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ABSTRACT 
 

The biogas generated by anaerobic digestion contains CH4, CO2, and traces of other gases 

like H2S, water vapour, etc. Before it is being used as fuel for industrial or vehicular 

applications, it is necessary to enrich methane content in it. Methane enriched biogas can be 

regarded as a substitute for fossil natural gas. The available various biogas cleaning and 

enrichment techniques differ in terms of working, gas quality, energy requirement, separation 

efficiency, and operational problems. 

The present work focuses on design and development of suitable low-cost biogas enrichment 

system and to check the performance of the developed biogas enrichment system. It is also 

aimed to evaluate comparative performance and emission characteristics of spark ignition 

engine run on fuel like petrol, CNG, and enriched biogas.   

In order to take advantages of water scrubbing and chemical scrubbing, the combination of 

water scrubbing method and chemical scrubbing method for biogas enrichment was selected 

after literature review. The individual performance of water scrubbing and chemical 

scrubbing was also checked. The packed bed type water scrubber was designed and 

fabricated for biogas enrichment. While storage type Ca(OH)2, KOH, and NaOH chemical 

scrubbers were used for biogas enrichment. Iron chips and silica gel was used for removal of 

H2S and water vapour respectively from biogas. The performance test showed that when 

biogas at generation pressure of 0.862 kPa was supplied at flow rate of 0.96 Nm3/h to water 

scrubber against water flow rate of 2.60 m3/h, it could give biogas with 76% CH4 content 

with 40.64% CH4 rise efficiency. The water scrubber was also tested at three biogas supply 

pressures 0.2 bar, 0.4 bar, and 0.6 bar, three biogas flow rates 0.864 Nm3/h, 1.068 Nm3/h, 

and 1.308 Nm3/h and three water flow rates 1.738 m3/h, 2.126 m3/h, and 2.772 m3/h. The highest 

CH4 content of 83.05% in enriched biogas was obtained with 53.65% CH4 rise efficiency at 

highest biogas supply pressure (0.6 bar), lowest biogas flow rate (0.864 Nm3/h), and highest 

water flow rate (2.772 m3/h). The enriched biogas with 83.05% CH4 coming from water 

scrubber was then passed through the three reaction chambers arranged in series such as 

reaction chamber of Ca(OH)2 (20 liter 1N solution), reaction chamber of KOH (20 liter 1N 

solution) and then silica gel ( 5 kg and 34 cm bed height). It had given enriched biogas with 

95.15% CH4 with 76.04% CH4 rise efficiency. The chemical scrubber was made by arranging 

four reaction chambers in series first chamber contained 20 liters of 1N solution of Ca(OH)2, 
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second chamber contained 20 liters of 1N solution of NaOH, third chamber contained 20 

liters of 1N solution of KOH, and fourth chamber contained 5 kg of silica gel. It was tested 

by supplying raw biogas at pressure of 0.2 bar with three biogas flow rates (0.864 Nm3/h, 

0.672 Nm3/h, and 0.540 Nm3/h), it could give enriched biogas with maximum CH4 content 

of 94.05% at lowest biogas flow rate of 0.540 Nm3/h with 74% CH4 rise efficiency.   

The enriched biogas with 94.2% of CH4 was used for comparative performance evaluation 

and emission characteristics study on spark ignition engine. The test was carried out on 4.5 

kW variable speed research engine by using fuel as petrol, CNG, and enriched biogas. The 

engine was run on enriched biogas as fuel with same CNG conversion kit. The engine was 

operated by using three values of compression ratio (6, 8, and 10), three values of ignition 

advance (20o, 25o, and 30o), four values of engine speed (1200, 1400, 1600, and 1800 rpm), 

and two positions of throttle (100% open and 50% open). The performance test results 

showed that the engine developed maximum power at 10 compression ratio, 25o ignition 

advance, and 100% open throttle for the fuel petrol (4.65 kW) and enriched biogas (4.55 

kW), while in case of CNG (4.31 kW) it was at 8 compression ratio, 25o ignition advance, 

and 100% open throttle. The maximum brake thermal efficiency obtained at 10 compression 

ratio, 25o ignition advance, and 100% open throttle for CNG (22.67%) and enriched biogas 

(21.94%), while in case of petrol (23.53%) it was at 10 compression ratio, 30o ignition 

advance, and 100% open throttle.  The NO emission was slightly higher with the Enriched 

biogas than CNG but less than petrol at all the operating conditions. The observed HC 

emission was slightly higher for enriched biogas run engine compared to petrol and CNG run 

engine. There is an increase in HC and NO level for all three fuels with rise in compression 

ratio. CO emission was slightly higher for petrol compared to CNG and Enriched biogas. 

The CO2 emission was slightly higher with the enriched biogas than CNG but less than petrol 

run engine at all the operating conditions. 

Keywords: Biogas, enriched biogas, water scrubbing, chemical scrubbing, CNG, bio-CNG, 

biogas enrichment, engine performance, engine emission.  
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CHAPTER – 1 

Introduction 

 

1.1 Background  

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 

requirements.  

Consumption of a large amount of energy in a country indicates increased activities in all 

sectors of the economy. This may imply better comforts at home due to the use of various 

appliances, better transport facilities, and more agricultural and industrial production. All 

this amounts to a better quality of life. Therefore, the per capita energy consumption of a 

country is an index of the standard of living or prosperity of the people of the country. 

