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Abstract

The search for alternative energy and fuels has motivated researchers to focus on renewable and
sustainable means of getting them instead of relying on the conventional way of energy and fuel
production. Anaerobic digestion is a biochemical process during which complex organic matter is
decomposed in absence of oxygen, by various types of anaerobic microorganisms. The process of
Anaerobic digestion is appropriate for all waste water treatment systems given that the solid can
be introduced to the system at an acceptable concentration. Biogas, the product of anaerobic di-
gestion process is a clean and renewable form of energy which can be a substitute for conventional
sources of energy which are causing ecological-environmental problems and at the same time de-
pleting at a faster rate. This paper reviews the anaerobic digestion process and its complexities; it
covers different stages involved in the process, the substrate used in the process, the relationship
between the substrate and microorganisms and important operating parameters such as pH,
temperature and loading rate.
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1. Introduction

The need to develop and improve sustainable energy resources is eminent due to the finite nature of our fossil
fuels [1]. The use of fossil fuels as the main source of energy has caused several economic and environmental
challenges [2]. Many of the rural communities in developing countries are forced to rely on the traditional en-
ergy sources such as firewood, crop residues and paraffin. These traditional methods are often expensive, not
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eco-friendly and time consuming [3]-[5]. Cooking accounts for 90% of energy consumption in the household of
developing countries [6], further more access to electricity in rural areas is relatively scarce [7]. Biogas is a sub-
stitute for firewood and cattle dung that can meet the energy needs of the rural population [8]. Biogas is a com-
bustible gas consisting mainly of methane, carbon dioxide and small amount of other gases and trace elements, it
is an environment friendly, economic and alternate means to fossils such as firewood and coal. In many coun-
tries biogas is used nowadays for combined heat and power generation (CHP) or it is upgraded and fed into
natural gas grids, used as vehicle fuel or in fuel cells [9]. The ultimate methane yield is affected by several fac-
tors, such as the feed, species, breed and growth stage of the animals as well as the amount and type of the bed-
ding materials together with the pre storage conditions prior to biogas production [10]. The composition, i.e., the
protein, fat, fiber, cellulose, hemicellulose, starch and sugar content, are also important factors that influence the
methane yield [11].

Anaerobic digestion is a suitable technology to treat solid waste and waste water and it has been considered as
a waste to energy technology. Major progress was made in all areas of waste management but the introduction
of anaerobic digestion into the treatment of municipal solid waste is one of the most successful and innovative
technology developments observed during the last two decades in the waste management field [12]. Anaerobic
digestion has become fully accepted as a proven and an even preferred method for the intensive biodegradation
phase of organic fractions derived from municipal solid waste. The production of biogas through anaerobic di-
gestion offers significant advantages over other forms of bioenergy production. Limitation of carbon dioxide and
other emission through emission regulations, carbon taxes and subsides on biomass energy is making anaerobic
digestion a more attractive and competitive technology for waste management. There is an abundant availability
of cellulose based waste, which could be appropriate for biogas production e.g. lignocellulose and waste textiles.
These materials are carbohydrate rich and could be used as a substrate for biogas production. However, the re-
calcitrance nature of these substrates makes them very difficult to digest, as their structure opposes microbial
hydrolysis in biogas production [13] [14]. Today, the application of lignocellulose materials in biogas produc-
tion is limited and for waste textiles, it is nonexistent [13] [14]. Production of biogas from AD requires work
power for production, collection and transport of AD feedstock, manufacture of technical equipment, construc-
tion, operation and maintenance of biogas plants. This means that the development of a national biogas sector
contributes to the establishment of new enterprises, some with significant economic potential, increases the in-
come in rural areas and creates new jobs.

2. Anaerobic Digestion

Anaerobic digestion is gaining more attention nowadays, both as a solution to environmental concerns and also
as an energy resource for today’s energy-demanding life style [15]. With a total of 244 plants and a capacity of
almost 8 million ton of organics treatment capacity, anaerobic digestion is already taking care of about 25% of
the biological treatment in Europe [12]. In anaerobic digestion, organic materials are degraded by bacteria, in the
absence of oxygen, converting it into a methane and carbon dioxide mixture. The digestate or slurry from the
digester is rich in ammonium and other nutrients used as an organic fertilizer [3] [16]-[20]. Microorganism from
two biological kingdoms, the bacteria and the archaea carry out this process in strict anaerobic conditions [21]
[22].

