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Abstract
Generation of wastes as a result of expanding economic activities and change life styles of people is on the
increase from recent times in Sri Lanka, especially in urban areas.

The government authorities, both

national and provincial, have no firm plans to manage the generation of wastes as well as safe disposal of
unavoidable wastes. The wastes composition of the country is fortunately rich of biodegradable substances
and it is a good indication that these wastes could be utilized in anaerobic digestion systems for the
generation of biogas. Sri Lanka has over four decade’s history of using anaerobic digestion (AD) with a
little expansion to deal the situation of high level of wastes being accumulated in most of the cities. Further,
AD technology is not developed to the same scale as of the western countries due to various reasons related
to technological know-how, economic, social and cultural practices together with misconceptions with
regard to the economic benefits that could be derived from AD.
This research work mainly focused on two objectives, namely to evaluate the feasibility of production of
biomethane under Sri Lankan context and to develop a cost model for the production process, i.e. investor
decision tool for the biomethane projects. During the study, it was considered that the overall process from
input feedstock to a biogas plant to produce cleaned and upgraded biogas (biomethane), has over 95% of
CH4. It was also considered two main end products based on purified biogas (biomethane) such as bottled
biomethane and generation of electricity from combustion of biomethane on a generator coupled to an
internal combustion engine or a gas turbine. Revenues of the project are made by said one product or both
products. There were number of algorithms or logics made for quantifying capital cost (CAPEX) and
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operational expenses (OPEX) of a considered project. After estimating the revenue of such a project, net
present value, internal rate of return and simple payback period for own investment were calculated (a
calculation guide for those indicators provided). Those indicators are used as guides to select a successful
project. It was important that co-digestion of various substrates (mainly municipal solid wastes) were
considered during the development of a model.
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1. Introduction
1.1. Background
According to the current situation, world’s energy requirement heavily depends on fossil fuels; such as coal,
petroleum crude oil and natural gas. These precious resources are finite and have consuming rapidly due to
higher increasing rate of population and urbanization around the globe. On the other hand, millions of
years are required to form fossil fuels in the earth. This scenario forces human kind to research sustainable
energy sources to their usage. At the point, renewable energy become important topic among all nations.
There are various types of renewable energy sources available. Such as hydro power, wind power, solar
power, ocean wave power and biomass energy. Their usages are limit by various reasons. But biomass
energy can be implemented any location and it has lesser limitations than others. Biomass energy is
significant natural and renewable carbon resource and that can be substitute for fossil fuel applications with
minor upgrading methods. Biomass can be defined as all organic matters - living or dead beings such as
animal manures, dead animal bodies, trees, vegetation, municipal solid wastes, and some industrial wastes.
Biomass renews in a short time period than required time period to forming a fossil fuel deposit.
A tropical country like Sri Lanka has vast potential for derived energy forms from biomass based energy
due to higher availability of biomass resources. Also the technological background of biomass energy, its
investment and their operational costs are in acceptable region for the country’s economy with comparing
other renewable energy sources.
1.1.1. Country Profile
Sri Lanka is an island with an area of about 65,610 km2 located in the Indian Ocean on northern hemisphere
(Figure 1). The country has a parliamentary and executive presidential political system. According to the
current population data, Sri Lanka has 21.4 million (estimated) people with moderate population density of
326.9 persons/km2. The country also categorizes as a lower and middle income country with gross domestic
product (GDP) per capita of 3,159 USD (United Nations Statistics Division n.d.). Geographically it lies
between 6” N and 10” N latitude and between 80” E and 82” E longitude and it separates from Indian subcontinent from 53 to 80 km wide Palk Strait. The topography of the country consists of mountainous area
at center of the country and it surrounds by vast plain. Generally the country has tropical climate conditions.
The annual temperature at coastal area is varying from 26oC and at central highlands, it varies from 15oC
to 19oC. The annual rain fall varies from 1000 mm to 5000 mm throughout the island (United Nations
Environment Programme 2001).
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Figure 1: Location of Sri Lanka (Marked in green in world map) (Google Maps 2016; Wikipedia 2016)
1.1.2. Energy Profile
Being a small island nation, Sri Lanka lacks number of conventional energy sources such as fossil fuels
including coal and crude oil reserves, natural gas reserves etc. to the date. But some witnesses found that
crude oil reserve exist at offshore of north western area of country’s coast and now it has been investigated
(Jayawardena 2015). The country is rich with sufficient potential for hydro energy, wind energy and solar
energy due to its location and its climate pattern. The energy consumption per capita of Sri Lanka is 20.496
GJ/Annum (World Bank 2013) and it is ranked third among south Asian other countries. The key energy
parameters belonged to the country is shown in Table 1.
Table 1: Key Energy Parameters of Sri Lanka (Sri Lanka Sustainable Energy Authority 2015; Ceylon
Electricity Board 2013)
Parameter

Value

Total Primary Energy (TPE)1

484.2 PJ

Total petroleum based fuel consumption

190.8 PJ

The electricity share to total energy supply

9.6 %

The rate of accessing electrification system

96%

Installed electricity generation capacity2

3362 MW

Maximum Demand2

2164 MW

Av. Elect: Consumption per Capita2

519 kWh/Person
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Sri Lanka’s Total Primary Energy (TPE) supply mainly consists of biomass (42.5%), fossil fuel (i.e.
petroleum and coal) (47.4%), hydro power (7.6%) and Non-Conventional Renewable Energy (NCRE)
(2.6%) (Figure 2) (Sri Lanka Sustainable Energy Authority 2015). Biomass is mainly used for domestic
cooking purpose and fossil fuels are used for power generation and transport utilities.

Biomass

Petroleum

Coal

Major hydro

Non-Conventional Renewable Energy

7.60% 2.60%
8%

42.50%

39.40%

Figure 2: Elements of TPE, Sri Lanka 2014

1.2. Problem Identification
Due to the higher urbanization of the country, numerous issues are formed. One of main issue is to generate
high capacity of Municipal Solid Waste (MSW) in cities. It was estimated that, solid waste generated in the
country was 6400 tons/day (United Nations Environment Programme 2001). This amount is continuously
increasing due to increasing of population and the higher rate of urbanization of the country as described.
Municipal Solid Waste mainly consists of biowastes (BW) such as vegetable wastes (45%), fruit wastes
(35%), packing materials (15%) and restaurant food waste (3%) and also the form of stones, plastics and
wood which was less than 1.3 % of the total waste quantity in nominal waste (Thenabadu, et al. 2015).
Using this BW, biomethane (BM) can be produced by using a suitable digestor under anaerobic conditions.
Based on this, the following biomethane potential (BMP) values were obtained; for fruit and vegetable
waste it is 0.3 m3 CH4/kg of waste (dry) and for food waste it is 0.56 m3 CH4/kg of waste (dry) measured
at atmospheric conditions, (100 kPa and 25 oC) (Thenabadu, et al. 2015). BM can be used as replacement
of numbers of petroleum products such as Liquid Petroleum Gas (LPG). Hence utilizing BW in the long
run may be feasible for reduce usage of fossil fuels in country and provide a better solution for
environmental pollution.
Ultimate objectives of this research are feasibility study of production of biomethane as a commercial
product and develop a cost model for biomethane production in a Sri Lankan context.
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1.3. Aims and Objectives
Main aims of the research were to determine the feasibility of producing biomethane as a commercial
product and to develop a model for biomethane production in a Sri Lankan context. The model consists
of quantification of physical output, estimating of relevant costs and revenues and environmental impact
analysis of a project. In addition to that, the following objectives shall be fulfilled.
I.
II.

Find out fixed cost and variable cost components in the production of biomethane.
Propose a method to determine the impact on environment due to biomethane production
process.

III.

Develop relationships to find project feasibility in investors point of view (such as Net Present
Value (NPV), Internal Rate of Return (IRR), Payback period and Revenues from the project)

1.4. Methodology
This research was performed as follows:
As initial steps the followings were accomplished.
a) Selecting a country profile: Sri Lanka (SL)
b) Selecting a production fuel: in this case biomethane (BM).
c) Finding out processes of production of BM in a commercial scale

I.

Based on the processes, fixed cost and variable cost components and the total cost of production
of volume of biomethane were determined.

II.

Find out costs for each fixed, variable and total cost.

III.

A method was proposed to determine the environmental impact due to BM production plant.

IV.

BM yield for different types of biowastes (BW) and the basis of selection of suitable digesters were
critically studied and evaluated.

V.

Potential usage of BM in world scenario – e.g. as vehicle fuel, domestic purposes (fuel for cooking)
etc. was investigated that included the practical difficulties of implementation, storing methods,
requirements of infrastructure facilities, capital investment, operational cost and their management,
governmental policies, social impact, Technical knowhow, etc.

VI.
VII.

A cost model for the production of BM was developed.
Environmental impact and economic feasibility were determined for a new biomethane generation
project implementation.
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2. Biogas Energy
Biomethane which is an upgraded product of biogas is considered as the key product of investigation
throughout this research. In this chapter, basics of biogas, production process and methods, main and
auxiliary equipment/systems required for the production of biogas are presented.

2.1. Background
Energy in biomass is a fixed form of solar energy. By the process of photosynthesis in living green plants
(biomass), solar energy is used to capture CO2 in atmosphere and converted into an organic compound.
Following equation mentioned the process described.
𝐶𝑂2 + 𝐻2 𝑂 + 𝐿𝑖𝑔ℎ𝑡 + 𝑐ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 → 𝐶𝐻2 𝑂 + 𝑂2

Equation 1

Here Chlorophyll is the molecule that absorbs solar energy (sunlight) and uses its energy to produce
carbohydrates from CO2 and water. Carbohydrate represented by a collection of CH2O and it is a primary
organic product (for an example C6H12O6 represents Glucose). To convert each gram mole of carbon into
a carbohydrate form 470 kJ (112 kCal) energy is absorbed and this energy is supplied by solar energy. The
capture efficiency of incident solar radiation of biomass shall be within range of 8- 15 % (estimated), but in
actual condition it decrease below 2% (Klass 2004). The produced Carbohydrates convert various forms in
plants and store them as fruits, vegetable etc. Then these foods are basic foods for preliminary animals.
Along food chains this captured solar energy flows with losses. These food chain producers and consumers
(their by-products or dead bodies) can be consider as biomass products. Hence biogas which produced due
to the anaerobic digestion of biomass is a derived form of solar energy.
Biogas can be defined as a mixture of various gases generated during the degradation of biomass (organic
matter) by a group of bacteria in absence of oxygen, also mention as anaerobic digestion. The biogas mainly
consists of methane (CH4) and Carbon dioxide (CO2) along with less percentage of other gases (Table 2).
Generally biogas produced from biomass can be categorized into the following three main categories
(Gomez 2013):
1) Substrate from origins of farms such as liquid manure, feed waste, harvest waste and energy crops
2) Waste from private households and municipalities such as organic fraction of the municipal solid
waste (MSW), market waste (from vegetable market, fish market etc.), expired food or food waste
(from supermarkets, tourist hotels etc.)
3) Industrial by-products such as glycerin, by-products of food processing (from meat processing
industries, dairy industry etc.) or waste from fat separators.
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Table 2: Composition of Biogas (Balat and Balat 2009)
Typical Analysis
(% by volume)

Component
Methane (CH4)

55-65

Carbon dioxide (CO2)

35-45

Hydrogen sulphide (H2S)

0-1

Nitrogen (N2)

0-3

Hydrogen (H2)

0-1

Oxygen (O2)

0-2

Ammonia (NH3)

0-1

Utilization of biogas is a solution for increasing of emission of CO2, a greenhouse gas. Considering whole
cycle of biogas production cycle, net carbon emission to the environment is approximately zero.

Figure 3: Typical Biogas Cycle (The Sietch Blog 2009)

-15-

2.2. Process of a Typical Biogas Plant

Figure 4: Typical process of a Biogas Plant (Anaerobic Digestion Process Flow 2005, (URL))
A process layout of a typical biogas plant is shown in Figure 4. However, this layout may be subject to a
slightly change according to the location of the plant and requirements of usages of the final product.

2.3. Synthesis of Biogas
During the production of biogas, complex, large organic polymer chains have to be broken down into simple
forms of gases consisting of methane and carbon dioxide. This whole process depends on numbers of
microorganism communities, which they act together to degrading organic matters under absence of oxygen.
Hence both requirement of availability of nutritional medium and presence of microbial communities are
compulsory for the anaerobic digestion (AD) at the digester, in view of production of biogas. The anaerobic
digestion for production of biogas can be divided into four phases (Muzenda 2014). They are,
I.

Hydrolysis

II.

Acidogenesis

III.

Acetogenesis

IV.

