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Abstract: This study focuses on enriching biogas to make
it suitable as a sustainable alternative fuel for spark
ignition (SI) engines. Biogas, primarily composed of
methane (CH,) and carbon dioxide (CO;), also contains
trace gases such as hydrogen sulfide (H,S) and water
vapor. To enhance its energy content and performance,
biogas must be enriched, especially in methane
concentration. The research aimed to design a cost-
effective biogas enrichment system combining water
scrubbing and chemical scrubbing techniques. A packed-
bed water scrubber and chemical scrubbers using Ca(OH),,
KOH, and NaOH were developed and tested at varying
pressures and flow rates. The best performance from the
water scrubber yielded 83.05% CH, content, while
combining it with chemical scrubbers increased methane
concentration up to 95.15% with 76.04% rise efficiency
This enriched biogas was then used as fuel in a 4.5 kW
variable speed SI engine, and its performance was
compared with petrol and CNG. The engine was tested
under different compression ratios, ignition timings,
engine speeds, and throttle positions. Results showed that
enriched biogas provided comparable power output and
brake thermal efficiency to petrol and CNG. It delivered a
maximum power of 4.55 kW and thermal efficiency of
21.94%. Emission analysis indicated that CO and CO,
emissions were lower than petrol but slightly above CNG.
Overall, the study confirms that enriched biogas is a viable
and cleaner alternative to conventional fossil fuels for SI
engines.

Keywords: Biogas, enriched biogas, water scrubbing,
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1. INTRODUCTION

In our daily routine activities, economic, social, and
industrial development, energy is considered as important
input. Energy plays a vital role in our daily life. The degree
of development and civilisation of a country is measured
by the utilization of energy by human beings for their
needs. Day by day energy consumption is increasing very
rapidly. The world's fossil fuel supply i. e. coal, petroleum
oil, and natural gas will be depleted in a few decades. The
rate of energy consumption is increasing, supply is
depleting resulting in inflation and energy shortage. This is

called the energy crisis. Alternative or non-conventional or
renewable energy resources are very essential to develop
future energy

1.1 Biomass

Biomass is organic matter from plants, animals, and micro-
organisms grown on land and water and their derivatives.
It includes residues of agriculture and forestry, animal
waste, industrial waste, municipal waste, sewage, kitchen
waste, discarded material from food processing plants, etc.
Biomass contributes about 12% of today’s world's primary
energy supply, while in many developing countries, its
contribution ranges from 40% to 50% of primary energy

[6].

In India, over 501.73 million tons of agricultural and agro-
industrial residues are being produced every year [7].
According to the 19t Livestock Census Report, the Indian
livestock population stands at 512 million, comprising
mainly cows, buffaloes, sheep, goats, pigs, and other
species including poultry. In India, the current potential of
2600 million tons of livestock dung generated per year,
capable of yielding 263,702 million m3 of biogas is
exploited [8].

TABLE 1.1 Row material availability and gas yield [9] [10]

Sr. [Raw material [Production rate Gas yield
(m3/kg of dry
No. matter)
1 [Cow dung 10 - 15 kg/day/head [0.34
2 [Buffalodung |[15-25kg/day/head [0.15-0.32
Poultry
3 |manure 0.06 kg/day/head 0.46 - 0.56
Sheep/Goat
4 |manure 0.75 kg/day/head 0.37 - 0.61
5 [Horse manure [24 kg/day/head 0.20 - 0.30
6  [Night soil 0.75 kg/day/head 0.38
7  Rice husk 1 - 1.3 tons/ha/year [5.67
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8 |Algae 10 tons/ha/year 0.32

9 |Water hyacinth60 tons/ha/year 0.42

The availability and gas yield from some of these resources
is shown in TABLE 1.1. Most of the organic matter
containing proteins, fats, and carbohydrates can be
microbiologically transformed into biogas. These are (i)
animal-waste-based resources, such as animal and human
excreta, slaughterhouse waste, etc, (ii) land-based
resources such as crop wastes, by-products of agro-based
industries, urban solid wastes, and (iii) water-based
resources such as algae, seaweed, water hyacinth, etc.

