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ABSTRACT

Anaerobic digestion (AD) is a complex process involving several dependent
variables. Among critical factors are pH value, temperature and type of pre-treatment
of raw material. The change in these parameters affects the overall performance
of the system in terms of biogas and methane yield, resulting into varying power
output. Different pre-treatments of biomass have different impact on the kinetics of
AD. Therefore, the overall electrical output power varies with varying the type of pre-
treatment and to which extent it is used. In this regard, most of the existing approaches
focused only on the multistage reactor design and economic evaluations with single
pre-treatment technique. They did not consider the effect of multistage pre-treatment
techniques on electrical power output. This research proposes a novel methodology
of multistage pre-treatment of organic matters which has the potential to increase the
power output from AD to its maximum. The modelling of most common pre-treatment
techniques (chemical, mechanical and thermal pre-treatments) of organic matters is
presented to calculate the effect of these treatments on the electrical energy production.
A framework is developed to evaluate the whole process from pre-treatment to the
power output. Multistage pre-treatment is proposed in this research to enhance the
electrical energy production from AD. The first order kinetic model of AD is used
to calculate the biogas and methane yields and electrical energy as existing literature
illustrates that this model is a good choice acceptably for the solution of chemical
reactions involved in AD. Three different pre-treatment scenarios, AD with single pre-
treatment (Case 1), AD with two stage pre-treatment (Case 2) and AD with three stage
pre-treatment (Case 3) are considered for the application of the proposed methods. The
proposed scenarios are simulated to use different possible number of combinations in
all three pre-treatment cases. The highest production of electrical energy achieved was
0.62 kWh, 0.75 kWh and 0.87 kWh for 1 kg of animal wastes for Case 1, Case 2
and Case 3 respectively. The results are compared with the experimental results of
pilot scale plant and Anaerobic Digestion Model No. 1 (ADM1). This shows that
biogas, methane yield and electrical energy output can be enhanced to approximately
two fold by using multistage pre-treatment. The proposed technique is useful for
the prediction of bioenergy yield for different organic matters as well as for other
bioenergy conversion routes.
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ABSTRAK

Pencernaan anaerobik (AD) adalah satu proses yang kompleks yang melibatkan
beberapa pembolehubah bersandar. Antara faktor kritikal adalah nilai pH, suhu dan
jenis pra-rawatan bahan mentah. Perubahan parameter ini memberi kesan kepada
prestasi keseluruhan sistem dari segi hasil biogas dan metana, mengakibatkan pelbagai
kuasa keluaran. Pra-rawatan biojisim yang berbeza mempunyai kesan yang berbeza
pada kinetika AD. Oleh itu, kuasa keluaran elektrik keseluruhan berbeza dengan
perubahan jenis pra-rawatan dan sejauh mana ia digunakan. Dalam hal ini, sebahagian
besar daripada pendekatan yang sedia ada hanya memberi tumpuan kepada reka
bentuk reaktor berbilang dan penilaian ekonomi dengan teknik pra-rawatan tunggal.
Mereka tidak mengambil kira kesan teknik pra-rawatan berbilang terhadap kuasa
keluaran elektrik. Kajian ini mencadangkan satu kaedah baru pra-rawatan berbilang
bahan organik yang mempunyai potensi untuk meningkatkan kuasa keluaran dari
AD ke maksimum. Pemodelan teknik pra-rawatan yang paling biasa (pra-rawatan
kimia, mekanikal dan haba) bagi bahan organik dikemukakan untuk mengira kesan
rawatan ini pada penghasilan tenaga elektrik. Satu rangka kerja dibangunkan untuk
menilai keseluruhan proses dari pra-rawatan kepada kuasa keluaran. Pra-rawatan
berbilang adalah dicadangkan dalam kajian ini untuk meningkatkan pengeluaran
tenaga elektrik daripada AD. Model kinetik peringkat pertama AD digunakan untuk
mengira penghasilan biogas metana dan tenaga elektrik sebagaimana literatur yang
sedia ada menunjukkan bahawa model ini adalah pilihan yang boleh diterima untuk
penyelesaian tindak balas kimia yang terlibat dalam AD. Tiga keadaan pra-rawatan
yang berbeza, AD dengan pra-rawatan tunggal (Kes 1), AD dengan dua peringkat pra-
rawatan (Kes 2) dan AD dengan tiga peringkat pra-rawatan (Kes 3) dipertimbangkan
untuk aplikasi kaedah yang dicadangkan. Senario yang dicadangkan disimulasikan
untuk menggunakan beberapa kombinasi yang berbeza dalam ketiga-tiga kes pra-
rawatan. Pengeluaran tertinggi tenaga elektrik adalah 0.62 kWh, 0.75 kWh dan 0.87
kWh untuk 1 kg sisa haiwan untuk Kes 1, Kes 2 dan Kes 3. Hasilnya dibandingkan
dengan hasil eksperimen loji skala perintis dan Model Pencernaan Anaerobik No.
1 (ADM1). Ini menunjukkan bahawa biogas, hasil metana dan keluaran tenaga
elektrik boleh ditingkatkan kepada kira-kira dua kali ganda dengan menggunakan pra-
rawatan pelbagai peringkat. Teknik yang dicadangkan ini berguna untuk ramalan hasil
biotenaga untuk pelbagai perkara organik dan juga untuk laluan penukaran biotenaga
yang lain.
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CHAPTER 1