Methanogenesis
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Complex Organic
Compounds
(Carbohydrates,
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•Hydrolysis
•By Hydrolytic
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•Acidogenesis
•By Acidogenic
Bacteria

Organic Acids &
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•Acetogenesis
•By Acetogenic
Bacteria

H2, CO2, Acetic
Acid, Acetate

•Methanogenesis
•By Methanogenic
Bacteria

Biogas (CH4 +CO2)

Figure 5: The Anaerobic Digestion Process (Muzenda 2014)
2.3.1. Hydrolysis
During the anaerobic digestion process, this phase occurs first. Large organic polymer chains breakdown
into simple molecules such as simple forms of sugars, amino acids and fatty acids. By- products of the
process are hydrogen and acetate and they may use in later steps of the AD process (Muzenda 2014).
During the hydrolysis process, most of microorganisms secrete several types of extracellular enzymes to
break down different types of organic materials. Due to effects of enzymes, complex and large organic
matters are became broken into tiny parts. These tiny parts can easily absorb into the cells of microbial
groups for use their nutrition requirement and as a source of energy. Some microorganisms are dedicated
for breakdown of each type of organic matters. For an example microorganisms secrete enzymes to break
down different types of sugars are categorized into saccharolytic. Similarly who break down different types
of proteins are mentioned as proteolytic (Schnürer and Jarvis 2010). Some enzymes groups, which are used
for the hydrolysis process is given below (Table 3). The rate of decomposition at the hydrolysis phase highly
depends on the nature of the substrate. For an example, converting of cellulose and hemicellulose normally
consume more time than the same process occurred at proteins.
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Table 3: Common Hydrolytic Enzymes (Schnürer and Jarvis 2010)
Enzymes

Substrate

Breakdown Product

Proteinase

Proteins

Amino acids

Cellulase

Cellulose

Cellobiose and glucose

Hemicellulase

Hemicellulose

Amylase

Starch

Lipase

Fats

Pectinase

Pectin

Sugars (glucose, xylose, mannose and arabinose)
Glucose
Fatty acids and glycerol
Sugars (galactose, arabinose, polygalactic and uronic acid)

2.3.2. Acidogenesis
Acidogenesis also calls fermentation is the second step of the AD process and consists of several reactions
rather than the hydrolysis. Numbers of reactions depend on which types of microorganisms existing at the
digestion medium and which types of substrates existed. Several types of organisms actively participate
during this step rather than other steps of AD process. During fermentation, most active organisms are
similar organisms existed at previous step, hydrolysis. But additional numbers of organisms are also
available in the medium such as Enterobacterium, Bacteriodes, Acetobacterium and Eubacterium (Schnürer
and Jarvis 2010). The substrate from the previous step, hydrolysis was used by fermenting organisms for
further degradation. But fatty acids from the previous state were not degraded by fermentation microbial
groups and it exists in the digestion medium until the next step occurred for oxidation (Schnürer and Jarvis
2010).
During acidogenesis step, products from hydrolysis were mainly transformed into numbers of products
such as organic acids (acetic, propionic acid, butyric acid, succinic acid, lactic acid etc.), alcohols, ammonia
(from amino acids), carbon dioxide and hydrogen (Schnürer and Jarvis 2010) and hydrogen sulphide
(Muzenda 2014). Types of transformed compounds are depends on the substrate from hydrolysis process,
environmental process conditions and which type organisms are present. But the converted organic matter
occupies large volume and not suitable for methane production (Muzenda 2014).
2.3.3. Acetogenesis
During acetogenesis stage, the products generated during the acidogenesis stage are broken down into
simple forms by reactions under anaerobic oxidation conditions. This is a crucial step for final production
of biogas due to inter-dependence of each step’s microorganism activities. During acetogenesis stage,
protons are used as final electron acceptors and this process tends to produced hydrogen gas. Formation
of hydrogen gas may only occur if the concentration of hydrogen gas is constantly kept at a minimum level
due. If the hydrogen gas formation is not continuously removed from the digester, acetogenesis step
(anaerobic oxidation) may stop due to the microorganisms no longer will get enough of energy for growth
(Schnürer and Jarvis 2010).
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However, during the last step of anaerobic digestion - the methane formation process, microorganism of
this step consume hydrogen and form methane. This reaction occur constantly and due to this, hydrogen
gas level at the digester keeps low level. Hence this step encourages anaerobic oxidation (actogenesis) and
the step three and the last step of anaerobic digestion process are inter-dependent on each other. This interdependency is called as syntrophy and the transfer of hydrogen gas is called "Inter-species Hydrogen
Transfer" (IHT). IHT defines the transfer of hydrogen gas between species (ibid).
Substrates for acetogenesis comprise of several fatty acids, alcohols, some types of amino acids and
aromatics. Aromatics are combined with ring structures, such as benzoic acid, phenols or some types of
amino acids that occur (ibid).
In addition to hydrogen gas, acetate, carbon dioxide and energy (heat) generated during acetogenesis step
(anaerobic oxidation) (Muzenda 2014). Syntrophomonas, Syntrophus, Clostridium, and Syntrobacter are
examples of microorganisms that can carry out various anaerobic oxidations in syntrophy with an organism
that uses hydrogen gas. These microorganisms are called as acetogens (Schnürer and Jarvis 2010).
2.3.4. Methanogenesis
Formation of methane, methanogenesis is the last step of the anaerobic digestion process. During this stage,
methane and carbon dioxide are produced by several methane generating microbial community known as
methanogens. Substrates for these microorganisms are hydrogen gas, carbon dioxide, and acetate, which
are produced during the step of acetogenesis. Also other available substrate types, methyl amines, some
alcohols, and formates are also used for generation of methane by certain types of microorganism groups.
In this step, different types of microorganisms are actively convert substrates from previous step,
acetogenesis into biogas and dominated microorganisms in a biogas process is called acetotrophic
methanogens, which consume acetate as substrate. During their break down process, acetate is broken into
two parts (Equation 2). One of the carbons is used to form methane and the other to form carbon dioxide.
Consequently, acetotrophic methane producers are also known as acetate-splitting methanogens. Acetate
is the source of about 70% of the biogas produced in a digestion tank (Schnürer and Jarvis 2010).
The hydrogenotrophs are other essential group of methanogens, their primary substrate for the
production of methane is hydrogen gas and carbon dioxide (Equation 3). There are only two known
groups of methanogens that break down acetate: Methanosaeta and Methanosarcina, although there are
various types of methanogens that use hydrogen gas, including Methanobacterium, Methanococcus,
Methanogenium and Methanobrevibacter (ibid).
Methanogens contrast from the other organisms in the biogas process, due to not be a common bacteria.
Generally methanogens are part of a group of microorganisms called Archaea (ibid). The Archaea are a
separate group of organisms that have developed in parallel with the bacteria (prokaryotes) and fungi
(eukaryotes). The methanogens are highly sensitive for various disorders in the substrates such as pH
changes or the presence of toxic compounds such as heavy metals or organic pollutants. Due to that, these
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organisms are extremely importance to the anaerobic digestion process which can seriously affect the entire
process.
𝐶𝐻3 𝐶𝑂𝑂𝐻 → 𝐶𝐻4 + 𝐶𝑂2

Equation 2

𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4 + 𝐶𝑂2

Equation 3

2.4. Factors Affected to the Production of Biogas
The performance of biogas plants totally depend on effective operation of AD process. Following
mentioned parameters are highly effective for proper anaerobic digestion at digesters and maximizing
output of the plant. These parameters shall be controlled within a desired range to operate the plant in
effective manner (Balat and Balat 2009; Muzenda 2014 and Thenabadu, et al. 2015).
I.
II.

pH
Temperature

III.

C/N Ratio

IV.

Retention Time

V.
VI.
VII.
VIII.
IX.

Loading Rate
Mixing
Particle Size
Nutrients available in the substrate
Inhibitory Factors

2.4.1. pH
The range of acceptable pH range of substrates require to maintain within range of 5.5 to 8.5. On the other
hand methanogenesis stage occurs effectively between pH levels of 6.7 – 7.4 (Balat and Balat 2009). During
the acidogenesis stage, pH becomes lowering due to formation of several types of acids (e.g. Fatty acids
and Acetic acids). This lowering of pH is caused to occur instability in the digester. Hence an essential
attention is required for controlling of pH within required levels. Concentration of fatty acids, acetic acid
in particular, should be maintain below 2,000 mg/l (ibid).
2.4.2. Temperature
Digestion microorganisms have a narrow range of temperature in which they are active (Balat and Balat
2009). In an anaerobic biogas process, a small sort of energy are released in the form of heat. However,
most of the energy released by cellular respiration binds directly to the final product, methane.
Consequently, the final products have rich in energy and the process has not heated up itself in considerable
manner. On the other hand, some types of microorganisms grow effectively at a high temperature, and also
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generate high amount of biogas. In this condition an external heat supply is required (Schnürer and Jarvis
2010).
The optimum temperature of AD process shall be maintained according to the category of microorganisms
which considering their most actively participating on digestion process related to the temperature, such as
psychrophilic, mesophilic and thermophilic. The optimum temperatures for psychrophilic, mesophilic and
thermophilic microorganisms are 10 oC, 20-45 oC and higher than 50 oC respectively (Muzenda 2014).
2.4.3. C/N Ratio
Generally microorganisms in anaerobic digestion consume carbon, 25-30 times faster than nitrogen. Hence
it is compulsory to keep appropriate ratio of carbon and nitrogen in substrates. Nominally the optimum C:
N ratio of substrates would be 20-30:1 (Muzenda 2014). If C: N ratio higher than the optimum value,
microbial groups during methogenesis step will consume much nitrogen and will result in reduced
production of biogas. Conversely, lower C: N ratio tends to accumulation of produced ammonia and it
will be resulted to increasing pH level at the digester (beyond pH 8.5). This condition is toxic for
methanogens and methane formation may be halted. As a practice, optimum C: N ratio is obtained in
substrates by mixing of organic solids with sewage or animal manure (Schnürer and Jarvis 2010).
2.4.4. Retention Time
The retention time depends on composition of substrate, digestion system configuration and maintaining
temperature at the digester. Substrates consisting of sugar and starch are quickly digested due to not
requiring of hydrolysis step of AD process. Hence those substrates, for example industrial waste water
which containing soluble organic matter require short retention time. On the other hand fibre and cellulose
plant matter rich substrates need hydrolysis and hence require much time or long retention time for the
decomposition process. For an example digestion of energy crop at digesters nominally require 50- 100
days for completing the AD process (Muzenda 2014).
The retention time is known as the average time it takes for organic material to digest completely, as
mentioned by the chemical and biological oxygen demand (COD and BOD) of output products.
Microorganisms that breakdown organic material control the rate of digestion and hence it defines the time
for which the substrate must available in the digestion chamber. Finally the retention time determines size
and cost of the digester (Schnürer and Jarvis 2010).
Generally the retention time is defined as “hydraulic retention” and it usually 10-25 days. But in some cases,
the retention time is known as the retention time of the particulate material, or solids retention time (SRT)
of the process. Usually, HRT and SRT are equal where not accounting digestion tanks are part of the
recirculation process of particulate substrates, then SRT is higher than HRT. This phenomena can be seen
during digestion of industrial sewage where the feed with larger portion of water content. The recirculation
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of digested, thickened sludge, with biomass, allows a longer retention times for the breakdown of
incoming organic matter (Muzenda 2014).
In low temperature environmental conditions, the HRT may be usually larger as 100 days and it may
be decreasing down to 30-50 days for high temperature environment conditions. However shorter
retention times rise a threat for bacterial washout in substrates.

As a thumb rule, larger digesters are

required for longer retention times (ibid).
2.4.5. Loading rate
The loading rate depends on the composition of dry solid and volatile content in substrates. Normally the
lading rate is maintained lower as much as possible to allow microorganisms to decompose substrates and
increase the production of biogas. If the loading rate is high, it has high possibility to generate
undecomposed material such as fatty acids and it tends to decrease pH in the medium. This will drive to
loss balance in AD process (Muzenda 2014).
2.4.6. Mixing
The mixing process allows microorganisms, substrates and other nutrients to contacts each other and also
it promotes evenly distribution of temperature throughout the substrate. Moderate mixing further promotes
the formation of aggregates and it is avoided washout methane producing organisms in substrate by liquid.
On the other hand the mixing process reduces sedimentation and it reduces the threat of foaming (Muzenda
2014).
2.4.7. Particle Size
Suitable particle sizes for solids in AD process varies according to the standard it followed. For an example,
as per EU Regulation EC 208/2006, the maximum particle size for adequate digestion is 12 mm. Small
particle are required for improving efficiency and effectiveness of AD process. But tiny particles may clog
the digestion system (Muzenda 2014).
2.4.8. Nutrients Available in Substrates
The microorganisms of AD process totally depend on nutrients available in substrates. Mainly it should be
consists of carbon and oxygen. Adequately sulfur, nitrogen and calcium should be contained within in
substrates for better development of microbial community in view of better digestion process. The trace
elements including iron, manganese, zinc, molybdenum etc. are compulsory for necessary level of growth
of microorganisms. It is noted that, the trace elements shall be within desired concentration for better
development of the microbial community (Thenabadu, et al. 2015).
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2.4.9. Inhibitory Factors
Availability of heavy metals, antibiotics, detergents in substrates are main reason for stimulatory, inhibitory,
or even toxic for AD processes. Such factors are defined as inhibitory factors and effects of those factors
varying and them shall be monitored during the AD process (Thenabadu, et al. 2015 and Mudhoo and
Kumar 2013).

