogen relative to car-
bon) nor should be too high (too much carbon relative to nitrogen). Too low
C/N ratio means that carbon will get exhausted very fast as compared to
nitrogen. This ultimately will lead to ammonia formation (undesirable
because of ammonia inhibition). Too high C/N ratio means that significant
amount of carbon remains undecomposed which ultimately leads to poor
performance of digester [12].

5 Enrichment of Biogas

As discussed earlier, Biogas produced from anaerobic digestion mainly consists of
methane (CHy) and carbon dioxide (CO,). The types of substrate used, fermentation
technology and collection method can all affect the production and composition of
raw biogas. Besides CH, and CO,, raw biogas also contains some trace amounts of
ammonia (NHj3), hydrogen sulphide (H,S), hydrogen (H,), oxygen (O,), nitrogen
(N,), water vapour, carbon monoxide (CO), and Siloxanes [13, 14]. Raw biogas
contains about 50-65% CH,, 30-45% CO, and traces of other impurities. The
biogas gas having 50% of methane has the heating value of 21 MJ/m>, while
upgraded biogas with 100% methane has a heating value of 33.41 MJ/m’, which
indicates that upgraded biogas be utilized as a renewable energy source in com-
bined heat and power plants, as a vehicle fuel, or as a substitute for natural gas
[13-16]. The overall process for production of upgraded biogas (bio-methane) can
be easily understood with the help of Fig. 1.

6 Effect of Impurities

Presence of impurities in biogas (as mentioned in previous section) not only reduces
the heating value but can also cause corrosion and mechanical wear of the equip-
ment. CO, in biogas reduces the heating value. It takes up space when biogas is
compressed and stored in cylinder. It can cause freezing problems at valves and
metering points where the compressed gas undergoes expansion during engine
running. It also causes corrosion (low concentrated carbonic acid) if the gas is wet. It
damages the alkali fuel if biogas is used as a fuel in internal combustion engine [15].

The traces of H,S which is hazardous in nature, it produces H,SO, which
corrodes the internals of pipes, fittings, etc. It emits sulphur dioxide after burning
[13, 15]. Water vapour in the biogas will lead corrosion in equipment and piping
systems, this water vapours may condense and responsible for damage in instru-
ments used in the plants. It may also lead the risk of freezing of piping system and
nozzles [15, 16].
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The presence of nitrogen is also lower the heating value of biogas. Traces of dust
can block nozzles and fuel cells [13, 15, 16]. Siloxanes are compounds containing a
silicon-oxygen bond. While burning siloxanes, silicon oxide, a white powder, is
formed which can create a problem in gas engines. It acts like an abrasive and can
damage engines [15, 16].

7 Bio Gas Cleaning and Upgrading Technologies

Biogas cleaning and upgrading can be referred to as biogas enrichment. Biogas
cleaning is removal of corrosive products, mainly H,S, H,O, and particles while the
upgrading involves removal of CO, to increase heating value of the biogas [15, 17].
The technology used for the CO, separation, can also remove other acidic gases,
H,S and trace of nitrogen from biogas. Nevertheless, pre separation of some of
these components like H,S, if present in higher amount, is necessary before the
up-gradation step since these components can cause operational problems in
upgrading process [17].
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7.1 Biogas Cleaning

7.1.1 Removal of Hydrogen Sulphide

a. Sulphide precipitation

Hydrogen sulphide is formed during microbiological reduction of sulphur con-
taining compounds (sulphates, peptides, amino acids). The hydrogen sulphide
removal can be start from the digesting tank with help of various metal salts. When
Fe?* or Fe** ions are added in the forms of FeCl,, FeCls, or FeSO,, to the digester,
the sulphur content of the substrate is precipitated in the form of insoluble iron
sulphide. This method is primarily used for high sulphur content in the biogas [13,
14, 16]. Several technologies are also available to remove H,S from the biogas like
adsorption, absorption and biological scrubbing.

b. Adsorption on metal oxides

H,S can be removed by the selective adsorption onto the metal oxides like iron
oxide, zinc oxide, copper oxide or on the activated carbon. During the adsorption of
H>S on the metal oxides, sulphur is adhered as metal sulphide and water vapour is
released [14—16]. The adsorption on activated carbon is usually carried out with the
addition of small amount of oxygen, this oxygen helps to oxidise H,S into sulphur
that binds to the surface. The rate of reaction can be enhanced by the doping or
impregnating the pores of the activated carbon with potassium iodide, potassium
carbonate or zinc oxide [15, 16]. Although, zinc oxide doping is expensive, it is still
most preferable due to its ability to remove H,S to less than 1 ppm in biogas [16].
This technique is useful when either H,S content is very low in the raw biogas or
the technology is used for final desulphurisation [14].