INTRODUCTION

1.1 Research background

The primary and the most universal measure of all kinds of work by human
beings and nature is energy. Everything happens in the world is the expression of
flow of energy in one of its forms. Therefore, energy exhibits an important role in
social as well as economic growth by maintaining living standard. At present, energy
from conventional fossil fuels fulfils about 80 % of demand globally [1]. However,
with the passage of time, these conventional types of sources are exhausting for energy
generation. This imbalance between energy supply and demand diversifies the world
to explore other sources for energy generation [2]. This situation leads to the use
of non-conventional renewable energy sources (RES), which are abundant in nature.
According to International Energy Agency, conventional energy sources, such as oil
and petroleum, are still the most important sources of energy followed by gas and coal.
About 80% of Total Primary Energy Supply (TPES) is met by these fossil fuels [3].
Combustible renewable energy (CRE) is the next key contributor, which contributes
approximately 10% of TPES share all over the world .

Currently, renewable energy sources (RES) are contributing more at present
[3]. According to the statistics of world energy council, if the satisfactory policy
initiatives are continued to deliver till 2025, renewable sources will be capable to fulfill
60 % of electricity supplies and 30 % use of direct fossil fuels globally. Indigenous
conventional energy resources are already exploited at their maximum [4]. The leading
countries in bioenergy production are Finland, Austria and Germany. Currently, it is
reported that bioenergy is contributing 20 %, 7 % and 5 % in Finland, Austria, and
Germany respectively [5]. These countries are eager to expand total share of power
from biomass. Thus, ultimate solution is to focus the methods which are capable for
providing enhanced electrical power production from the raw wastes.
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Biogas is the gas produced as a result of anaerobic digestion (AD) of raw
wastes. Biogas typically refers to a gas produced by the biochemical degradation
of organic substance in the absence of oxygen. This process is known as anaerobic
digestion (AD). Biogas, the output of the process, is generated from biogenic material
and is used as a type of renewable fuel. There are several reasons for increased use of
biogas as a fuel worldwide. These are listed as follows:

1. The fossil fuel cost and taxation are increasing gradually and the users have to
bear the increased cost.

2. The potential of different renewable energy sources have been explored a lot for
the last decade.

3. The gas generated from anaerobic digestion, mainly methane, is one of the main
reasons of the well known greenhouse gas (GHG) effect.

4. The biogas generation is possible from small scale (1 m3) to large scale (tens of
m3) and is especially useful in remote areas where it is difficult to supply energy.

5. The simple anaerobic digester is easy to build using raw materials, easily
available in towns if a few simple design rules are followed.

The biodegradation of organic matters results in the production of biogas. The organic
materials include biomass, sewage, green waste, energy crops and municipal waste [6].
Figure 1.1a shows the schematic paradigm of the anaerobic digestion process. There
are four main features and parts of the standard process as highlighted with numbers
(1,2,3,4).
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(a)

(b)

Figure 1.1: Anaerobic digestion process (a) Schematic diagram of Anaerobic
Digestion (AD) process (b) Processes involved in AD

The output biogas primarily is a mixture of carbon dioxide and methane.
Biogas can also be produced by gasification of wood or other biomass material and is
called wood gas. This type of biogas contains mainly hydrogen, nitrogen,and carbon
monoxide with trace amounts of methane [7]. The gases obtained from the degradation
of other materials are hydrogen, methane, carbon dioxide and carbon monoxide and
these are oxidized or combusted with oxygen. The amount of energy released from
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oxidation or combustion facilitates biogas to be used as a fuel for transportation or to
convert it into other form of useful energy. Biogas can be used as a low cost fuel for
several purposes like cooking, transportation and electrical energy production. [8].