2.5. Main Components of a Biogas Plant
During the early design stage of the biogas plant, following decisions were made (Bachmann 2013). Those
factors were essential throughout the lifetime of the plant.
I.
II.
III.

The choice of technology
Determination of dimension
The plant layout

Above factors are important for efficient installation of required machinery during the construction period
and as well as it facilitates optimal use of available resources (wastes). Hence these factors imposed high
impact on natural, economic and social environment of the plant.
Generally a biogas plant consists of five main groups components (ibid).
I.
II.

Storage and treatments
Digestion unit

III.

Gas storage

IV.

Pipework and armatures

V.

Gas transformation system

Functions of each group mentioned briefly below.
2.5.1. Storage and Treatments
Generally biogas plant’s substrates includes high moisture content and therefore it is difficult to store due
to rapid development of bacteria and mould on substrates. To minimize this effect on substrate “Ensiling”
a method of storage is used. In this case the lactic acid bacteria produces acid and which preserve substrates
(crops) cheaply. In addition to that, most of substrates heavily consist of fibrous matters. Then it drives to
difficulties when mixing operations of substrates. Pre-treatment methods are based on three principles
(Bochmann and Lucy 2013);
I.
II.

Physical methods (such as mechanical shear, heat, pressure and electric ﬁelds)
Chemical methods (such as using of acids, bases and solvents)
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III.

Biological methods (such as microbial and enzymatic)

In actual biogas plants, combinations of these methods are used for pre-treatment process, which consisting
of steam explosion, extrusion and thermo-chemical processes (Bochmann and Lucy 2013). Some of pretreatment methods have many cons such as high energy cost, high equipment cost and excessive usage of
chemicals rather than their advantages.
After the AD process, digestate remains at the digester. These digestate shall be release to the environment
by assuring their minimum condition of harmfulness. Usually these remaining digestate is a good biofertilizer rich with many types of nutrients which essentially require for development of plantation. Hence
this remaining product shall be discharge with keeping high quality. For that purpose, it is generally used
solid–liquid separation, using screw press separators and decanter centrifuges. Additional treatments and
technologies shall be applied for stabilization of the solid fraction or further reﬁning of the liquid (Seadi,
Drosg and Fuchs 2013).
2.5.2. Digestion Unit
The digestion unit is the essential part of a biogas plant. The AD process is occurred at the digester and
inside the digester, organic matter is transformed to biogas. Generally the digestion unit is comprised of
one or more digesters, feeding, agitation and heating systems. Also the unit may include pre-digestion tank
and post-digester. Digestion units can build on vast number of technological possibilities and mainly
depends on characteristics of substrates such as dry matter content, contaminant and inhibition risks,
degradation rate, etc. A summary for technological options of digestion unit is shown in Table 4.
Table 4: Technological Options for Digester Unit (Bachmann 2013)
Technology

Key Parameter

Remarks


Discontinuous feeding for batch
digesters

Feeding System



Digester type and matter
content of feedstock

Continuous or semi-continuous feeding
for plug-flow or CSTR digesters



Solid or liquid feeding system depending
on dry matter content of the substrate

Reactor Type

Dry matter content of
feedstock



CSTR for liquid substrates



Plug-flow or batch digester for solid
substrates


Reactor
Temperature

Mesophilic temperature when no risk
for pathogens

Risk for pathogens



Thermophilic temperatures when risk
for pathogens (organic household waste)
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Table 4 (cont.)

Number of

Composition of substrates,

Phases

acidification risk

One phase systems when no
acidification risk



Two-phase system for substrates with a
high content of sugar, starch or proteins


Agitation System

Mechanical agitators for high solids
concentration in the digester

Dry matter content of



feedstock

Mechanical, hydraulic or pneumatic
agitation systems for low solids
concentration in the digester

The type of reactor is essential for efficiency of digester unit. Whole process and production output on the
biogas plant depends on which type of reactor is used.
The type of reactor is governed by the feedstock characteristics. The feedstock characteristics consist of
dry solid (DS) content, volatility of solids, biodegradability, density, functional speciﬁc gravity (potential to
ﬂoat) and particle size. Reactors can build as operating on dry or wet basis, batch or continuous, one-step
or multi-step and one-phase or multi-phase (Murphy and Thamsiriroj 2013). (Basic types of digestion
reactors as shown in Figures 6-8 (Murphy and Thamsiriroj 2013)).

Figure 6: One-stage dry batch digester with sprinkling of liquor in a closed loop (Murphy and Thamsiriroj
2013)
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Figure 7: (a) One-step and (b) two-step continuous digestion with recirculation of liquid digestate
(Murphy and Thamsiriroj 2013)

Figure 8: (a) Vertical and (b) horizontal dry continuous processes (Murphy and Thamsiriroj 2013)
2.5.3. Gas Storage
Generation of biogas at digester is not evenly occurred. Hence it is required to make an arrangement to
dampen the effect when this production supply to the further purification process (to the transformation
unit). At this case, gas storages are used to collect produced biogas from digester unit for store in
temporarily basis. The maintaining buffer volume is caused to counterbalanced irregular consumption of
some consumers (e.g. CHP units). Storage mechanism should have following conditions (Bachmann 2013).
I.
II.
III.

Be gas tight structure
Be resistant to pressure and UV irradiation
Be resistant to temperature variation and harsh weather conditions (e.g. storm)

Generally storage mechanism shall be consisted of sensor to detect pressure whether over-rating or underrating. There are various configuration for gas storage mechanisms exist such as internal gas storage (store
produced biogas inside the digester), external gas storage (floating roof gas holders, gas vessels filled with
water, flexible structures).
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Figure 9: Internal gas storage (Bachmann 2013)

Figure 10: Gas storage: membrane cushion with shelter (Bachmann 2013)

Figure 11: Gas storage: membrane cushion with double membrane (Bachmann 2013)
2.5.4. Pipe works and Armatures
Substrates and produced biogas need to flow through various operations at the biogas plant. Hence properly
arranged infrastructures, pipe work, pumps and valves require for overcome physical and chemical stress
imposed by substrates and biogas (Bachmann 2013).
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Substrates and biogas are flown through pipework. Henceforth it is required to select suitable pipe materials
and their diameters to prevent corrosion, clogging and abrasion. Generally pipework selection criteria is
based on transported media and its temperature (ibid).
In biogas plants, substrates and biogas are flown by gravity force impossible due to high friction on surfaces
at transportation pipework. Pumps are used for empower the system for movement. Generally pumps are
adapted for conveying material by overcoming factors such as suction head, discharge head and friction
losses associated to the system (ibid). Various types of pumps are used for biogas plants according to their
technology.
Valves in pipework are used for regulating, directing and controlling the flow of substrates and/or biogas.
Valves types are selected according to the flow media and plant specific reasons. Generally gate valves,
butterfly valves and check valves are used at various technological options in the biogas plant (ibid).
2.5.5. Gas Transformation System
According to the Table 2, production of biogas is a mixture of various gases and impurities with high
portion of methane. Due to the existence of (in low concentration) impurities at the biogas mixture generate
practical issues during it utilization such as clogging, abrasion corrosion and mechanical wear of the utilizing
equipment (e.g. burners). Also impurities may lead to produced unwanted emission during the combustion
of the biogas (Peterson 2013). On the other hand, suitable gas cleaning and transformation system is
required for production of purified biomethane.
Further details for gas transformation system is discussed at Chapter 3 - Production, Storing and
Distribution of Biomethane.

2.6. By-Products of a Biogas Plant
In addition to the biogas- main product of the biogas plant, several by- products are generated. Digestate
is the main by- product of the biogas plant and it can be categorized into main two groups, such as
Acidogenic digestate and Methanogenic digestate. Acidogenic digestate is a solid digestate and it consisted
fibrous in texture and structural plant matter such as lingen and cellulose. Also it comprises of high moisture
content and contains minerals and remnants of bacteria. During the methanogenesis a liquid digestate
generated and it is called as Methanogenic digestate or generally as sludge, slurry or liquor. The Sludge has
high nutrients including as nitrates and phosphates (Anaerobic Digestion Solutions, 2016 (URL)).
Acidogenic digestate usually uses as compost or building products such as fiber board and Methanogenic
digestate also uses as high nutrient fertilizer.
Further to that, an effluent is generated during the AD process due to moisture in the substrates and also
from reaction processes. The effluent is separated from filtration or dewatering process and treated before
discharging to the environment.
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3. Production, Storing, Distribution & End Usage of
Biomethane
Biogas produces from the AD process is a blend of number of gases and other impurities (Referred to
Table 2) Also previously discussed in chapter 02, produced biogas requires further cleaning before its
utilization to minimize damages on utility equipment, such as clogging, corrosion and mechanical wear and
minimize possibilities to producing unwanted emission products, such as Hydrogen Sulphide, Ammonia
etc. On the other hand extraction of Biomethane (BM) requires certain upgrading process for biogas from
the AD process.
When the requirement of BM, the production process consists of two steps such as biogas cleaning and
biogas upgrading. There are several methods exists for both cleaning and upgrading, but suitable methods
are depends on the output composition of biogas. In this context, biogas cleaning stage consists of removal
of several impurities such as water vapour, hydrogen sulphide, organic silicates (e.g. siloxane) and minor
impurities (particles etc.). But in the biogas upgrading stage consists of removal of carbon dioxide and
improving quality of the methane content. In most situations, biogas cleaning and upgrading methods are
integrated due to their high inter- depend abilities. For an example some methods of biogas updating require
hydrogen sulphide free condition. At the moment suitable biogas cleaning methodology shall be applied in
the process to achieve it.

Figure 12: Process of converting biogas to biomethane
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Table 5: Common Impurities in Biogas and their possible drawbacks [adapted from (Peterson 2013)]
Impurity

Drawbacks
I.

Carbon Dioxide

If high volumetric energy content is required (for vehicle fuel or
injected to natural gas grid) CO2 considered as impurity.

II.

Forming carbonic acid when available condensed water in the
gas mixture.

I.

Water in biogas is caused to formation of acids (e.g. carbonic
acid) due to soluble of impurities in water. Due to these acids,
corrosion of pipelines on downstream from the digester are

Water

occurred.
II.

Availability of water in the produced biogas is caused to lowers
the energy content of it.

I.

H2S is caused to occurring corrosion in pipe lines (by forming
sulphuric acid).

Hydrogen sulphide

II.

If H2S available high amount on produced biogas, it may lead to
emission of sulphuric acid from utilization equipment during
their combustion.

III.
I.
Oxygen and Nitrogen

Availability of oxygen shall be controlled in view of formation
of flammable mixture with produced methane.

II.
Ammonia

This gas is heavily toxic and causing serious health risks.

Availability of nitrogen is a sign of air leakage at the digester.

High level of ammonia can lead to inhibition of methane formation at
the digester.
I.

Some volatile organic compounds, such as alkanes, siloxanes
and halogenated hydrocarbons available in the produced BM
mixture, they may harmful for utilizing equipments (e.g. engine).
Some compounds produce oxides (e.g. siloxane oxide) during
the combustion in engines and these oxides have high tendency

Volatile Organic Compounds

to deposit on those equipment.
II.

Some compounds are formed corrosive chemical contents
during the combustion. (e.g. halogenated hydrocarbons are
produced acids, such as hydrochloric acid during the
combustion of produced BM mixture.)

Availability of particles in the produced BM mixture, has high wearing
Particles

effect on end user equipment and distribution pipe lines due to its
abrasive properties.
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3.1. Methods for Biogas Cleaning
Cleaning method of biogas entirely depends on way of its utilization (before upgrading) at the end user or
way of its upgrading method. As a thumb rule, maintenance cost of biogas distribution system or end user’s
equipment solely depends on cleanliness of the produced biogas. i. e. the cleaner biogas reduces cost of
maintenance incurred on utilizing & distribution systems. There are various cleaning techniques used for
clean the biogas from commonly available impurities mentioned in Figure 13. However, removal of CO2
from the biogas mixture is discussed on the biogas upgrading methods.