1.2 Biogas as a promising alternative

Biogas is produced from wet biomass with about 90 - 95%
water content by the anaerobic digestion process.
Anaerobic digestion is a biochemical process that involves
the degradation of organic compounds into simple
substances to produce biogas and digestate through the
activities of a micro-organism. Carbon present in biomass
may be ultimately divided between fully oxidized Carbon
Dioxide (CO2) and fully reduced Methane (CH4). Biogas
contains about 50 - 60% CH4, 30 - 40% CO2, and trace
amounts of 02, H2, H2S, water vapour, etc. It is an
interesting alternative fuel, which can be used as a
replacement for fossil fuels in heat and power production,
or as an engine fuel [11]. Biogas offers the advantage of
replacing the demand for fossil fuels while also preventing
CH4, a Greenhouse Gas (GHG), from being emitted directly
into the atmosphere as it would via normal biological
degradation of waste biomass [12]. If this fuel is used in an
internal combustion engine, the CH4 content is combusted,
leaving CO2 in the atmosphere instead, which has a 21-
times lower global warming potential than CH4 [13].
Nitrogen-rich digested slurry is also produced as a by-
product, which provides excellent fertilizer and humus,
with improved sanitation as an added bonus.

1.3 Biogas generation

Biogas is produced by the action of anaerobic bacteria.
These bacteria live and grow without oxygen. They derive
the needed oxygen by decomposing biomass. The process
is favoured by wet, warm, and dark conditions. In this
process, part of the carbon is oxidized and another part is
reduced to produce the mixture of CO; and CHs The
airtight equipment used for conversion is called a biogas
plant or digester, and it is designed and controlled to
favour CHs generation. Soluble nitrogen compounds
remain available in sludge. The energy available from the
combustion of biogas is 60 - 90% of the input dry matter
heat of combustion. Thus, the energy conversion efficiency
of the process is 60% to 90%.

) Acid forming Methane forming
Hydrolysis bacteria bacteria
Biomass Simple Acetic and
. _@ Ftage-I ‘{ltage—]I[ l__ Biogas
(fats, proteir orgamic | T | propoimc
carbohydrate) compounds acids

FIGURE 1.1 Stages of the anaerobic digestion process

The biochemical process takes place in three stages as
shown in FIGURE 1.1. These are as follows:

(1) Stage-1: Hydrolysis

Organic waste from animals and plants contains
carbohydrates in the form of cellulose, hemicellulose, and
lignin. The effect of water causes a set of anaerobic micro-
organisms to break down complex organic material into
simple and soluble organic components. The rate of
hydrolysis is affected by bacterial concentration, substrate
quality, pH, and digester temperature range of 30°C - 40°C.

(2) Stage-II: Acid formation

The micro-organisms of the facultative and anaerobic
group collectively called acid formers, produce mainly
acetic and propionic acids and volatile solids. This stage
takes about one day at 25 °C. During this stage, a significant
amount of CO2 is released.

(3) Stage III: Methane formation

Anaerobic methanogenic bacteria slowly digest the
products of the second stage, generating CH4, CO2, a trace
amount of hydrogen, and other gases. The process takes
about two weeks to complete at 25 °C. The CH4 content of
biogas is about 60% which provides a high calorific value
to find use in cooking, lighting and power generation.

1.4 Motivation and Scope of the present work

The following points represent the motivation for doing
the present work:

e India has significant biomass resources that are
underutilized or not being utilized, which may be
used to generate biogas.

e When biomass is used to generate biogas, GHGs
emission is decreased since they are not
discharged directly into the atmosphere.

e Converting biomass into biogas not only produces
valuable fuel but also sludge that can be used as
fertilizer.

e Biogas enrichment provides a fuel that can
substitute natural gas in a different application,
resulting in reduced natural gas imports and
savings in foreign exchange.

e Biogas technology not only creates rural
employment and makes villages self-sufficient in
terms of energy, but it also offers social and
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ecological benefits such as sanitation and reduced
deforestation.

Currently, biogas is mainly used as a fuel for cooking and
stationary engines. The biogas potential has not been fully
utilized due to a lack of appropriate storage facilities,
mobility, and operational flexibility. The present work
would be useful in:

e Developing a suitable, low-cost, and effective
biogas enrichment system.

e Improvements in biogas technology for use as a
vehicular fuel, which is a growing area in India.

e Encourage the use of biogas-fuelled stationary
engines and automobiles, that emit less pollutants.

e Increasing opportunities for rural populations and
creating a suitable atmosphere for long-term rural
development by developing biogas plants and
enrichment systems.

e Encouraging the use of digested slurry from biogas
plants as organic manure.