In modern world, it is beneficial in waste management services where it is used
as fuel to run heat engine to generate either electrical or mechanical power. Like a
natural gas, the compression of biogas can be accomplished and is used to power motor
vehicles as vehicular fuel. For example, England is projected to have the potential
to replace about 17% of vehicular fuel. Biogas is a renewable fuel, so it qualifies
for renewable energy subsidies in some parts of the world. A biogas plant includes
an anaerobic digester that uses dairy manure, farm waste and different crops to be
processed. Biogas can be produced utilizing anaerobic digesters. The organic matters
undergoes the different sub-processes in the digester namely hydrolysis, acidogenesis,
acetogenesis and methanogenesis as shown in Figure 1.1b. These digesters can also
be fed with different biomass feedstock such as energy crops or biodegradable organic
wastes including sewage sludge and food waste.

Biogas is produced by organic waste diluted with water. The organic waste
is decomposed under anaerobic conditions in a digester or landfill. The biomass
feedstock is covered and compressed mechanically and by the weight of the material
that is deposited from above. This material prevents oxygen from accessing the
waste and anaerobic microbes thrive. This gas produced is slowly released into
the environment and causes greenhouse gas effect if the digester plant has not been
engineered to capture the gas.

1.2 Problem statement

The increased interest in biochemical processes has simulated mathematical
modelling because it is typically much faster and less expensive to model a process and
to simulate its operation. While, the conventional digestion process, directly accepting
raw waste, needs a long retention time and has a low volatile solids (VS) removal
rate. So, the digestion of biomass waste by conventional methods could not give
satisfied results. It is pointed out that hydrolysis is the rate-limiting step in the complex
anaerobic digestion process [9]. Under this principle, pre-treatment of biomass
is necessary to compensate the limited rate constant. The different pre-treatments
techniques including chemical, mechanical, biological, thermal and ultrasonic may
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be used as methods to improve the rate-limiting hydrolysis.

The modelling of AD with pre-treatment techniques requires the careful
consideration of the parameters involved during the techniques. The time and the
temperature are among one of them. For example, in thermal treatment, the organic
matters should be heated up to ’how much temperature’. Hence, the utilization of
appropriate pre-treatment at the right time for the right time prior to AD is the question
which has to be answered. In this regard, it is investigated and established that the pre-
treatments techniques of anaerobic digestion of wastes can enhance the biogas yield
and increased electrical power can be achieved. Different pre-treatment technologies
were evaluated by researchers in different time periods. The chemical, thermal and
mechanical treatments prior to the digestion can increase the energy contents of the
organic matters.

In addition, different pre-treatment techniques if used simultaneously on
biomass waste may give more bioenergy as compared to that with single pre-treatment.
Therefore, advanced multistage pre-treatment methodologies are necessary to get the
maximum from minimum. At the same time, the determination of electrical energy
output and efficiency of the digester of pre-treated material is also not straight forward,
since many parameters need to be carefully considered.

1.3 Motivation

Pakistan is facing severe economic crisis due to continuously growing gap
between energy demand and supply. The shortage in power and gas supply has already
ceased many industrial sectors such as textile, small and medium enterprises and local
transportation. The government has spent US $ 9 billion on energy import during
2008–2009 to fulfill current energy requirements. Indigenous energy resources, mainly
fossil fuels, have been already exploited at their peaks. Energy demand is expected to
become double during the next decade. Figure 1.2 shows the energy consumption in
Pakistan by sector wise. It is obvious that the domestic sector is the main consumer of
energy and it is approximately 50 % energy consumed by this sector. As the population
increases day by day, the domestic sector will need more energy to be consumed. Thus,
renewable and sustainable energy resources, such as biomass, wind and solar need to
be exploited so that a sustainable energy mix could be employed to ensure energy
security. Biomass and bioenergy is one of the renewable energy sources that must be
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carried out throughout the country.