Water

•Cooling/ Compression
•Adsorption
•Absorption

Hydrogen sulphide

•Biological Removal
•Physical Removal
•Chemical Removal

Oxygen & Nitrogen

•Adsorption
•Desulphurisation (during the upgrading)

Ammonia

•Dissolved in water (during the upgrading)

Volatile Organic
Compounds
Particles

•Absorption (for siloxane)
•Adsorption (for both siloxane & Halogenated
hydrocarbons)
•Filters
•Cyclones

Figure 13: Cleaning techniques for common impurities in biogas
3.1.1. Removal of Water
Generally water in biogas mixture is removed from altering parameters such as pressure and temperature.
That affects solubility water in the gas. There are three main methods for removal of water. Namely, Cooling
and/ or Compression, Absorption and Adsorption. Also some impurities such as particles and siloxanes
can remove together with water due to their dissolve in water.
I.

Cooling and/ or compression: Cooling of biogas can be obtained in industrial scale by burying
biogas pipe line (after the digester) in the ground. Necessary water drains and condensate traps
shall be provided. Compression with cooling of the biogas is achieved by applying demisters and
cyclones to the biogas pipes system.
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II.

Absorption: Usually absorption of water in the biogas is achieved by aeration in glycol solutions,
such as ethylene glycol, diethylene glycol, triethylene glycol etc. This solution absorb water and
requires to regenerate (from heat or by using hygroscopic salts) time to time.

III.

Adsorption: Adsorption of water in the biogas mixture is obtained by move through silica,
aluminum oxide, magnesium oxide, zeolite or activated carbon. These mediums are regenerated by
increasing temperature and/ or reducing the pressure.

3.1.2. Removal of Hydrogen sulphide
Removal of hydrogen sulphide (H2S) is important factor for in view of reducing damages on distribution/
utilizing components as well as minimizing impact on some methods of biogas upgrading. On the other
hand, some biogas upgrading methods have facilities for removing H2S along with CO2 at water scrubbing
process due to its higher solubility in water. According to the Figure 13, there are three main methods can
be applied for removing H2S in the biogas.
I.

Biological Removal: In this method, air or oxygen is dosed into the biogas system (digester).
Then it react with H2S and form Sulphur in elementary form. This reaction is proceeded as
biological aerobic oxidation and lead by specific group of micro-organisms (Thiobaillus) generally
exists at the digester (on surface of the digestate or on the top of mechanical framework of the
digester). During the process sulfate is also formed and it may be corrosive agent. A small portion
of air or oxygen (2 – 6%) is required for whole reaction and hence air or oxygen supplying into
digester should be controlled. Otherwise it may cause to form explosive mixture of methane and
oxygen and also this may affect to remove nitrogen in the biogas upgrading process. (Ryckebosh,
Drouillon and Vervaeren 2011) & (Peterson 2013).

II.

2𝐻2 𝑆 + 𝑂2 → 2𝑆 + 2𝐻2 𝑂
Equation 4
Physical Removal: The activated carbon is used as an absorption medium to removing of
hydrogen sulphide during this method.

III.

Chemical Removal: In this method, iron ions in presence of forms of FeCl2, FeCl3 or FeSO4 is
added to the digester. Then after mentioned reaction below, insoluble iron sulphide (FeS) is
precipitated in the digester and it can remove with digestate.
𝐹𝑒 2+ + 𝑆 2− → 𝐹𝑒𝑆

Equation 5

2𝐹𝑒 3+ + 3𝑆 2− → 𝐹𝑒𝑆 + 𝑆

Equation 6

3.1.3. Removal of Oxygen and Air
Availability of oxygen and air (most of nitrogen) is an indication of a leakage of the digester. However these
components of the biogas are difficult to eliminate and shall prevent to entering into the producing biogas
during the digesting steps rather than treatments for removing them. Less concentration of oxygen (0 –
4%) are harmless but increasing of oxygen with methane content of 60% increasing a possibility for
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explosion (Ryckebosh, Drouillon and Vervaeren 2011). Oxygen and air are removed by using membranes
or low temperature pressure swing adsorption (PSA) (Ryckebosh, Drouillon and Vervaeren 2011). During
some desulphurization processes and some upgrading processes, oxygen and air are removed up to some
extent (Peterson 2013).
3.1.4. Removal of Ammonia
Generally in large scale biogas cleaning applications, ammonia is removed by using diluted nitric or sulfuric
acid at a washing process. But this application incurred a large cost to investor due to requirement of using
of stainless steels at installations. At small scales, it can be using activated carbon and also some biogas
upgrading processes such as adsorption and absorption processes with water removing ammonia without
a separate cleaning step (Ryckebosh, Drouillon and Vervaeren 2011) and (Peterson 2013).
3.1.5. Removal of Other Impurities
Siloxanes are removing by absorption with organic solvents, strong acids or strong bases, using activated
carbon or silica gel or cryogenic process (as an adsorption process). Other impurities (available as particles)
are removed by drying produced gas and flow through filters or cyclones. Halogenated hydrocarbons are
removed by the principle of adsorption with activated carbon. Most of upgrading methods are facilitated
to remove these minor impurities during the upgrading step of biogas (Peterson 2013).

3.2. Methods for Biogas Upgrading to Biomethane
During biogas upgrading, carbon dioxide is separated from methane and due to that, methane concentration
in the treated biogas mixture is increasing. In order that, the volumetric energy content in the gas is
increased. According to (Peterson 2013) the biogas upgrading procedure directly affect to the biogas
cleaning process steps. As already discussed some components have to be removed during the cleaning
process can also remove at the upgrading steps. On the other hand some components are harmful for
certain upgrading processes. Hence the selection of upgrading process for biogas should be done with
further analysis.
Following figure describes available options for combined cleaning and upgrading methods for biogas.
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Figure 14: Schematic representation for possible options available biogas cleaning and upgrading
(Peterson 2013)
From any process of upgrading of biogas shall be produced biomethane with high concentration of
methane (CH4). There are not available single standard for biomethane, which express its specification.
National standards and company level standards are existing for various purposes. For example, various
specifications available for grid injection and transportation applications for biomethane and also they are
vary for country levels and company levels. Following table summarized some national level specifications
for biomethane (for grid injection except for India. India has a common both grid injection and vehicular
fuel).
Table 6: Various national standards/specifications for biomethane
Component

Unit

CH4
CO2
O2
H2
CO

%
vol/mol

AU1

FR1

BE1

CZ1

DE1

NL1

SE1

CH1

IN2

≥96

≥86

≥85

≥95

-

≥85

≥97

≥96

≥90

≤3

≤2.5

≤2.5

≤5

≤6

≤6

≤3

≤6

≤4

≤0.5

≤0.01

-

≤0.5

≤0.5

≤0.5

≤1

≤0.5

≤0.5

≤4

≤6

≤0.1

-

≤5

≤0.5

≤0.5

≤4

-

-

≤2

≤0.2

-

-

≤1

-

-

-

Key: AU- Austria, FR- France, BE- Belgium, CZ- Czech Republic, DE- Germany, NL- Holland, SESweden, CH- Switzerland, IN- India (Sources: 1 (Svensson 2014), 2 ( Bureau of Indian Standards 2013))
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According to the (Beil and Beyrich 2013) biogas upgrading technologies can be categorized into four main
categories.
I.

Adsorption

II.

Absorption

III.

Permeatation

IV.

Cryogenic upgrading

In addition to above categories, biological methods are also available for the upgrading of biogas (Warren
2012). Biological methods are not discussed in this thesis. An overview of above four main categories are
described in Figure 15.

Adsorption

Pressure swing
adsorption

Absorption

Permeatation

Physical absorption
(inorganic solvent)

High pressure
membrane
separation

Physical absorption
(organic solvent)

Low pressure
membrane
separation

Cryogenic
upgrading

Biological

Chemical
absorption
(inorganic solvent)

Chemical
absorption (organic
solvent)

Figure 15: Currently available biogas upgrading technologies (Warren 2012)
Six technologies under above categorization are commercially feasible for biogas upgrading (Beil and
Beyrich 2013). They are,
I.
II.

Pressure swing adsorption
Water scrubber (a physical absorption (by inorganic solvent) method)

III.

Physical absorption (by organic solvent)

IV.

Chemical absorption (by organic solvent)

V.
VI.

High pressure membrane separation
Cryogenic upgrading

Following described above technologies details in further.
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3.2.1. Pressure swing adsorption (PSA)
Under the Pressure swing adsorption method, gases are separated by using an adsorptive medium. During
this method, gas mixture (adsorbates) penetrate through a surface of solids (adsorbents) and unwanted
contaminants are trapped by the size of molecular sieve (Beil and Beyrich 2013) and (Warren 2012).
Zeolites, activated carbon, carbon molecular sieves can be use as adsorbents. Nominally high pressure (4
to 7 bar) and low temperature range (5- 35 oC) improve the adsorption rate (Beil and Beyrich 2013).
H2S, NH3, and H2O are also co- adsorbed with CO2. But in applications, H2S and H2O are separated before
the gas mixture entering into the adsorption columns. N2 and O2 are also adsorbed partially with CO2.
During this process, only small quantity of methane adsorbed. But the majority part of methane pass
through adsorbents without adsorption. Generally the upgraded gas (Biomethane, BM) is released from the
adsorption tower at a continuous rate. The de-sorption process is done by releasing the pressure at the
adsorption columns. The output gas product (BM) has methane with purity over >96% (Beil and Beyrich
2013).

Figure 16: Schematic process of the pressure swing adsorption (PSA) technology
(Beil and Beyrich 2013)
3.2.2. Water scrubber
During the water scrubbing, water act as an absorptive agent to dissolution of gas or vapour in it. The
absorption rate can be increased by lowering temperature and increasing pressure of the gas mixture inlet
to the absorption tower. CO2, H2S and NH3 of the gas mixture can remove from this method. But water
and other particulate matters require to remove before this process (Warren 2012). After separation of
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water and particulate matters, then it is compressed up to 4- 8 bar from two passes of compression stages.
Gas coolers are in function at each compression stage for maintain its temperature around 5- 10 oC. The
compressed, low temperature raw biogas supply to the bottom of the absorption column. The continuous
pressurized water flow is falling from top of the column. Due to this counter flow movement between raw
biogas and water, CO2, H2S and NH3 are dissolved in water and water becomes saturated. Upgraded gas
leaves from the top of the column for adsorption drying and saturated water solution (trapped some CH4)
is discharged to a “flash column”. At the flash column water solution’s pressure is reduced up to 2-4 bar.
The desorbed gas at the flash column then return to the first and second compression stage. The remaining
water solution then enters to the de-sorption tower and an air flow blown in at the bottom of the tower to
allow degassing of mainly CO2 and H2S. The water solution then expands into the atmospheric pressure
condition. After this process, regenerated water obtained and it can be used for the scrubbing process. The
dissolved off-gas discharge from the column and it require further treatment for H2S and trapped CH4 prior
to discharge into the atmosphere. The output gas product (BM) from the absorption tower has methane
with purity over >96% (Beil and Beyrich 2013).

Figure 17: Schematic process of the water scrubber technology
(Beil and Beyrich 2013)
3.2.3. Physical absorption (by organic solvent)
This process is a physical absorption method and it use an organic reagent as an absorption agent. The
working principle of this process is similar to the water scrubbing process. But the organic reagent has
improved absorption rates for CO2 and due to that, it is reduced circulation rates for the absorption liquid.
Generally polyglycol dimethyl ethers are used as organic reagents. Commercially those chemicals available
under some trade names, for example; Selexol®, Genosorb® 1753 etc (Beil and Beyrich 2013).
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CO2, H2S and moisture can co-absorb during this process. However NH3 should remove before entering
to the absorption column. The steps of this process are much similar to the water scrubbing process. But
some deviations exists. For examples, raw biogas should be compressed up to 6-7 bars and should be
maintain temperature within 10-20 oC, a separate dehydration step require for produced gas (BM) due to
hygroscopic properties of the absorption agent and desulphurization during the absorption process. A
schematic diagram for this process is mentioned below. Typically the production gas from this technology
has 93-98% of purity of methane (Beil and Beyrich 2013).