2. LITERATURE REVIEW

The rapid depletion and consequent price rise of
petroleum-based fuels increased the energy demand of the
world, and environmental degradation concern has
intensified the search for substitute renewable energy
sources like solar energy, biomass and biofuels, wind
energy, and hydro energy [21]. Renewable sources of
energy, such as biomass and biogas, solar, and wind
generated 14% of the total global energy need [22]. The
biogas can be produced from various biomass like animal
waste, food wastes, sewage sludge, agricultural residue,
forest residue, industrial wastes, etc. by anaerobic
digestion. Now, biogas is not only utilized for cooking and
lighting purposes but also for vehicular fuel and power
generation applications

It is also called carbon-neutral as the carbon in biogas
comes from organic waste, which has derived this carbon
from atmospheric CO2 in a relatively shorter period of
time [24]. In India, the Ministry of New and Renewable
Energy, Government of India, New Delhi had set a goal of
producing 48,55 MW of biogas energy by 2022 [25]. Biogas
production has enormous potential in Asia, Europe, and
the rest of the world [26]. Anaerobic digestion is also
considered one of the ways of treating waste. It also
supports the ‘clean India' campaign launched by the
Government of India, New Delhi by converting waste into
energy. Biogas production using anaerobic digestion
technology is considered economical, environmentally
friendly, and more efficient than other energy production
technologies using biological and thermo-chemical energy
conversion techniques and can be seen as a solution in the
current energy scenario [27].

In fact, anaerobic digestion is a series of biological
processes. In this process, the breakdown of micro-living

organisms into bio-degradable material without the
presence of oxygen. This includes several biochemical
processes such as hydrolysis, acetogenesis, and
methanogenesis. CH4, CO2 and H2S are the main
constituents of biogas. The biogas generated from biomass
can be used directly for process heating, cooking, or
generating power, but the higher CO2 content decreases its
heating value and reduces the economic feasibility of direct
use. Specific steps for biogas treatment are therefore
highly recommended before end-use. In applications such
as vehicular fuel and grid injection, the biogas should have
a high energy density; hence, the enrichment of biogas is
needed [37].

An optimal biogas enrichment technique must be chosen
in terms of low initial and maintenance costs, low energy
usage, and high efficiency resulting in high concentrations
of CH4 in the enriched biogas with the overall economy.
The typical biogas cleaning and enrichment stages include
(1) H2S removal, (2) CO2 removal, and (3) water vapour
removal.

2.1 Biogas enrichment technologies

The biogas produced directly from a bio-digester is
comprised of CH4, CO2, and traces of several other gases.
Raw biogas taken from a biodigester is composed of
around 60% of the CH4 by volume, which has a heating
value of 20.67 M]/m3 compared to the 35.8 M]J/m3 of
enriched biogas [32]. The CH4 yield could be increased
considerably by using graphene oxide nanoparticles and
Ca(OH)2 pre-treatment in the anaerobic digestion process
from cow dung-based slurry [38]. Energy compounds with
low heat value are considered counter-productive because
their objective is to offer the highest amount of exothermic
heat demanding the smallest possible volume. In raw
biogas, a high concentration of CO2 decreases heating
value and restricts its usage for low-energy demanding
applications. It is not desirable to use raw biogas as a fuel
for the vehicle since it reduces the power output from the
engine and occupies extra space in gas storage cylinders.
CO2 in biogas can leads to a problem of freezing at
metering points and valves [39]. Thus, it is highly desirable
to remove CO2 from biogas to use as fuel for a wider range
of applications.

2.2 Definition of the problem

In the view of the literature review, it is required to
promote the use of biogas as a clean and renewable energy
source. The problem of the research is summarised below:

e A low-cost biogas enrichment system with better
performance is required to be designed and
developed.

e The most of the previous research is on the use of
raw/treated biogas in diesel engines in duel fuel
mode (with diesel fuel). The use of raw/treated
biogas in diesel engines as a fuel requires some
engine modifications.
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e Comparative study on performance and emission
characteristics of petrol engine without engine
modification is required by using petrol, CNG, and
enriched biogas.

2.3 Objectives of the present work

In the view of the problem definition, the following are the
objectives of the present research work:

e To design and develop an efficient low-cost biogas
enrichment system.

e To check the performance of the developed biogas
enrichment system

e To utilize the enriched biogas as an alternative
primary fuel in a four-stroke petrol engine.

e To study the performance and emission
characteristics of the engine fuelled with enriched
biogas and compare the results with those of
petrol and CNG operations

3. DESIGN OF WATER SCRUBBER

In this chapter, various design aspects and design
procedure of water scrubber for biogas enrichment are
discussed. The considered biogas composition was 60%
CH4 and 40% COZ2. It has been reported that CH4 content
in biogas could be enriched by reducing CO2 content from
it. Thus, CH4 enrichment in biogas improves its calorific
value, reduces storage space, and reduces compression
work upon storing into the high-pressure cylinder. Water
scrubbing is one of the suitable methods of CH4
enrichment in biogas for rural areas due to its low cost,
simplicity in operation, and suitability for small-scale
operation. A water scrubber consists of a packed bed
absorption column and uses water as a solvent to absorb
CO2 from biogas.