Figure 1.2: Energy Consumption in Pakistan

It is reported that if the available renewable sources is exploited with planning,
Pakistan may get rid of the current energy crisis immediately [10]. The limitation in the
path of utilizing the renewable energy potential is discussed in [11]. The solutions of
the barrier in the penetration of renewable technology are discussed in [12,13]. Still the
renewable technologies are not fully penetrating globally, especially in Pakistan [14].
There is a need to utilize the RES at its peak [15, 16].

1.4 Research objectives

The objectives of the research are :

1. To develop a framework for the improvement of anaerobic digestion process
to assess the effect of multistage pre-treatments on biomass feedstock for the
enhanced methane yield and the electrical energy output.

2. To model three types of pre-treatment techniques to get enhanced bioenergy
from the anaerobic digestion process in thermophilic and mesophilic temperature
conditions.
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3. To apply the proposed framework on multiple stage pre-treatments scenarios
with different biomass feedstock used and verify the results by comparing with
previous relative research work.

1.5 Scopes of research

The scopes of this research are:

1. The biogas yield for temperature range from 0 ° C to 10 ° C (ambient
temperature) is not considered in this research.

2. The concentration of slurry is uniform throughout surface area of the reactor.

3. The volume of the anaerobic digester is kept constant for comparison purpose.

4. The energy output from AD is different for diffrent biomass materials. The
present research takes account only animal manure as biomass source.

5. The composition of waste considers only carbon (C), hydrogen (H) and oxygen
(O). Other substances like nitrogen and sulphur are not considered.

1.6 Significance of research

The present research offers a paradigm move in pre-treatment techniques used
for maximizing energy output from AD process. A significant research has been
done on combined pre-treatment techniques of different biomass feedstock to date.
However, most researches in this field focused only the sequential reactor design
with single pre-treatment techniques. In contrast, present research introduces the new
concept of using two or more level of pre-treatment techniques in anaerobic digestion
process. The implementation of such concepts present significant modeling and design
challenges that have been appropriately addressed in this research. In addition, this
research proposes a framework that evaluates three different type of pre-treatment
scenarios, single pre-treatment, two stage pre-treatment and three stage pre-treatment
prior to AD. In order to explore the effectiveness of the proposed framework design,
these techniques are applied on each pre-treatment scenario with varying number of
pre-treatment and are validated by comparing the outcomes with previous research
work.
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Pakistan, being an agricultural country, is facing severe load shedding
especially in summer season. The rural areas of the country is facing 12 hour load
shedding per day. This research emphasizes the use of biomass as a major source
of renewable energy generation. The raw waste is abundant in nature in Pakistan.
The country can cop the problem of load shedding by efficient utilization of biomass
resources. The present research provides a method to maximize the electrical energy
production by incorporating different pre-treatment methods on different biomass
feedstock. In this way, the country can get a balance between energy production and
demand. This research work will also help to look a deep insight for maximizing
energy output from AD process with pre-treatment techniques.

1.7 Organization of thesis

This thesis is organized into five chapters, namely the introduction, literature
review, research methodology, results and discussion, and conclusion and future
recommendations. Their contents are outlined as follows:

Chapter 2 analyzes availability of different feedstock in developing countries,
discusses its utilization to produce energy and different factors that affects the
performance of AD technology. The pre-treatment techniques used so far is also given
in this chapter. The critical review of the modelling of AD is highlighted in Chapter 2.
The merits and drawbacks of each AD model are highlighted. The benefits of applying
pre-treatment techniques prior to AD process are stressed.

Chapter 3 aims to focus the framework of anaerobic digestion process
which includes pre-treatment modelling, anaerobic digestion modelling and power
modelling. The bench mark experimental results are also included in this chapter.
In this chapter, research flow charts are proposed to predict the biogas yield from AD
technology with multistage pre-treatment techniques used.

Chapter 4 discusses and compares the results of proposed research finding with
the Anaerobic Digestion Model No.1 (ADM1) for three cases. Case 1 comprises of
single stage pre-treatment AD with three possible combinations. Case 2 has the two
stage pre-treatment AD with six possible combinations while case 3 comprises of three
stage pre-treatment AD with ten possible combinations. Each combination is evaluated
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in comparison with ADM1 in terms of kWh production per day for one kilogram of
manure.

Chapter 5 concludes the discussion of the work undertaken and highlights the
contributions of this research. Several suggestions are recommended for possible
directions of future work.
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