Figure 18: Schematic process of the Physical absorption (by organic solvent) technology
(Beil and Beyrich 2013)

3.2.4. Chemical absorption (by organic solvent)
In this method, CO2 and H2S are chemically bound to an organic scrubbing agent, an alkanolamine
solutions such as monoethanolamine (MEA), diethanolamine (DEA) and methyldiethnolamine (MDEA).
Usage of these chemicals and their mixture with water depends on plant manufacturer’s specification. This
process often known as amine scrubbing.
CO2 and H2S can co-absorb in amine scrubbing process; but in practice, raw biogas is flowing through a
desulphurization phase to reduce energy consumption at the regeneration process of the amine solution.
This process cannot separate N2, therefore it should be avoided during the biogas generating at the digester.
Further to that entering of O2 should be minimize as much as possible at the digester. If excess O2 is caused
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to create undesirable reactions and degradation of the alkanalomine solution. Typically concentration of
methane at the upgraded gas from this process is approximately 99% (Beil and Beyrich 2013).
Nominally supply pressure of raw biogas to this process around the atmospheric pressure level (50-150
mbar). But some manufacturers recommend compress the gas up to 4 bar before supplying to the unit. As
previously mentioned desulphurization unit should install before the scrubber. But this may vary due to
manufacturer’s specification and type of scrubbing solution used. At the scrubbing column, raw biogas is
supplied from bottom of the column and scrubbing solution falling from top of the column (cross- flow).
Product gas leaves from top of the scrubbing column and passes through a drying mechanism. Saturated
scrubbing solution then enters to the de-sorption column and providing some heat (maintain temperature
within 106-160 oC at the tower and this may vary according to the manufacturer) to regenerate the saturated
solution. After regeneration of the solution, it is re-entered in to the scrubbing tower from top of it.

Figure 19: Schematic process of the Chemical absorption (by organic solvent) technology
(Beil and Beyrich 2013)
3.2.5. Membrane Separation
The membrane separation or gas permeation process principles are based on the varying permeabilities of
gas mixtures through polymer membranes. During this technology, three dissimilar flows can be identified,
they are; the feed (raw biogas), the permeate (CO2 and other gases) and the retentate (mainly CH4). At the
membrane, dissimilar partial pressures are applied between the feed and permeate side to produce driving
force on the system (this cause to initiate high flux rate). Nominally cellulose acetate and aromatic
polyimides are used as polymers in membranes. CO2, H2O, NH3 and H2S have high permeability
characteristics than CH4. Also N2 and O2 have low permeability characteristics. Therefore entering N2 and
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O2 should be controlled during the biogas generating steps. According to present data, membranes
selectivity ratio for CO2/CH4 approximately 70. Also the upgraded biomethane has a methane
concentration approx. 97%. For extending life time of membranes and increase optimization of separation
during the process, raw biogas should be dried and desulphurized before entered to membranes (Beil and
Beyrich 2013).

Figure 20: Schematic process of the two stage Membrane Separation technology
(Beil and Beyrich 2013)
3.2.6. Cryogenic upgrading
During the cryogenic upgrading, it use dissimilar boiling points and sublimation points of the gasses in
view of separation. In this case methane’s boiling point is -161 oC and CO2’s sublimation point is -78.48
oC

(Beil and Beyrich 2013).

According to the (Warren 2012), raw bio gas is compressed for several steps with intercooling facilities.
Also the gas is dried to avoid freezing during the cooling steps. The gas is further cooled (approx. -55 oC)
by heat exchangers throughout the process. After these cooling and adjustments of pressure (decreased
up to -110 oC), the gas phase has approx. 97% of methane. The upgraded biomethane should be heated
before discharged out from the plant. It is important that, H2S should be separate before supplied to the
plant.
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Figure 21: Schematic process of the Cryogenic Separation technology
(Warren 2012)
Beil and Beyrich 2013 provides comprehensive comparison between above described biogas upgrading
technologies. Following table summarize a comparison of biogas upgrading technologies.
Table 7: comparison of biogas upgrading technologies (Beil and Beyrich 2013)

Parameter

Electricity
demand
Heat demand

Unit

Chemical

absorption

absorption

(OS)

(OS)

0.23- 0.33

0.06- 0.17

0.18- 0.35

0.18- 0.25

0

0.10- 0.15

0.4- 0.8

0

0

-

-

40- 80

106- 160

-

-

1- 10

4- 10

4- 8

0.05- 4

7- 20

10- 25

1.5-

0.5- 2

1- 4

~0.1

1-15

0.1- 2.0

PSA

kWh/mn3 0.16BG

0.35

kWh/mn3 0

Scrubber

0.20-

Membrane
(HP, dry)

Cryogenic

0.30

BG

Temperature
process heat (in

Physical

Water

oC

the column)
Operation
pressure
Methane loss

bar
%

10
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Table 7 (cont.)
Methane
recovery rate

%

Precision
desulphurization

90-

98- 99.5

96- 99

~99.9

85- 99

98- 99.9

Yes

No

No

Yes

Recommended

Yes

No

Yes

No

Yes

No

No

No

No

Yes

Yes

No

No

98.5

-

required
Water demand

-

Demand on
chemical

-

substances
Key: BG- Biogas, HP- High pressure, OS- Organic solvent

3.3. Storing, Distribution and End Usage of Biomethane
Presently available most of renewable sources like solar power and wind power could not supply their
power in continuous manner due to their irregular nature. Hence those sources are difficult to match with
demand in energy systems. Hence it is highly recommend to maintain suitable mechanism to supply energy
to meet seasonal and continuously increasing trends in energy demand at domestic and industrial sectors.
However biomethane is playing an interesting role at the renewable energy sector in terms of availability
and matured technology. The important fact is biomethane can store at bulk storages or small storages in
order to the customer requirement. Biomethane storage store excessive energy and it may release such as
gas, heat or power modes when requirement occurred. This ability of biomethane fills gaps between energy
supply and its demand when they are not occurred parallel manner. Also this capability strengthen supply
energy without took accounting of geographical disturbances (Budzianowski and Brodacka 2016).
Following describes further details regarding on biomethane storing, distribution and their end uses.
3.3.1. Storing and distribution
According to Budzianowski and Brodacka 2016, there are eight methods available for storing biomethane
after its upgrading process (Figure 22). Selection of desired storing method is depend on number of factors.
I.
II.

Consider whole value chain from production of biomethane from raw matrials to end usage.
Cost and technical feasibility of storage methods

III.

Scale of biogas production plant (i.e. produce large quantity of biogas volume)

IV.

Requirement of continuity of supply

V.
VI.

Safety concerns of storage methods related to their location
Availability of gas transmission infrastructures
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Gas grid
biomethane
generation
infrastructure

Physical &
chemical
conversion

Below-ground
reservoir

Biomethane
Storage
methods

Adsorbed
storage

compressed
tank

Liquefaction

Bottling

Figure 22: Available methods for store biomethane
(Budzianowski and Brodacka 2016)
I. Gas grid storage
This method of storing biomethane is most suitable for a country where it has better coverage of existing
natural gas grids throughout the country. Also this method has low investment cost, high energy efficiency
and some environmental benefits (such as encourage to use biomethane powered vehicles) compared with
other methods. However this method has some limitations such as the biomethane producer should be use
natural gas grid facilities maintained by government or private companies to inject produced biomethane.
Hence investors of these kinds of utilities should be came into agreement with such companies. Also the
biomethane producer should be took action to maintain quality of produced biomethane as specified by
the gas grid operator (Budzianowski and Brodacka 2016). It is important fact is this method of storage for
BM cannot feasible for Sri Lanka due to unavailability of such gas grid.
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II. Below ground reservoir
Biomethane can be stored in below ground reservoirs such as depleted gas and oil reservoirs, salt caverns
and aquifers. This storage method has largest potential of storage capacity (>300 billion cubic meters
throughout the world) than other energy storing methods like water storage, electricity or compressed air
storages. In this method, salt caverns has high injection/ withdrawal ratio and high turnover ratio compared
with other two options. Depleted gas and oil reservoirs also provide good option for storing biomethane
due to their high tightness of the geological structure, existing infrastructure for injecting/ withdrawal of
gas and require low investment cost. But this method has low turnover rates for withdrawals of the gas.
Aquifers are least popular option for this method due to lower tightness of less known geological structure
and low turnover rates. Generally this type of storages are selected to nearby location of BM consumers
(Budzianowski and Brodacka 2016).
III.

Compressed tank

During this method, biomethane producers are filled their product has in large pressurized gas containers
and then distribute to centralized gas filling stations or industrial consumers by a medium of
transportation. Compressed biomethane (CBM) tanks may be in shape of cylindrical, spherical or pipe
tanks. An advantage of this method is it saved much space. Practically this method require considerable
safety measures should be applied into tanks such as fix pressure relief valves and rupture disks
(Budzianowski and Brodacka 2016). Compressed biomethane tanks are fixed in vehicle fleets in many
countries such as Sweden, China and India.
IV. Liquefaction
Liquefied biomethane (LBM) is produced by cooling biomethane approximately up to 111 K when
maintain its pressure around the atmospheric pressure level. LBM has about 1/600th volume of
biomethane at nominal atmospheric conditions and hence the energy concentration of LBM is higher than
biomethane in gaseous state. LBM is non-explosive and non-toxic, hence this method is improved safety
measures of its end users. In addition to that LBM has lower emission level due to low leakages in its life
cycle emissions. But this method of BM storage require high investment cost due to construction of heavy
structures to prevent heat transfer into inner of LBM tank. Also the monitoring and maintenance of these
storages require high attention with incur higher cost than other methods. LBM is used for vehicular fuel
or ship fuel. Also LBM can use along with LNG or CNG powered vehicles. LBM is distributed by using
insulated tanker trucks which meeting conditions for transport cryogenic liquids (Budzianowski and
Brodacka 2016).
V. Bottling
Bottling is a form of compressed tank storage however due to small volume of bottles, storage
characteristics is differ than the compressed tank storage method. This type of storages are suitable for
domestic users in particular areas of the world (such as Sri Lanka, India, Pakistan etc) and small scale
commercial users. Also the bottled BM can use in vehicles (adapted vehicles) by using simple mechanism
of filling at filling stations with comparing sophisticated infrastructure required for CBM, LBM or gas
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grids. This method is economical and required less technical knowledge. At the point, bottling is most
feasible for used as a vehicle fuel and domestic cooking fuel where infrastructure for gas storing and
distribution are not well developed or difficult to access to other fuel sources (Budzianowski and Brodacka
2016). Many research projects were done on this technology and some are ongoing at especially in south
Asian region (Vijay 2007) and (Nallamothu, Teferra and Rao 2013)
VI. Adsorbed storage
Adsorbed biomethane (ABM) technology is a currently developing technology. During this technology,
biomethane is adsorbed by a porous adsorbent matter at comparatively low pressure up to 45 bar.
Comparing with CBM, BM can store many times with ABM technology than CBM. Currently available
adsorbed materials are MOF-74 (MOF- metal- organic framework), UTSA-80a and activated carbon. In
addition to above advantage of ABM, it has following advantages can operate in reduced pressure levels,
increase safety benefits, higher storage capacity for similar volumes, can store in flexible storage, a reduced
weight storage system and can store in flatter shaped tanks which optimize limited space than tanks in
CBM technology. However there are number of disadvantages exist with this technology and they need
to find possible solutions in the future (Budzianowski and Brodacka 2016).
VII. Physical and chemical conversion
Biomethane can convert into clathrate hydrates in physical conversion and formaldehyde or a liquid
biofuel in chemical conversion. These conversions can be used for store biomethane. clathrate hydrates
are ice-like mixtures of methane and water. Gas molecules are trapped in the crystalline structures of
frozen water molecules. This method is safer than other BM storing methods but require much energy
to keep hydrates in freezing condition (maintain temperature within -15 to -32 oC) (Budzianowski and
Brodacka 2016).
VIII. Biomethane generation infrastructure
During this method, biomethane can be stored in biomethane generation infrastructure. The
infrastructure includes internal gas grid of the plant, bigger central unit for generating biomethane etc.
However this method is suitable for electricity generating utilities by using biomethane as its fuel
(Budzianowski and Brodacka 2016).
3.3.2. End uses
According to Budzianowski and Brodacka 2016 biomethahe are used for two types of end usage.They are,
I.
II.