Anaerobic digestion of organic waste is of increasing interest as it offers an opportunity to deal with some of
the problems regarding the reduction of the amount of organic waste, while diminishing environmental impact
and facilitating a sustainable development of the energy supply [23]. Even though continued progress has been
made with other alternative treatment technologies (gasification, pyrolysis, plasma, biological drying, etc.),
these technologies have by far not seen the same widespread implementation that anaerobic digestion has been
able to achieve. In Europe alone, 244 installations dealing with the organic fraction of municipal solid waste as a
significant portion of the feedstock have been constructed or are permitted and contracted to be constructed (up
to 2014) [12]. There are many cases of anaerobic digestion systems applied in the agricultural sector at animal
feeding operations and diaries to alleviate some of the impacts of manure and for energy production [24]. The
majority of these anaerobic digestion systems in operations are single stages, in a single stage (one stage), all of
the biological reactions occur within a single reactor or holding tank. There are studies that two-stage anaerobic
digestion could provide great advantages over the single-stage digestion due to a more rapid and more stable
treatment achieved [12]. In practice however, it is argued that the two-stage digestion has not been able to vali-
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date its claimed advantages in the market, and the added benefits in increasing the rate of hydrolysis and metha-
nization have not been confirmed [25]. Industrial applications therefore have displayed little acceptance for two-
stage systems so far [26].

2.1. The Anaerobic Digestion Process

Anaerobic digestion is often considered to be a complex process, the digestion itself is based on a reduction
process consisting of a number of biochemical reactions taking place under anoxic conditions [27]. Methane
formation in anaerobic digestion involves four different steps: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis. Generally in an anaerobic digestion process, the rate limiting step can be defined as the step
that causes process failure under imposed kinetic stress [27]. In other words, in a contex of a continuous culture,
kinetic stress is defined as the imposition of a constantly reducing value of the solids retention time until it is
lower than the limiting value; hence it will result in a washout of the microorganism [28]. Most researchers re-
port that the rate-limiting for complex organic substrate is the hydrolysis step [29]-[35] due to the formation of
toxic byproducts (complex heterocyclic compounds) or non-desirable volatile fatty acids (VFA) formed during
hydrolysis step [36] [37]: whereas methanogenesis is the rate limiting step for easy biodegradable substrates [36]
[38]-[40]. The anaerobic digestion process can be divided into two phase as illustrated in Figure 1.

The microorganism carrying out the degradation reactions in each of these phases differ widely regarding
physiology, nutritional needs, growth kinetics, and sensitivity to environment. Very often, it is difficult to keep a
delicate balance between these two groups: the acid forming and the methane forming microorganisms, which
lead to reactor instability and consequently low methane yield [41]. The two main groups of microorganisms
could be physically separated with the intention of making use of the difference in their growth kinetics [25]. In
order to accomplish phase separation, several techniques have been employed such as membrane separation, ki-
netic control, and pH control [42]-[46].

2.1.1. Hydrolysis

This is the first step in anaerobic digestion process, it involves the enzyme-mediated transformation of insoluble
organic materials and higher molecular mass compounds such as lipids, polyssacharides, proteins, fats, nucleic
acid etc. into soluble organic materials i.e. to compounds suitable for the use as source of energy and cell carbon
such as monosaccharides, amino acids and other simple organic compounds. This step is carried out by strict
anaerobes such as bacterides, clostridia and facultative bacteria such as streptococci etc. [1]. This first stage is
very important because large organic molecules are simply too large to be directly absorbed and used by micro-
organisms as a substrate/food source. To accomplish biodegradation, certain microorganisms secrete different
types of enzymes, called extracellular enzymes, which “cut” the larger molecules up into smaller pieces that the
microorganism can then take into the cell and use as a source of energy and nutrition. Some microorganisms se-
crete several different enzymes, which allow them to break down different types of organic materials. Other mi-
croorganisms are specialised. For example, they secrete enzymes that break down either sugar or protein. Mi-
croorganisms that break down different sugars are called saccharolytic, while those that break down proteins are
called proteolytic. There are different enzymes for sugars, proteins, fats etc. [48]. Table 1 contains examples of
some different groups of extracellular enzymes. Each group contains several enzymes that are specialised in
various substrates, such as different proteins. The rate of decomposition during the hydrolysis stage depends
greatly on the nature of the substrate. The transformation of cellulose and hemicellulose generally takes place
more slowly than the decomposition of proteins [48].