c. Biological desulphurisation

The H,S can also be removed through oxidation by chemoautotrophic
microorganisms. Most of the sulphide oxidising micro-organisms belong to the
family of Thiobacillus or sulfolobus. For the microbiological oxidation of sulphide
it is essential to add stoichiometric amounts of oxygen to the biogas. The degra-
dation can occur inside the digester and can be facilitated by immobilizing the
microorganisms occurring naturally in the digestate [14, 16, 18]. Depending on the
temperature, reaction time, amount and place of the air/oxygen added, the hydrogen
sulphide concentration can be reduced to less than 150 ppm [18]. This method
seems to be a cost effective and environment friendly solution, since it can proceed
at lower temperatures and pressures, and with limited or no reagent consumption
[14, 19].

d. Chemical-oxidative scrubbing

Chemical absorption is also one of the ways to remove H,S, as H,S is acidic in
nature; it can easily be absorbed in the alkali solutions. Absorption in caustic
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solutions is one of the oldest methods for gas desulphurization. Nowadays NaOH is
used as caustic and by controlling the pH selective separation may occur.
Iron-chelated solution catalysed by ferric ethylenediamine tetraacetic acid
(Fe/EDTA) has also been used for removal of hydrogen sulphide from raw biogas
[20]. Chemical absorption of H,S in the iron chelated solutions offers a high effi-
ciency and selectivity with low consumption of chemical [15, 21]. The conversion
of hydrogen sulphide into elemental sulphur is catalysed by Fe/EDTA, The
elemental sulphur is then easily removed from the slurry by sedimentation or by
filtration operations. The entire process can be performed at ambient temperature
[15].

7.1.2 Removal of Water

Water vapour in raw biogas can be removed by condensation achieved by either
increasing pressure or by reducing the temperature. It can also be removed by the
adsorption in which raw gas is passed over silicon dioxide or activated carbon
packed bed [16, 22].

7.1.3 Removal of Siloxanes

There are several methods available for siloxanes removal from bio gas. Adsorption
on the adsorbent (like activated carbon, activated alumina, silica gel, etc.) is one of
the well-established technologies for siloxanes removal. Other existing methods
include gas-liquid absorption and separation by refrigeration and condensation.
Recently, membrane separation and biological degradation have been tested for
siloxanes removal [15, 16]. Siloxanes can also be separated during the H,S
removal.

7.1.4 Removal of Ammonia

Ammonia is formed during the degradation of proteins. Its concentration depends
on the type of digested substrate. The concentration of ammonia in biogas is usually
very low and no separate system is required for its removal. It can be removed
during gas drying in the process of biogas up-gradation [15, 16].

7.1.5 Removal of Particulates

Presence of particulate in biogas can cause wear in gas and turbine engines.
Particulates can be removed by passing biogas over mechanical filters [15].
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7.2 Biogas Upgrading Techniques

A number of different methods available for biogas up-gradation to bio-methane are
discussed in this section.

7.2.1 Absorption

In this method, separation is achieved based on the difference in the solubility of the
gaseous components in an absorbent. During the up-gradation, raw biogas is
contacted in counter current manner with absorbent over a packed bed filled with
suitable packing material. Packing materials is used to increase the interfacial
contact area and therefore increases the rate of absorption [13-16].

Water Scrubbing

In water scrubbing, water is used as absorbing solvent. The solubility of methane is
much lower than the solubility of carbon dioxide in water especially at lower
temperature. Literature reveals that the solubility of carbon dioxide is approxi-
mately 26 times higher than that of methane at 25 °C [15, 22, 23]. In packed
column carbon dioxide is absorbed in the water while the gas stream gets enriched
with methane. In principle, H,S can also be removed along with CO,, Since the
H,S is more soluble than CO, in water. As H,S is poisonous and dissolved H,S is
responsible for corrosion problems. Therefore, H,S separation is necessary before
the up-gradation of biogas. CH4 purity can be achieved to 80-99% by water
scrubbing (depending upon the presence of non-condensable gases) [13, 15].

Physical Absorption

In principle, physical absorption is very similar to the water scrubbing. In place of
water, organic solvent such as methanol, polyethylene glycol-dimethyl ether
(PEG-DME), rectisol, selexol, etc. are used as absorbents [13—15, 24]. CO, is more
soluble in these organic solvents than in water. Hence, less scrubbing liquid cir-
culation and smaller apparatuses are required for the same capacity [14].

Chemical Absorption

Chemical absorption process is accomplished with a reaction occurs between CO,
and a suitable chemical absorbent or a mixture of absorbents. Chemical absorption
is more advantageous over physical and water scrubbing in its capacity to absorb
more CO, [25]. Chemical absorbents such as monoethanolamine (MEA), dietha-
nolamine (DEA), methyldiethanolamine (MDEA), and di-2-propanolamine (DIPA)
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are commonly used. Other absorbents such as, diglycolamine (DGA), 2-
(2-aminoethylamino) ethanol (AEE), 2-amino 2-methyl 1-propanol (AMP),
N-2-aminoethyl 1,3-propanediamine (AEPDNH2), triethanolamine (TEA), tri-
ethylene tetra amine (TETA), piperazine (PZ), glucosamine (GA), NaOH, NHj,
K,CO;, KOH, Na,COs;, etc. were also tested for CO, removal, however their
individual limitations make them less suitable for large scale operation. Nowadays
concept of blending, in which two or more absorbents mixed in varying concen-
trations are used. A blend of MDEA and PZ are used industrially for biogas
up-gradation. Chemical absorption with amines solution is a well established and
mature technology, complete CO, removal is achievable by this [15, 25, 26].