Provide biomethane for end usage of its consumers
Provide ancillary support for maintain performance of grids

Following figure summarized end uses of biomethane according to the reference.
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Transportation fuel

Biomethane End uses

Cooking/ Heating fuel
End usage at consumers
Industrial applications

Electricity provision

Power grid ancillary
services
Ancillary support for
maintain performance of
grids

Heat grid ancillary services

Gas grid ancillary services

Figure 23: Overview of biomethane end usage
(Adapted from Budzianowski and Brodacka 2016)
I. Transportation fuel
Using BM as vehicle fuel is highly popular number of countries including Sweden and India. Normally
biomethane is released from storage methods like CBM and biomethane bottles has high pressure, then
it can be directly use in vehicle engines without requirement of complex/ costly gas compression and
injection systems. Thus using BM as vehicle require low investment operational cost and can be using
in existing CNG vehicle fleets without further modifications. Currently biomethane mainly provided to
transport sector through gas grids, CBM tanks, bottled BM or as LBM. This movement is cause to
reduce emission of CO2 considering the life cycle of biomethane (Vijay 2007) and (Budzianowski and
Brodacka 2016).
II. Cooking/ Heating fuel
Some Asian countries such as India and Pakistan are heavily used bottled (small cylinders) biomethane
as cooking fuel in domestic and commercial applications. Also there is high potential to use movable
bottled BM to utilize in heating applications in small scale consumers and use it as supplement to match
peaking heating demand which heating applications depend on fossil fuels (Budzianowski and Brodacka
2016).
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III. Industrial applications
Generally biogas has number of obstacle to use in industrial applications due to their lower energy
concentration and corrosive properties. However upgraded biomethane has removed those obstacles
and it can use on any applications which run on CNG or LNG or other petroleum product as a fuel.
Stored BM can use for meeting demand of peaking and intermittent industrial heating applications. In
addition to that, upgraded biomethane has carbon and hydrogen as their elements, hence BM can use
as raw material for produced fertilizers (Harber Bosch process), iron core reduction process, syngas
production, production of short olefins and production of methanol. Therefore upgraded BM has high
potential to use it as energy provider or a raw material to produce several chemical products
(Budzianowski and Brodacka 2016).
IV. Electricity provision
Due to high energy concentration in upgraded biomethane, it can use for generating electricity from gas
engines or combined heat and power (CHP) units or internal combustion engine coupled with a
generator. Produced electricity can be fed in to the power grid or use within the industry who is
producing electricity (Budzianowski and Brodacka 2016).
V. Ancillary support for maintain performance of grids
Power grid, heat grid or gas grid may has seasonal variation, intermittent variations throughout the time.
As an energy storage biomethane can fill gaps between supply and demand patterns due to such
variations. Also in concept like power-to-biomethane emphasize importance of penetration of
biomethane into power and other grids for optimizing their performances (Budzianowski and Brodacka
2016).
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3. Sri Lankan Status of the Biogas Industry
As a developing nation, Sri Lanka has the gradual incremental trend of generation of all types of wastes.
But the country has not a proper policy for disposal of wastes safely and environmental friendly. Due to
this critical situation waste collection authorities of the country such as local governments (municipal
councils, urban councils and pradeshiya sabha) have increasing pressure on disposal of wastes in proper
manner (Alwis, Waste-to-energy for Sri Lanka 2008). The country has significant experience of biogas
related industry from 1970 with influence of Chinese and Indian experiences in the sector (UNAPCAEM
2005). However most of biogas installations were implemented on research specific purposes. Currently
there are several national universities (university of Moratuwa and University of Ruhuna), state sector
institution (National Engineering Research and Development Centre- NERDC) and non-governmental
organizations (Janathakshan gte. limited) are actively engaged on development of biogas technology and
popularizing among people in the country.

4.1. Available feedstock
Sri Lanka has eminent capacity for biogas industry due to large fraction of waste constitute of biodegradable
organic matters (Manipura, et al. 2002). Following table provide details of composition of wastes and daily
waste generation for all districts in Sri Lanka.
Table 8: Generation and composition of wastes on district basis, Sri Lanka (Manipura, et al. 2002)
Waste %

S. N.

District

Daily waste generation
(tons/day)

Biodegradable (B)

Non-B

1

Colombo

1170.50

78.81

21.19

2

Gampaha

197.40

64.94

35.06

3

Kautara

79.4

70.94

29.06

4

Galle

75.35

58.36

41.64

5

Hambantota

21.75

65.21

34.79

6

Matara

45.63

75.41

24.59

7

Kandy

162.08

72.78

27.22

8

Matale

15.98

49.27

50.73

9

Nuwaraeliya

45.13

70.25

29.75

10

Kegalle

39.24

71.98

28.02

11

Ratnapura

77.95

67.93

32.07

12

Kurunegala

65.79

70.95

29.05

13

Puttalam

22.85

69.63

30.37

14

Badulla

147.09

69.59

30.41
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Table 8 (cont.)
15

Monaragala

22.55

59.19

40.81

16

Anuradhapura

22.89

64.39

35.61

17

Polonnaruwa

9.88

60.62

39.38

18

Ampara

45.75

44.95

55.05

19

Batticaloa

124.50

53.5

46.50

20

Jaffna

193.60

63.47

36.53

21

Kilinochchi

4.30

58.34

41.66

22

Trincomalee

87.40

48.03

51.97

23

Mannar

3.79

65.00

35.00

24

Mullativu

0.74

50.64

49.36

25

Vavuniya

10.30

47.33

52.67

In addition to that, Manipura, et al. 2002 quantified typical composition of wastes for the country (Table
9).

S. N.
1
2
3
4
5
6

Table 9: Typical composition of wastes in Sri Lanka (Manipura, et al. 2002)
Content
Composition (%)
3, 5.42 4, 1.265, 0.29
6, 1.49
2, 6.61
Organic matter
84.26
Plastic/ Polythene
6.61
Metal
5.42
1, 84.26
Paper
1.26
Glass
0.29
Other
1.49

1
2
3
4
5
6

However Table 8 mentioned data about waste generation rate per day should be higher than the mentioned
values of 2002 due to rapidly urbanizing and growth of population. But lack of relevant data, precise rates
for waste generation could not quantified.
According to the table 8 and 9, Sri Lanka has high potential capacity for establish biogas plants virtually all
parts of the country. According to the data on 1996, there are 369 biogas installations existed and 104 biogas
units out of 369 units were functioning at that time. Most of units (81 units) were used at the domestic
sector (Alwis 2002).
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4.2. Present status of the biogas industry
Sri Lankan government has positive view about renewable energy development and encourage citizens to
utilize such energy for their day-to-day life. State sector organizations, such as National Engineering
Research and Development Centre (NERDC) and Sustainable Energy Authority are providing technical
knowledge on construction, operation and maintenance of biogas systems. Also the government of Sri
Lanka set an energy policy for the country on 2008 and its policy elements and implement strategies
encourage to people use biogas related applications (The Sri Lankan Government 2008). Sri Lanka
standards institution published a code of practice for design and construction of biogas systems (part 1 –
Domestic biogas systems) – Sri Lanka Standard 1292: 2006 to streamline design and construction processes
of domestic biogas systems. It is an ahead step to develop this industry within the country. To encourage
investors for electricity generation on biomass, Ceylon Electricity Board (CEB) has set reasonable higher
price with two basis (escaleble and non-escaleble) (CEB 2012).
In addition to that, Non-governmental organizations such as Janathakshan Gte. Ltd (formerly Intermediate
Technological Development Group (ITDG) or Practical Action) actively engage in popularizing biogas
technology among people while constructing biogas plants and knowledge sharing of such technologies
with local communities and providing engineering consultation. Recently they constructed a biogas plant
equipped with ICE generator for Kaduwela Municipal Council, near to capital of Colombo (Capacity of
digesting: 1.2 ton/day, produce 60 kwh/day) (Weerasooriya 2016).
According to research conducted on neighboring countries (in Pakistan and India) such as (Ilyas 2006) and
(Vijay 2007), Sri Lanka has high potential (due to same geographical and weather conditions, economic
situation) to use bottled (compressed) cleaned and upgraded biogas (biomethane) in the domestic sector as
cooking fuel and the transport sector as auto fuel (as an alternative for LPG). Currently the country has
biogas installations for electricity generating dominantly for off-grid applications (Weerasooriya 2016).
Considering the above scenario, Sri Lanka has high potential to produce biogas and set-up biomethane
installations to produce bottled biomethane and electricity generation by using ICE or other appropriate
applications.
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4. Development of the model
In this chapter, an investment decision tool (IDT) for investors in biomethane technological projects in a
Sri Lankan context is presented. According to the previous chapters, production of biomethane from
organic wastes have significant advantages including perspectives of technological and environmental
terms. However, investors need diverse and detailed information regarding their prospective projects in
financial terms. Hence, the following objectives are to be addressed from the proposed model.

5.1. Objectives and Boundary of the model
Prescribed objectives for the model,
I.
II.

Evaluate the biomethane production for various feedstock.
Evaluate main cost factors for the investment that includes detailed economic evaluation -capital
costs and operational costs.

III.

Evaluate environmental impact in terms of financial benefit or deficit.

IV.

Evaluate most profitable product(s).

Boundary/ limits for certain parameters of the model are described in Table 10.
Table 10: Boundaries/ limits of the Model
Parameter

Boundary/ Limit

Applicable Feedstock

Available feedstock in Sri Lanka

Biogas Quality

Biogas quality described at Table 2 is applicable for this model

Selection of biogas cleaning and

Selection of methods are based on cost and simplicity of

upgrading method

technology

Area covered for modeled

Based on availability of quantity of raw materials for the plant,

biomethane plant

availability of roads

Selected biomethane storage
method
Selected End usages

Compressed biomethane tanks, Bottled biomethane storage

Transportation fuel, Cooking fuel, Producing electricity
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5.2. Modelling Process
Key structure of the IDT is mentioned below. Its concept based on IDT objectives explained in previous
section 5.1.

Figure 24: Key Structure of the Investment Decision Tool
5.2.1. Task 01: Development of a model for Substrate Analysis and
Quantifying Output Products
According to the Sri Lankan scenario, number of organic wastes available. However their availability is
based on the location of the country. Hence the IDT shall be able to analyze biomethane production on
various feedstock based on the location. During this modelling, it is used guidelines describe in (Karellas,
Boukis and Kontopoulos 2009) for estimating biomethane production from various feedstock. According
to the Karellas, Boukis and Kontopoulos 2009, it is used three hypothetical feedstock (main constituents
of considering hypothetical biomass) naming “A”, “B” and “C” for the purpose of deriving relationships.
There characteristics are assumed as below (Table 11). As described in the paper, some norms can be
derived for plants which use number of substrates simultaneously (co-digestion mode). In practically view,
it is difficult to use single substrate as a raw material for the AD process, it is a mixture of number of
substrates.
Substrate Analysis
According to the Karellas, Boukis and Kontopoulos 2009, batch tests for CH4 Production of each substrate
indicate their maximum value. At the continuous digestion process (at commercially viable process) these
values may vary considerably due to slowly degradation of organic matter and available of trace elements.
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The CH4 production is determined by the content of TS, The ratio of VS/TS and the specific CH4 yield
(unit: Nm3 CH4/ton VS).
Table 11: Characteristics and CH4 production of Hypothetical three substrates examples
Substrate

TS

VS

(g TS/kg

(g VS/kg

substrate)

substrate)

Input

VS/TS

CH4 Yield

CH4 Production

(%)

(Nm3 CH4/ton
VS)

(Nm3 CH4/ Year)

Type

(tons/year)

A

a1

a2

a3

a4=(a3/a2)*100%

a5

a6

B

b1

b2

b3

b4=(b3/b2)*100%

b5

b6

C

c1

c2

c3

c4=(c3/c2)*100%

c5

c6

Total

A1=(a1+b1+c1)

N/A

N/A

N/A

N/A

l = (a6+b6+c6)

CH4 production for each substrates (a6, b6 and c6) defined below tables. Considering decomposition rates
for the substrate’s TS and VS, following calculated amounts of digested biomass sendoff from the digester.
Table 12: Calculated weightages for digested biomass
TS

VS

Decomposition

(tons/year)

(tons/yea

rate

Substrate

Input

Type

(tons/year)

A

a1

a1*a2/1000

B

b1

b1*b2/1000

C

c1

c1*c2/1000

Total

A1

r)

(%)

a1*a3/100
0
b1*b3/100
0
c1*c3/100
0

d=

f=

(a1*a2+b1*

(a1*a3+b1

b2+c1*c2)/

*b3+c1*c

1000

3)/1000

a7

b7

c7

VS out
(tons/year)
a8=
a1*a3*a7/100000
b8=
b1*b3*b7/100000
c8=
c1*c3*c7/100000

Digested
Biomass
(tons/year)

a1-a8

b1-b8

c1-c8

h = (a1N/A

g = (a8+b8+c8)

a8+b1b8+c1-c8)

Quantifying Output Products
After the digestion process, produced CH4 mixture from the hypothetical substrates shall be cleaned and
upgraded (as described in the Chapter 3) for obtain purified methane gas within acceptable levels (according
to the standard for each end user products, referred to Chapter 3) of residuals. After that the production
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can be converted into end user product as described in the Chapter 3. The table no. 13 describes produced
methane amount for considered hypothetical substrates.
Table 13: Produced volumes of methane and relevant biogas for three hypothetical substrates
Produced Biogas*

CH4 Yield

Produced CH4

(Nm3 CH4/ton VS)

(m3 CH4/year)

(Nm3 Biogas/year)

A

a5

a6 = a5* a1*a3/1000

a9 = a5* a1*a3/10j

B

b5

b6 = b5* b1*b3/1000

b9 = b5* b1*b3/10j

C

c5

c6 = c5* c1*c3/1000

c9 = c5* c1*c3/10j

Substrate Type

Mean/Total
B1 = (a6+b6+c6)
m = (a9+b9+c9)
k
Production
* Assumed CH4 content in biogas is “j%”. Normally j’s value between 55-65% (source: Table 2)

Here,

k = B1/f

Table 14 summarizes produced volumes of biogas and purified CH4 from it.
Table 14: Biogas and CH4 Production data for the hypothetical 3- feedstock example
Biogas production
m/365
Nm3 Biogas/day
Biogas production
m/8760
Nm3 Biogas/hour
Biogas production*
m*n/1000
tons/year
Biogas production per ton of m/A1
Nm3/ton
biomass
CH4 production per ton of B1/A1
Nm3/ton
biomass
* assumed biogas density is “n” kg/Nm3 (typically the value between 1.1 – 1.2 kg/Nm3).
In this IDT, investor has two options to use upgraded CH4 for,
I.
II.