4. EXPERIMENTAL SETUP

In this chapter, the development of the biogas enrichment
system and testing of the developed system are being
discussed. The performance and emission characteristics
studies on spark ignition engine by using petrol, CNG, and
enriched biogas are also talked about.

Biogas enrichment setup removes/reduces H2S, CO2, and
water vapour from incoming biogas, thereby CH4 content
in outgoing biogas increases. It is required to bring the
biogas to the BIS standards of IS 16087:2016 and/or to the
level of natural gas.

PART A: Biogas Enrichment
4.1 Biogas Generation Plant

A floating drum type (KVIC) digester of 85 m3 capacity was
used to supply biogas to the enrichment setup. Cow dung
was used as a feed material for biogas generation. The

generated biogas is available at a constant pressure of 88
mm of the water column. FIGURE 4.1 shows the biogas
plant. Biogas generation pressure was measured by using a
simple U - tube manometer. The average composition of
generated biogas is shown in TABLE 4.1.

TABLE 4.1 Composition of biogas

CH4 CO2 H2S Other gases
(% Volume) (% Volume) (ppm) (% Volume)
54.05 44.15 2 1.8

FIGURE 4.1 Biogas plant at Sarsa village

PART B: Engine Performance
4.2 Engine Test Setup

The pictorial view of the engine test setup is shown in
FIGURE 4.2. The setup comprised of a single cylinder, four-
stroke, multi-fuel research engine coupled to an eddy
current type dynamometer for loading. The engine's
operation mode can be switched from Compression
Ignition (CI) to ECU Spark Ignition (SI) or from ECU SI to CI
mode. In both modes, the compression ratio can be
changed without stopping the engine and without altering
the combustion chamber geometry by a specially designed
tilting cylinder block arrangement. In SI mode operation,
fuel injection timing, fuel injection angle, and ignition
advance angle can be programmed with an open ECU at
each operating point depending on RPM and throttle
position. It facilitates the improvement of engine
performance over its operating range. The air temperature,
coolant temperature, throttle position, and trigger sensor
were all connected to the open ECU, which controls the
ignition coil, fuel injector, fuel pump, and idle air.
Instruments were provided to interface airflow, fuel flow,
temperature, engine crankshaft speed, and load readings.
The setup included a stand-alone panel box with an air box,
two fuel tanks for dual fuel testing, a manometer, a fuel
flow measuring device, transmitters for air and fuel flow
measurements, a process indicator, and a hardware
interface. Rotameters were provided for measuring cooling
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water and calorimeter water flow. For online engine
performance evaluation, a Labview-based engine
performance analysis software package called ‘Enginesoft’
was used. The PE3 series software package was used for
configuring the open ECU for the SI mode engine operation.

FIGURE 4.2 Pictorial view of the engine test setup

4.2.1 Engine test parameters

The following were the engine test parameters considered
for the studies of performance and emission characteristics
of spark ignition engine:

e Fuel used: (1) Petrol, (2) CNG, (3) Enriched biogas.

e Engine crankshaft speed in rpm: (1) 1200, (2)
1400, (3) 1600, (4) 1800.

e Compression ratio: (1) 6, (2) 8, (3) 10.

e Ignition advance before top dead center: (1) 200,
(2) 25¢, (3) 30e.

e Throttle position: (1) 100% open, (2) 50% open.

e Total number of readings = 3x4x3x3x2 =216

5. RESULT AND DISCUSSIONS

The results of experimental work carried out for biogas
enrichment by water and chemical scrubbing are described
in Part A of this chapter. Part B deals with the results of
engine performance and emission characteristics
evaluation by using petrol, CNG, and enriched biogas as
fuel.