7.2.2 Pressure Swing Adsorption

Selective retention of a solute molecule on a solid surface is known as adsorption.
Significant intermolecular forces between gases (including CO,) and the solid sur-
faces are mainly responsible for selective separation. Depending on the temperature,
partial pressure, surface force and adsorbent pore sizes, single or multiple layers of
gases can be adsorbed [24]. In pressure swing adsorption (PSA), carbon dioxide is
separated from the biogas by adsorption on a surface under elevated pressure. The
adsorbing material, usually activated carbon or zeolite, is regenerated by a sequential
decrease in pressure. During the CO, adsorption, H,S is also adsorbed irreversibly
and thus H,S considered toxic to PSA. Therefore, H,S removal is necessary prior to
PSA. Methane purity about 96-98% can be achieved by PSA [13, 15, 16].

7.2.3 Membrane Technology

Membranes are consists of semi-permeable barriers that separate specific compo-
nent(s) from gas stream by various mechanisms (solution/diffusion,
adsorption/diffusion, molecular sieve and ionic transport). In biogas upgrading, the
carbon dioxide is diffused through membrane while methane is retained on it.
Commercially feasible membranes for biogas upgrading are made of polymeric
materials like cellulose acetate, polycarbonate, polyetherimide, polysulfone, poly-
imide or polydimethylsiloxane [14, 15, 23, 24]. The presence of H,S, leads
softening/plasticization of membrane and thus it limits the use of membrane. Hence,
H,S should be removed before up-gradation of biogas by membrane [27].

7.24 Cryogenic Techniques

This process involves compression and cooling of the gas mixtures in several stages
to induce phase change. The cryogenic technique is based on the difference in the
condensing temperature of various components contained in a biogas stream. The
separation of gas components is achieved through condensation and distillation [13,
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15]. The process starts with compression of raw biogas to 17-26 bar and then
cooling to =26 °C for removal of H,S, SO,, and siloxane [15]. Further cooling of
biogas reaches a temperature where CO, gas is liquefied and separated by several
condensers. The water content in biogas should be minimal in order to avoid
freezing in the cooling units by dry ice or unacceptably high rise in pressure drop
during operation. Therefore, water traces from the bio gas need to be pre-separated.
In view of these limitations and high cost of refrigeration, this process can be used
only for special circumstances as an adjunct to other processes [13, 24].

7.2.5 Hydrate Based Separation

Gas hydrate is a promising way to separate gas component(s) from a gas mixture
(biogas). The difference in hydrate formation tendency of various species at spec-
ified conditions is main responsible to separate a gas component. The basic
mechanism is the selective partition of the target component between the hydrate
phase and the gaseous phase [13, 24]. This technology has been successfully used
to remove CO, from contaminated natural gas, for a CH, to CO, ratio of 3:1 and the
concentration of CO, can be reduced to 16%. However, the amount of associated
CH,4 removed with CO, is still relatively high [13].

7.2.6 Biological Separation

Recently, the enzymatic based CO, separation has also been used to enrich biogas.
This is based on the naturally occurring reactions of CO, in living organism. Carbonic
anhydrases (CA) rapidly and selectively catalyse the hydration of CO, to bicarbonate.
This selective movement of CO, in to the liquid phase is helpful for biogas enrich-
ment. Currently, these enzymes are also being used with some chemical solvents for
CO, absorption. It is reported that absorption of CO, in alkanolamines can be catal-
ysed very fast at ambient condition using small amount of enzymes (such as carbonic
anhydrate). Addition of CA enzyme to solution enhances the CO, dissolution and
forms carbonic acid, the production of carbonic acid adds value to this process. The
rate of CO, dissolution in water in this technology is limited by aqueous CO,
hydration and CO, carrying capacity is limited by buffering capacity. Apart from this,
production of enzymes can be costly due the difficulties of cell culture and enzyme
purification and extraction from cellular materials [24, 28-30].

8 Conclusion

The biogas produced from putrescible fraction of waste has the potential to be used
as fuel. The digestion process is mainly completed in four different stages as
hydrolysis, acidogenesis, acetogenesis and methanogenesis by activity of specific
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microorganisms in each of these steps. The amount and composition of raw biogas
is strongly dependent on the type of substrate, pre-treatment method, process and
operating parameters. The temperature and pH are the two key parameters which
affect the yield of biogas. The presence of impurities on raw biogas limits its use as
vehicular fuel. The CO, is responsible for low heating while other traces of
impurities are responsible for operational issues. Among the all available tech-
nologies, amine based chemical absorption for upgradation of biogas is well
established and mature technology. Through this technology, complete CO, and
H,S removal can be achieved.
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