Directly combust in an internal combustion engine (ICE) to produce electricity.
Compressed CH4 in steel cylinders (as Liquefied Petroleum Gas (LPG) cylinders) and distribute
among consumers as a replacement of LPG.

Considering above scenarios, it is required to quantifying energy characteristics of upgraded CH4. Following
stated energy and physical characteristics of CH4 (Here mentioned some combustion properties of natural
gas. Their main component is methane with typical range of 87 – 96% Demirbas 2010).
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Table 15: Typical combustion data for CH4
Property
Ignition Point

Value
876 K

Flammability limits

4-16 vol% (in air)

Higher heating value (HHV)

53 MJ/kg

Lower heating value (LHV)

48 MJ/kg

Density at 15 oC

0.74 kg/m3

Source
(Demirbas 2010)

(Martinez 2016)

For comparison purpose, following mentioned number of energy characteristics of LPG.
Table 16: Typical combustion data for LPG
Property
Ignition Point
Flammability limits

Value

Source

365-470 oC

(Qi , et al. 2007)

1.81-8.86 vol% (in air)

(Mishra and Rahman 2003)

Higher heating value (HHV)

50 MJ/kg

Lower heating value (LHV)

46 MJ/kg

Density at 15 oC

2 kg/m3 (Gas)

(Martinez 2016)

520 kg/m3 (Liquid)

According to Table 15 and Table 16 upgraded biomethane (BM) has higher calorific value (for same mass)
than LPG. But density at gas phase of the LPG is higher than the BM. Hence LPG has higher energy
concentration than BM. Considering methane and LPG, LPG can store in steel cylinders at 2 MPa (in liquid
form) comparatively low pressure than the methane that, require 20- 25 MPa pressure for storage. Due to
this situation to store BM require higher thickness tanks than storing LPG. Also for same volume BM can
store less amount than LPG due to their characteristics.
For potential energy calculation, LHV shall be used due to taking account of emission of latent heat of
water vapor generated through combustion and it is at steam condition.
According to the Table 10 ways of usages for biomethane are limited up to transportation fuel, cooking
fuel, producing electricity sectors. In order to that biomethane issued for transportation and cooking
applications are analyzed by weight (by kg or metric tons) of biomethane. But in case of producing
electricity, it is analyzed by supplying electricity amount (in kWh) to the grid or power supply to the
standalone applications.
Following assumptions (assumed values for number of parameters) were made for the case of producing
electricity from biomethane by internal combustion engine (ICE).
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Table 17: Assumed values for ICE and coupled generator
Unit

Assumed value

Engine efficiency, ηmech

%

28

Generator efficiency, ηel

%

93

Hours (hrs)

8760 (365 days X 24 hrs)

Annual running hours

= 1 ∗ 1000 𝑊 ∗ 3600 𝑆

Energy include 1 kWh electrical energy unit

= 3.6 MJ
Biomethane requirement for produce 1 kWh electrical energy

=
=

𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦
𝐿𝐻𝑉𝐵𝑀

∗𝜂

1

𝑚𝑒𝑐ℎ ∗𝜂𝑒𝑙

3.6
1
∗
48 0.28∗0.93

= 0.288 kg
5.2.2. Task 02: Development of a model for economic Analysis
Economic evaluation of the IDT is a main part of the model. This part is given values number of parameters
such as net present value (NPV), internal rate of return (IRR), unit cost for biomethane etc. These are key
parameters for taking decision to go/ no go for the project by an investor. During the development of a
model for economic evaluation of IDT, considering above described three- hypothetical substrates as raw
material (biomass) for the modeled biomethane plant.
Under the economic analysis, following outline will be followed,
I.
II.
III.

Find project’s capital cost, operating costs.
Find project’s income from its output products and by- products such as digestate (compost).
Financial evaluating parameters; IRR, NPV, payback period.

Before considering further economic analyzing process, following described selected financial evaluating
parameters in brief.
Net Present Value:
Net Present Value (NPV) is defined as the sum of all years’ discounted cash flow, after tax (Karellas, Boukis
and Kontopoulos 2009). This method emphasize time value of money. As a rule of thumb, positive NPV
shows the considering project is successful and higher NPV is shown more profits from the project.
𝐶𝐹

𝑡
NPV is mathematically defined as, 𝑁𝑃𝑉 = ∑𝑛𝑡=0 (1+𝑟)
𝑡
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Equation 7

Where, CFt – Cash flow of the investment during the time period of t, r – the discount rate (%), t – the
time period from 0 to n years.
If it requires to compare various projects, it can be done by calculate each projects’ NPV, compare them
and select the project which has highest NPV. But this method has disadvantages due to difficult to apply
correct discount rate (r) for calculations. Hence it is directly affected to the accuracy of profits from the
project.
Internal Rate of Return:
Internal rate of return (IRR) is known as discount rate for the project after the after tax NPV is zero. Here
NPV is zero means that, present value of the investment costs are equal to the net present revenues from
the operation of the project. The calculated IRR is higher than an accepted value (hurdle rate or discount
rate), then the project is financially feasible.
𝐶𝐹

𝑡
IRR is mathematically defined as, 0 = ∑𝑛𝑡=0 (1+𝐼𝑅𝑅)
𝑡

Equation 8

Where, CFt – Cash flow of the investment during the time period of t, IRR – the internal rate of return (%),
t – the time period from 0 to n years.
From this method, it is convenient to select various sizes of project by considering their IRR, the highest
IRR value project has much profits than others.
Payback Period:
During this method, compare revenues with costs and calculate the time period needs to recover the initial
investment. It is important that, time value of money is not considered during the calculation. Generally
this method is used for analyze feasibility of retrofit programs on project machineries/ processes.
I. Costs of the Project
Considering these type of projects, it can identified three major costs during entire project
implementing period and operating period. Those costs can be categorized as following figure.
Costs

Capital
Expenditure
(CAPEX)

Development
Cost

Operating
Expenditure
(OPEX)

Figure 25: Categorization of costs for a typical project

-57-

During the analysis project developmental costs such as costs incurred for development of concepts
to real project, pre- financing costs and costs incurred for permits are not considered. Related cost for
land and access to electricity/ water network are also not considered.

Capital cost (CAPEX)
Following tables’ mentioned main cost items considered under the capital costs or CAPEX during the
analysis. All costs are mentioned as per unit weight of feedstock.
Table 18: Overview of the capital cost (CAPEX)
No.

Cost €/ ton

Reference

16.03

1

Organic wastes only

13.64

1

Energy crops

7.46

3

Digestors and other ancillaries

20.13

1

4

Decanter

6.71

1

5

Biogas Cleaning system

6.49

1

6

Biogas upgrading systema

0.12*(B1/A1)

2

7

SCADA and switch boards

16.47

1

8

Other subsystems

6.90

1

9

ICE and other ancillaries for power generating into the grid

84.56

1

10

Biogas bottling facilityb

0.24*(B1/A1)

3

1

Cost Item
Civil constructions
Receiving/ Pretreatment facilities

2

Key: 1 - Karellas, Boukis and Kontopoulos 2009, 2 - Warren 2012, 3 – Ilyas 2006
a – Selection of a biogas upgrading system is based on (Warren 2012). According to the reference membrane
separation has least price (0.12 €/ Nm3 BM). Hence it was selected.
b – The unit price for biogas bottling facility (0.25 USD/ Nm3 BM) is obtained from (Ilyas 2006). [1 USD
= 0.94 € on 21/11/2016)
Here Total Plant Cost (TPC) is defined as,
𝑇𝑜𝑡𝑎𝑙 𝑃𝑙𝑎𝑛𝑡 𝐶𝑜𝑠𝑡, 𝑇𝑃𝐶 = ∑(𝐶𝑜𝑠𝑡 𝑖𝑡𝑒𝑚 1 + 𝐶𝑜𝑠𝑡 𝑖𝑡𝑒𝑚 2 + ⋯ + 𝐶𝑜𝑠𝑡 𝐼𝑡𝑒𝑚 10)
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Equation 9

As thumb rules, project development cost and projects’ contingency during its construction phase defined
as follows,
7.5

𝑃𝑟𝑜𝑗𝑒𝑐𝑡 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡, 𝑃𝐷𝐶 = 100 ∗ 𝑇𝑃𝐶

Equation 10

5

𝐶𝑜𝑛𝑡𝑖𝑛𝑔𝑒𝑛𝑐𝑦 = 100 ∗ 𝑇𝑃𝐶

Equation 11

Finally Total Capital cost (CAPEX) is defined as,
𝑻𝒐𝒕𝒂𝒍 𝑪𝒂𝒑𝒊𝒕𝒂𝒍 𝒄𝒐𝒔𝒕 (𝑪𝑨𝑷𝑬𝑿) = 𝑻𝑷𝑪 + 𝑷𝑫𝑪 + 𝑪𝒐𝒏𝒕𝒊𝒏𝒈𝒆𝒏𝒄𝒚

Equation 12

Operating Cost (OPEX)
Under the operating cost (OPEX) following tables’ cost items are considered.
Table 19: Overview of Operating costs (OPEX)
No.

Cost Item

Cost €/year

Note

1

Personnel/ worker salaries and overheads

12,468

1

2

Operation and maintenance (O & M) cost

0.05*TPC

2

3

Feedstock cost

0

3

4

Transport cost for feedstock

r1*A1

4

5

Consumables

0.025*TPC

5

6

Cost for utilities (Electricity, water)

10.90*A1

6

7

Cost for further treatments of liquid digestate disposal

0.025*TPC

7

7

8

Contingency

0.03 ∗ ∑ 𝐶𝑟

8

𝑟=1

Note 1:
According to the (Karellas, Boukis and Kontopoulos 2009) personnel and labour cost is 310,392 €/year.
But in Sri Lankan context, labour costs are not high as Europe or other developed countries. Hence
following O & M crew is proposed for small and medium scale plants. Also assumed that engineering
consultancy during the operation period will be hired from a third party and incurred cost shall be included
in this component.
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Table 20: Overview of personnel/ labour and overhead cost
Cost
Item
1

Description

No. of
persons

Salary and
Benefit/
cost
(€/month)

Total
(€/year)

1

320

3,840

Plant manager cum technical
officer

2

Workers

2

170

4,080

3

Engineering consultancy

-

-

3,600

4

Overhead cost

-

-

948

Total

-

-

12,468

Remarks

Weerasooriya 2016

10% of sum of cost item 1-3

Note 2:
According to the (Karellas, Boukis and Kontopoulos 2009) operation and maintenance cost is assumed in
between 3 – 5 % of Total plant cost (TPC). For this model it is assumed 5 % of TPC.
Note 3:
During the analysis, it is assumed that all of feedstock is organic waste available in the country and it is free
of charge for the plant operator. Alternatively energy crops can be utilized in these digestors. But it is not
analyzed due to lack of data of their prices and availability in the country.
Note 4:
This component includes transportation cost of feedstock into the plant and pre-processing of feedstock
such as separation, storage on site, milling etc.) prior to feed into the digesters. This component has
economic value and an environmental impact due to usage of fossil fuel during the transportation. The
environmental impact will be analyzed later.
This component is depend on weight of the feedstock and transportation distance between source of the
feedstock and the plant. Assumed that 3 ton capacity truck(s) will be used for collecting waste at distance
(in km) “r1”. Here r1 is defined as whole distance to travel to collect waste in a year for a truck.
Per year waste collection

= 𝐴1 ton/year

Required number of travels for truck(s) (Truck = 3 ton cap.)