PART A: Biogas enrichment

Biogas enrichment with Ca(OH)2, NaOH, and KOH
solutions at a concentration of 1 N and silica gel with
biogas flow rates of 0.864 Nm3/h, 0.672 Nm3/h, and 0.54
Nm3/h, were found to yield methane at the levels of
69.75%, 83.20%, and 94.80%, respectively. The CH4 rise
efficiency and CO2 removal efficiency were found to be at
the highest level of 75.39% and 93.31% respectively at a
minimum biogas flow rate of 0.54 Nm3/h. Therefore, it

was observed that the CH4 absorption rate increased when
the biogas flow rate decreased. It was also observed that 1
N solution concentration absorbs more CO2 than 0.8 N
solution concentration. Thus, the solution with a higher
concentration could give more CH4 content in enriched
biogas. Biogas enrichment with Ca(OH)2, NaOH, and KOH
solutions at a concentration of 1 N and silica gel with
biogas flow rates of 0.864 Nm3/h, 0.672 Nm3/h, and 0.54
Nm3/h, were found to yield methane at the levels of
69.75%, 83.20%, and 94.80%, respectively. The CH4 rise
efficiency and CO2 removal efficiency were found to be at
the highest level of 75.39% and 93.31% respectively at a
minimum biogas flow rate of 0.54 Nm3/h. Therefore, it
was observed that the CH4 absorption rate increased when
the biogas flow rate decreased. It was also observed that 1
N solution concentration absorbs more CO2 than 0.8 N
solution concentration. Thus, the solution with a higher
concentration could give more CH4 content in enriched
biogas.

100
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FIGURE 5.1 Variation of CO2 removal efficiency with the
biogas flow rate

The variation of CO2 removal efficiency with biogas flow
rate is illustrated in FIGURE 5.1. Whereas FIGURE 5.2
shows a graphical representation of results obtained by
chemical scrubbing of biogas.

In this method also, the content of the obtained enriched
biogas confirms the BIS standard IS 16087:2016, hence it
can be compressed and filled into a CNG cylinder, and can
be used as automotive fuel or stationary engine fuel.
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FIGURE 5.2 Chemical scrubbing of biogas
PART B: Engine performance and emission

5.1 Brake Power of the engine

The variation of brake power of the engine with crankshaft
speed at Ignition Advance (IA) 300, in FIGURE 5.3.
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FIGURE 5.3 Variation of BP with engine speed at 1A 300

The performance test results at 100% open throttle
showed that the engine developed maximum power of 4.65
kW at 1800 rpm for petrol, and 4.55 kW at 1600 rpm for
enriched biogas at compression ratio 10 and IA 250, while
in the case of CNG it was 4.31 kW at 1600 rpm at
compression ratio 8 and [A 250. In the case of enriched
biogas as fuel 2.2% power reduction has been observed
compared to petrol, while it was 7.89% in the case of CNG.
This power reduction might be due to variation in the
amount of fuel supply to the engine and variation in the
calorific value of the fuel [23].

5.2 Brake thermal efficiency of the engine

The variation of Brake Thermal Efficiency (BTHE) with
brake power of the engine for 100% open throttle
operation at IA 300, are illustrated in FIGURE 5.4.

24

.
221 ’_\\
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T —— CNG (CR10)
- —a— Enriched biogas (CR10)
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T T

T T
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Brake Power (kW)
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FIGURE 5.4 Variation of BTHE with BP at IA 300 for 100%
open throttle

The results of the performance test at 100% open throttle
operation revealed that the maximum BTHE obtained
22.67% at 3.93 kW output and 21.94% at 4.23 kW output
for CNG and enriched biogas operation respectively at a
compression ratio of 10 and 250 IA, while in case of petrol
operation 23.53% at 3.45 kW output was obtained at a
compression ratio of 10 and 300 [A. Maximum BTHE
obtained in case of engine running on petrol at 300, 250
and 200 of IA were found as 23.53%, 23.32% and 23.2%
respectively at a compression ratio of 10. In the case of
engine running on CNG at 300, 250 and 200 of IA,
maximum BTHE were found as 20.33%, 22.67% and
20.7% respectively at a compression ratio of 10.

5.3 Carbon Monoxide (CO) emission

CO emission as a function of engine crankshaft speed is
shown in FIGURE 5.5.
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FIGURE 5.5 Variation of CO emission with crankshaft speed
atIA 300
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In the case of petrol run engine, CO emission observed was
slightly less at 50% open throttle than 100% open throttle,
while in the case of CNG and enriched biogas run engine,
the observed CO emission was slightly less at 100% open
throttle compared to 50% open throttle. The observed CO
emission was slightly higher at IA of 20° compared to 1A of
30° and 25° for three experimented fuels at respective
engine parameters. It was due to the fact that lower the
combustion duration at IA 20e.