Suspended Dissolved Organic

Solids —p  Solids ——p Acids Acetate Methane

Acid Phase Gas (Methane) Phase
Liquification Acidfication Acetate Methane
Formation Formation

Figure 1. Phase separation of the anaerobic digestion system. Adapted from [47].
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Table 1. Some important groups of hydrolytic enzymes and their functions [48].

Enzymes Substrates Breakdown products
Proteinase Proteins Amino acids
Cellulase Cellulose Cellobiose and glucose
Hemicellulase Hemicellulose Sugars, such as glucose, xylose, mannose and arabinose
Amylase Starch Glucose
Lipase Fats Fatty acids and glycerol
Pectinase Pectin Sugars, such as galactose, arabinose and polygalacticuronic acid

2.1.2. Acidogenesis

The monomers produced in the hydrolytic phase are taken up by different facultative and obligatory anaerobic
bacteria and are degraded further into short chain organic acids such as butyric acids, propanoic acids, acetic
acids, alcohols, hydrogen and carbon dioxide. The concentration of hydrogen formed as an intermediate product
in this stage influences the type of final product produced during the fermentation process. For example, if the
partial pressure of the hydrogen were too high, it would decrease the amount of reduced compounds. In general,
during this phase, simple sugars, fatty acids and amino acids are converted into organic acids and alcohols [49].

2.1.3. Acetogenesis

The products produced in the acidogenic phase are consumed as substrates for the other microorganisms, active
in the third phase. In the third phase, also called the acidogenic phase anaerobic oxidationare performed [27].
Products which cannot be directly converted to methane by methanogenic bacteria are converted into methano-
genic substrates, volatile fatty acids and alcohols (VFA) are oxidized into methanogenic substrates like acetate,
hydrogen and carbon dioxide, VFA with carbon chains longer than one unit are oxidized into acetate and hy-
drogen [9]. It is important that the organisms which carry out the anaerobic oxidation reactions collaborate with
the next group, the methane forming microorganisms; this collaboration depends on the partial pressure of the
hydrogen present in the system. Under anaerobic oxidation, protons are used as the final electron acceptors
which lead to the production of H,. However these oxidation reactions can only occur if the partial pressure of
hydrogen is low, which explains why the collaboration with the methanogens is very important since they will
continuously consume the H,, to produce methane. Hence during this symbiotic relationship inter-species hy-
drogen transfer occurs [48] [50]-[52].

2.1.4. Methanogenesis

In the methanogenic phase, the production of methane and carbon dioxide from intermediate products is carried
out by methanogenic bacterial under strict anaerobic conditions [27]. Methanogenesis is a critical step in the en-
tire anaerobic digestion process as it is the slowest biochemical reaction of the process [9]. Figure 2 shows the
whole biochemical process.

3. Substrate for Anaerobic Digestion Process

A wide range of biomass types can be used as substrate (feedstock) for the production of biogas from anaerobic
digestion process. The substrate should meet the nutritional requirements of the microorganisms regarding the
energy sources and various components vital for building new cells. The substrate should also include a wide
variety of components necessary for the activity of microbial enzymes systems such as trace elements and vita-
mins [27]. Substrate composition is important in the anaerobic digestion process. The composition ultimately
also affects the quality of the digestion residue (digestate), both in terms of plant nutrient content and potential
contamination (metals, organic compounds, disease-causing organisms, etc.). Choosing the right material gives
you the opportunity to influence the outcome of the process, maximise energy output and produce biofertilizer
of good quality.

The most common biomass used in European Biogas plant production are listed below:
e Animal manure and slurry;
e Agricultural residues and by products;
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Carbohydrates |:> Sugars
Carbonic acids
and alcohols Hydrogen
i o Methane
Fats Fatty acids Acetic acid Carbon dioxid
Hydrogen Carbon dioxide arbon droxide
Carbon dioxide
Proteins |:> Amino acids Ammonia

Hydrolysis Acidogenesis Acetogenesis

Figure 2. The key process stages of anaerobic digestion [9].

o Digestable organic wastes from food and agro industries (vegetable and animal origin);
¢ Organic fraction of municipal waste and from catering;

e Sewage sludge;

o Dedicated energy crops (e.g. maize, miscanthus, sorghum).