=

Required to travel distance for all truck(s)

= 𝑟1 ∗

𝐴1
3

numbers/year
𝐴1
3

km/year

Assumed trucks’ per km rate is 3 €/ km (this rate also include pre-processing cost of the feedstock)
= 𝑟1 ∗ 𝐴1 €/year

Annual cost for transportation of feedstock
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Note 5:
In this case, cost for consumables is defined as cost for chemicals such as active carbon, lime at biogas
cleaning system, lime. Also this cost includes cost for microbes required for startup of digesters. According
to the (Karellas, Boukis and Kontopoulos 2009), cost for consumables is taken as 2.5 % of TPC.
Note 6:
According to the (Karellas, Boukis and Kontopoulos 2009), electricity consumption for 45,000 ton/ year
capacity- feedstock biogas plant is 5,946,756 kWh/year. Hence it is assumed that A1 ton/ year capacityfeedstock biogas plant (considered hypothetical model) calculated as follows,
5,946,756
∗
45,000

𝐴1 kwh/year

Annual electricity consumption for this hypothetical model

=

Unit cost of electricity

= 13 LKR/kwh

Cost for electricity per year

=

5,946,756
∗
45,000

13 ∗ 𝐴1 LKR/ year

= 10.90*A1 €/year
Cost for water is negligible due to their availability and can be pumped from ground wells.
Note 7:
Liquid digestate from decanter separator should be treated before discharge into the environment. It should
be complied with the national legal limits. According to the (Karellas, Boukis and Kontopoulos 2009)
operational cost for this item should be ≈2.5% of TPC.
Note 8:
Operating costs may be varied due to different uncertainties. According to the (Karellas, Boukis and
Kontopoulos 2009) contingency should be ≈3% of all operating costs (sum of cost item 1 to 7).
Hence mathematically,
𝐶𝑜𝑛𝑡𝑖𝑛𝑔𝑒𝑛𝑐𝑦 = 0.03 ∗ ∑7𝑟=1 𝐶𝑟

Equation 13

Where, Cr – operating cost item number “r” and r = 1, 2…6, 7, those costs are mentioned at Table 19.
The CAPEX should be depreciated (annuity) with considering a payback period. If loan is a part of capital
expenses, it should be paid to the bank with an interest within a specified time period including a grace time
period. Generally annuity is calculated by the following equation (Karellas, Boukis and Kontopoulos 2009).
𝑟(1+𝑟)𝑛

𝑋 = 𝐿 ∗ (1+𝑟)𝑛 −1

Equation 14
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Where, X – Annuity (€/year), L – Capital/ loan (million €), r – interest rate (%), n – loan payback period
(years).
II. Incomes of the Project
There are two options available for utilizing BM. Hence two income options are available. It is noted
that, fiber fraction of digestate (compost) is not considered as a commercial product.
Option A: Sales of BM compressed in bottles (small cylinders)
As a base line for analyzing, LPG price is considered. For domestic purposes, there are three weighted
cylinders are available in the market such as 12.5 kg, 5kg and 2.3 kg sizes (Litro Gas Ltd 2016).
According to the source, LPG 12.5 kg cylinder refill price = 1, 321 LKR (for Colombo district)
Hence, 1 kg LPG price

= 105.68 LKR/kg LPG (0.6705 €/kg LPG)

According to the table 16, LHV of LPG

= 46 MJ/kg

Hence, LPG price per unit of energy

= 2.30 LKR/ MJ

Assumed BM price per unit of energy is same for above price.
= 𝐵1 ∗

Produced BM per annum

𝑛
1000

ton/year

Here n is density of BM (assumed its value is equal to biogas already defined previously)
According to the table 15, LHV of BM

= 48 MJ/kg

Energy content of produced BM

= 48 ∗ 𝐵1 ∗ 𝑛 MJ/year

Annual revenue from this option

= 110.4 ∗ 𝐵1 ∗ 𝑛 LKR/year
= 0.7*B1*n €/year

Option B: Generate electricity
In this option, it is considered generate electricity with an ICE. According to the buyer (CEB, Sri
Lanka), they purchase generating electricity through a standard power purchasing agreement (SPPA).
As per their conditions on biomass based electricity, they has two types of purchasing plans namely
escalable and non-escalable purchasing plans. It is considered escalable plan for this analysis.
Price per 1 kWh of electricity

= 1.52 LKR (O & M component) + 12.52 LKR (Base fuel rate)

Generating electricity units per year

= 𝐵1 ∗ 0.288 kWh/ year

Annual revenue from this option

= 𝐵1 ∗ 0.288 ∗ 14.04 LKR/ year

𝑛
𝑛

= 48.75*B1*n LKR/ year
= 0.31*B1*n €/year
III. Financial Evaluation Parameters
Net present value (NPV), internal rate of return (IRR) and payback period are calculate according to
formulas discussed previously.
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5.2.3. Task 03: Development of a model for Environmental Impact
Analysis
During this task, environmental impact analysis is evaluated by considering a ratio of amount of CO2
produced from fuel consumption (i.e. emitted Carbon) for transport vehicles and fixed Carbon at produced
BM from wastes. Emission of carbon is mainly from burning of diesel at delivery trucks. During this analysis
considered emitted carbon should be less than fixed carbon at produced BM. But this ratio can modified
according to the investor requirements.
𝐸1 =

𝐸𝑚𝑖𝑡𝑡𝑒𝑑 𝐶𝑎𝑟𝑏𝑜𝑛 𝑓𝑟𝑜𝑚 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝑎𝑛𝑛𝑢𝑚
≤1
𝐹𝑖𝑥𝑒𝑑 𝐶𝑎𝑟𝑏𝑜𝑛 𝑎𝑡 𝐵𝑀 𝑝𝑒𝑟 𝑎𝑛𝑛𝑢𝑚

Let fuel consumption of each truck (i.e. 3 ton capacity truck) is x1 litre/km.
𝐴1
3

Hence, total fuel consumption (diesel)

= 𝑟1 ∗

CO2 emission per 1 litre of diesel

= 2.67 kg

∗ 𝑥1 litre/ year

Source: (IEEP, IVM, Ecologic, European Commission, DG Environment n.d.)
Molecular weights of C = 12, O = 16 and H = 1
12

= 2.67 ∗ 44

Carbon emission per 1 litre of diesel

= 0.728 kg
Emitted carbon per annum for transportation

= 𝑟1 ∗

𝐴1
3

∗ 𝑥1 ∗ 0.728 kg C/ year

= 0.243 ∗ 𝑟1 ∗ 𝐴1 ∗ 𝑥1 kg C/ year
Produced BM per annum

= B1*n kg/ year

Fixed Carbon at BM (CH4)

=𝐵1 ∗ 𝑛 ∗

12
16

= 0.75 ∗ 𝐵1 ∗ 𝑛 kg C/ year

Hence,

𝑬𝟏 =

𝟎.𝟐𝟒𝟑∗𝒓𝟏∗𝑨𝟏∗𝒙𝟏
𝟎.𝟕𝟓∗𝑩𝟏∗𝒏

E1 ≤ 1 environmentally feasible project
E1 ≥ 1 environmentally not feasible project
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5. Conclusions and suggestions
6.1. Conclusions
During the feasibility study, available and commercial scale technologies were considered for every steps of
the production process (Figure 26). Sri Lankan capability for biomethane industry was evaluated by
considering island wide waste generation and their compositions. According to the analysis, Sri Lanka has
an emerging trend of generating of wastes and it consists of organic matter around 85%. Due to that, Sri
Lanka has vast feasibility for establishing biomethane Industries Island wide. But this feasibility might be
limited due to separation/ sorting efficiency of wastes into relevant categories of bio- degradable and nonbio- degradable.
During the modelling process, following process layout defined for the production of biomethane and its
end consumer products.

Receiving Feedstock

Sorting/ Storage of
Feedstock

Input to Anaerobic
Digestor

Biogas Cleaning

Biogas Production/
Storage

Anaerobic Digestion

Biogas Upgrading

Biogas storing/ End
User Products
•Bottled BM
•Electricity Generation

Figure 26: Considered Biomethane production process for the Investor’s Decision Tool
In this IDT, there are two options for output considered as mentioned in Figure 26.
I.
II.

Waste-to-bottled BM.
Waste-to-electricity.

Following conditions were used during the development of the Investor’s Decision Tool (IDT).
I.

This model was built by considering existing data of various feedstock such as CH4 yield, total
solids (TS) and volatile solids (VS) content, decomposition rates etc. For simplicity, a three-64-

feedstock example were assumed. Also assumed co-digestion of various feedstock in a same
digester in anaerobic conditions.
II.

During the modelling, first calculate output CH4 production from the production process. Then
quantify output productions either bottled BM or generated electricity units. After this step, capital
costs (CAPEX), operational costs (OPEX) are calculated. Finally estimate revenues of each output
options. For simplicity, it is assumed that the mentioned output end products are generated
revenues. However, selling of the digestate (fiber fraction and liquid fertilizer) is not considered
due to difficult to quantification. But this component should be considered for a one way of
revenue of this kind of projects. After over these steps net present value (NPV), internal rate of
return (IRR) were calculated by given methodology. Also the payback period was calculated by
considering a simple cash flow of the project.

III.

Feedstock cost at OPEX is considered as zero due to assumption of 100% usage of municipal solid
wastes. But energy crops can be used and it is added additional cost for OPEX. According to
number of references, the usage of energy crops increasing quality of biogas (increasing the fraction
of CH4) and hence it reduce effects on biogas cleaning and upgrading processes.

IV.
V.

CAPEX are calculated per tonnage of input feedstock, OPEX are calculated per annum basis.
During the calculation of CAPEX, there were not considered financial values for a land, access to
utilities such as electricity and water etc. It was assumed those expenses already settled by the
investor and they have no any effect for the biomethane project due to their resale value (for the
land) and neglecting fraction of the cost (for the accessing of utilities) considering all expenses have
to be settled.

VI.

To obtain selling value of bottled BM, liquefied petroleum gas (in cylinders) current prices were
considered. Also it is assumed current purchasing prices (escalated basis) of Ceylon Electricity
Board (CEB) for electricity generated on biomass resources.

VII.

To obtain an environmental impact from this kind of projects, a ratio between consumed carbons
for feedstock transport and fixed carbon from produced CH4 is used. This ratios’ value can be
fixed for each projects due to investors’ requirement.

The developed model, IDT provides detailed information on various fixed, variable cost components and
three financial evaluation parameters of novel possible projects in terms of monetary values and also
provides an indication for their impact on environment. The developed relationships were based on input
feed rate of bio- wastes and their characteristics.

6.2. Suggestions on future work
According to limitations of this research, a feasibility for biomethane production in Sri Lanka was evaluated
and an investor decision tool was built. However this feasibility study and development of the IDT are
required following suggestions and future works.
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I.

Sri Lanka has not updated feedstock characteristics details. Some of research works such as
(Thenabadu, et al. 2015) find out CH4 yield for selected feedstock (some vegetables and fruits
wastes). But those details are in sufficient to input desired characteristic values for the proposed
model.

II.

During the modelling process, most of rates for calculating CAPEX and OPEX were based on
some of research works carried out at another global locations such as Europe, India, Pakistan etc.
But those rates have to be modified with Sri Lankan rates. However, it is difficult to find
appropriate rates from Sri Lankan biogas plant contractors such as Janathakshan Gte. Ltd.

III.

The developed IDT should be check with actual data. However as previously mentioned, actual
data for biogas plant construction, operation and maintenance in Sri Lanka are insufficient. A
separate case studies should be done with contractors, operators and owners of such plants. After
cross check modeled answers with actual data, necessary modifications should be done on IDTs’
algorithms (logics).

IV.

As a future work, it is proposed to implement the modified IDT on a website. This web based tool
may improve access to any person such as investors, policy makers, government officers and
students who are interesting in the biomethane sector.

V.

Currently biogas plant contractors in Sri Lanka have some sort of experience in biogas cleaning
(for electricity generation, cleaned biogas should be supplied to ICE (Weerasooriya 2016)). But
they have lack of experience and technical knowledge of biogas upgrading (to produce
biomethane). Due to this situation, Sri Lankan government should be established a program for
aware relevant parties about modern trends of biogas industry.
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