5.4 Carbon Dioxide (CO2) emission

FIGURE 5.6, depicted variations of CO2Z emission with

engine crankshaft speed at IA 30°.
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FIGURE 5.6 Variation of CO2 emission with crankshaft
speed at [A 30°

It was found that the CO, emission was slightly higher at
50% open throttle than 100% open throttle for all engine
test conditions. Not much variation in CO, emission was
observed for three experimented values of IA.

6. CONCLUSIONS AND FUTURE SCOPES
6.1 Conclusions

e Biogas is one of the most suitable natural and
renewable resources of energy for heating,
lighting, cooking, and power generation. The
enriched biogas can be used as a natural gas
alternative for vehicular/stationary engine fuel,
industrial applications, injections to the gas grid,
etc.

e The water scrubber was also tested at three biogas
supply pressures of 0.2 bar, 0.4 bar, and 0.6 bar,
the highest CH4 content of 83.05% in enriched
biogas was obtained with 53.65% CH4 rise
efficiency at the highest biogas supply pressure of
0.6 bar, lowest biogas flow rate of 0.864 Nm3/h,
and highest water flow rate of 2.772 m3/h. The
enriched biogas with 83.05% CH4 coming from
the water scrubber was then passed through the
chemical scrubber. It was made up of a series
arrangement of three reaction chambers. The first
two reaction chambers contained 20 L of 1 N
solution of Ca(OH)2 and KOH respectively, and a

third chamber contained silica gel. It had given
enriched biogas with 95.15% CH4 with 76.04%
CH4 rise efficiency. The content of the obtained
enriched biogas confirms the BIS standard IS:
16087:2016, hence it can be compressed and filled
into a CNG cylinder and can be used as automotive
fuel.

e Raw biogas was passed through three separate
reaction chambers arranged in series containing a
solution of Ca(OH)2, NaOH, and KOH and finally
through a chamber containing silica gel. Different
flow rates for biogas (0.864 Nm3/h, 0.672 Nm3/h,
and 0.540 Nm3/h) and different chemical solvent
concentrations (0.8 N and 1 N) were used as
parameters to investigate the differences in
performance. It could give enriched biogas with
maximum CH4 content of 94.05% at the lowest
biogas flow rate of 0.540 Nm3/h with 74% CH4
rise efficiency. It also confirms the BIS standard IS:
16087:2016.

e The enriched biogas with 94.2% of CH4 was used
for comparative performance evaluation and
emission characteristics study on spark ignition
engine. The performance results of the stationary
4.5 kW research engine run on spark ignition
mode indicated that the engine can run on
enriched biogas as fuel with the same CNG
conversion Kkit.

o The engine developed maximum power of 4.65 kW
for petrol operated and 4.55 kW for enriched
biogas operated engine at 10 compression ratio,
25° ignition advance, and 100% open throttle.
Whereas, CNG operated engine developed a
maximum power of 4.31 kW at 8 compression
ratio, 25° ignition advance, and 100% open
throttle. The maximum brake power producing
capability of the engine corresponds to IA 25°
BTDC for all three fuels. The maximum brake
thermal efficiency obtained was 22.67% and
21.94% for CNG operated and enriched biogas
operated engine respectively at 10 compression
ratio, 25° ignition advance, and 100% open
throttle, while in the case of petrol run engine
23.53% was obtained at 10 compression ratio, 30°
ignition advance, and 100% open throttle. The
maximum brake thermal efficiency obtaining
capability of the engine corresponds to a
compression ratio of 10 for all three fuels. Hence,
the parameters compression ratio of 10, 25° IA
and 100% open throttle are considered optimum
operating parameters.

e The CO emission was slightly higher when the
engine run on petrol compared to CNG and
enriched biogas run engine for respective
operating parameters.

e The CO2 emission was slightly higher for petrol
run engine compared to CNG and enriched biogas
run engine for respective test conditions. While
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CNG run engine caused minimum COZ emission
than petrol and enriched biogas run engine at
respective test conditions. Further, biogas is
renewable and CO2-neutral fuel in terms of net
emissions of carbon to the atmosphere.

e Biogas technology not only provides economic
opportunities for the rural population of
developing countries like India, but also improves
health and hygiene, environmental, and social
conditions

6.2 Future scope of work

The following points are proposed for future work:

e In the present work, CO2 was absorbed by
water/chemicals and was not available for useful
applications. Effective CO2 separation technique
from water/chemicals needs to be developed for
useful applications of CO2.

e Tribological tests should be performed on engines
fuelled by enriched biogas to ensure their viability
in stationary power generation and automobile
applications for long-term operation.
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