The Importance of Substrate for Microorganisms

The composition of a substrate is very important for the microorganisms in the biogas process and thus also for
process stability and gas production. When it comes to the decomposition of organic material in the anaerobic
digestion process, the ratio of carbon to nitrogen (C/N ratio) is also regarded to be of great importance, therefore
the performance of the anaerobic digestion process is shown to be enhanced by using substrates from different
sources and with the right proportions [53]. Investigations show that co-digestion of substrates from different
sources produces more gas than predicted compared to gas production from the individual substrate [23] [54]
[55].

It is hard to say exactly what ratio is optimal because it varies with different substrates and also with the
process conditions. Several factors affect the optimum C/N ratio for such a process:

1) If the substrate is limited by factors other than the amount of carbon or nitrogen, for example, low levels of
phosphorus and trace elements. This can have an effect on the function of the process which becomes more im-
portant than the C/N ratio.

2) Process decomposition efficiency. If the degree of decomposition in the process (i.e. the proportion of the
organic material that is converted to methane), is low, a smaller portion of nitrogen is released as ammonia
compared to a process with a high degree of decomposition. Such a process “handles” a substrate with a low
C/N ratio better than a process with more efficient degradation.

3) The composition of the substrate (i.e. which components are actually responsible for the C/N ratio).
Long-chain carbon compounds, such as cellulose, are broken down slowly, and the risk of acidification of the
process is significantly lower than where most of the carbon is glucose, which degrades very quickly. Some of
the carbon can also occur in the form of lignin, which in its intact form does not decompose at all during the
process [56].

It is also preferable to use a substrate that is not too diluted, that is, contains too much water in relation to the
amount of organic substrate. If the material is too diluted, and contains too little organic matter, the risk is that
microorganisms are washed out in a continuous process. This is because their growth rate is low. The preferred
water content depends on the type of process used. A highly diluted material can be treated by various tech-
niques to retain the microorganisms, for example, using a carrier material or adding back biomass [57] [58].

4. Digestion Factors

Anaerobic digestion depends on several different parameters for an optimum performance. Different groups of
microorganisms are involved in the methane production, and suitable conditions have to be established to keep
all the microorganisms in balance. Some of these parameters are: pH, temperature, mixing, substrate, C/N ratio,
and hydraulic retention time (HRT) [27]. Digestion is a slow process and it takes at a minimum of three weeks
for the microorganisms to adapt to a new condition when there is a change in substrate or temperature [51]. A
symbiotic relationship is necessary between the hydrogen-producing acetogenic microorganisms and the hydro-
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gen-consuming methanogens. Furthermore, a neutral pH is favorable for biogas production, since most of the
methanogens grow at the pH range of 6.7 - 7.5. Temperature is also an important factor in the biogas production.
Most of the acid forming microorganisms grows under mesophilic conditions; however, for methanogens, a
higher temperature is favorable [51]. Mixing is also an essential parameter for biogas production. Too much
mixing stresses the microorganisms and without mixing foaming occurs. Methane-forming microorganisms
grow slowly, with a doubling time of around 5 - 16 days. Therefore, the hydraulic retention time should be at
least 10 - 15 days, unless these bacteria are retained by, for example, entrapment. Substrate and the balance of
carbon sources with other nutrients such as nitrogen, phosphorus, and sulfur is also important. The substrate
should be slowly digested; otherwise easily degradable substrates may cause a sudden increase in acid content.
The carbon and nitrogen ratio should be around 16:1 - 25:1. Too much increase or decrease in the carbon/nitro-
gen ratio affects biogas production. The concentration of solids in the digester should vary between 7% and 9%.
Particle size is not an important factor compared to other parameters such as pH and temperature. However, the
size of the particles used affects the degradation and ultimately the biogas production rate [23] [49] [51].

5. Conclusion

The growing global concerns on the increasing amount of waste, global warming and a reliance on fossil fuels as
the main energy source have stimulated research on the anaerobic digestion process and its complexities. A
critical analysis of literature reveals that the anaerobic digestion process is the principal source of biogas pro-
duction. In comparison with other biofuels, in biogas production a wide range of substrate can be utilized as
long as they are biodegradable. The use of certain substrate for the process depends on the ability of the sub-
strate to meet the nutritional requirements of the microorganism. Hence substrate compaosition is very important
in the anaerobic digestion process. Bioenergy will be the most significant renewable energy source because it
offers an economical attractions and alternatives to fossil fuels. Anaerobic digestion has many advantages be-
cause of its low consumption of energy, low sludge production, smaller space requirements, reduction in waste
volume and the production of biofertiliser and valuable soil conditioners.
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