TABLE 1.1 shows comparative data on the annual energy consumption of different 

countries.  

              TABLE 1.1 Primary energy consumption as of 2021 [1] 

Sr. 

No. 

Country Total annual energy 

consumption (EJ) 

Per capita annual energy 

consumption (GJ) 

1 USA 92.97 279.9 

2 Japan 17.74 140.8 

3 France 9.41 144 

4 UK 7.18 106,9 

5 Germany 12.64 152 

6 China 157.65 109.1 

7 India 35.43 25.4 

Global 595.15 75.6 
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In the year 2021, the total annual energy consumption of the world is 595.15 EJ. Out of 

which 26% of energy is consumed by China. The USA consumes about 16% of the world's 

total energy which has about 5% of the world's population, while India which houses 17% 

of the world's population consumes only 6% of the total world energy. This mismatch 

reflects in the negative differential in the quality of life of the people.   

Global energy consumption rebounded with a 5% growth in 2021, after a 4.5% decline in 

2020, in the context of the global pandemic. This rebound is 3% above the 2% per year 

average over the 2000-2019 period. In value, the 2021 global energy consumption stands 

above the 2019 levels. Energy consumption increased by 4.7% in India after a 5.6% decline 

in 2020 [2]. Emerging markets and developing economies now account for more than two-

thirds of global CO2 emissions, while emissions in advanced economies are in a structural 

decline, despite an anticipated 4% rebound in 2021. In India, the year 2021 is set to push 

emissions almost 200 Mt higher than 2020, leaving emissions 1.4% (or 30 Mt) above 2019 

levels. A rebound in coal demand above 2019 levels drove the emissions increase in India.  

CO2 emissions in India are now broadly at par with emissions in the European Union at 2.35 

Gt, although they remain two-thirds lower on a per capita basis and 60% below the global 

average [3]. India is responsible for nearly 6.65% of total global carbon emissions, ranked 

fourth next to China (26.83%), the USA (14.36%), and the EU (9.66%) [4]. Climate change 

might also change the ecological balance in the world.  

It has become important to explore and develop renewable energy resources such as solar 

energy, biomass and biofuels, wind energy, and hydro energy to reduce too much 

dependence on conventional resources for the sustainable development of any country. 

Renewable energy use increased 3% in 2020 as demand for all other fuels declined. 

Bioenergy use in the industry grew by 3% but was largely offset by a decline in biofuels as 

lower oil demand also reduced the use of blended biofuels [3].  

India had a renewable energy capacity of 150 GW consisting of solar (48.55 GW), wind 

(40.03 GW), small hydropower (4.83 GW), bio-mass (10.62 GW), etc. India has committed 

to a goal of 450 GW of renewable energy capacity by 2030 [5]. 

Biomass, wind, solar, and hydropower energy are the major resources in the renewable 

energy sector. Hydropower is site-specific, and wind and solar are variable and intermittent 

and are also not economically exploitable in some areas and countries. Wind and solar 
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energies are directly converted to electricity and cannot be stored and transported as an 

energy source. Biomass, on the other hand, exists everywhere. It has many similarities to 

fossil fuels and thus is very attractive for conventional fossil-fueled technologies and enables 

them to work with a renewable fuel with less or no modification. Biomass as a primary 

energy source normally converts to higher quality secondary energy sources such as biogas, 

landfill gas, biohydrogen, biodiesel, alcohol, etc.  

1.2 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 19th 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 1.2 Row material availability and gas yield [9] [10] 

Sr.  

No. 

Raw material Production rate Gas yield 

(m3/kg of dry matter) 

1 Cow dung 10 – 15 kg/day/head 0.34 

2 Buffalo dung 15 – 25 kg/day/head 0.15 – 0.32 

3 Poultry manure  0.06 kg/day/head 0.46 – 0.56  

4 Sheep/Goat 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 

8 Algae 40 tons/ha/year 0.32 

9 Water hyacinth 60 tons/ha/year 0.42 

The availability and gas yield from some of these resources is shown in TABLE 1.2. Most 

of the organic matter containing proteins, fats, and carbohydrates can be microbiologically 
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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.  

1.3 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 O2, 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.  

In order to tap the vast potential of biogas, the Government of India has launched two 

national programmes namely;  

(1) New National Biogas and Organic Manure Programme (NNBOMP) and  

(2) Biogas Power Generation (off-grid) and Thermal energy application Programme 

      (BPGTP)  

The first programme NNBOMP aims at setting up family-type biogas plants of size ranging 

from 1 m3 to 25 m3 per day for providing biogas as clean cooking fuel and a source of 

lighting. The slurry produced from biogas plants as a by-product is an organic bio-manure 

for enhancing crop yield and maintaining soil health. The biogas technology dissemination 

helps in reducing environmental degradation and prevents the emissions of GHGs such as 

CO2 and CH4 into the atmosphere. The Ministry of New and Renewable Energy (MNRE), 

Government of India has fixed an annual physical target of setting up 65,180 biogas plants 
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in the year 2017 – 18 under the NNBOMP [14]. The second programme BPGTP for small 

power generation was started in 2006 under the National Biogas Programme in the range of 

3 kW to 250 kW from the biogas plants of 30 m3 to 2500 m3 per day aiming for the generation 

of power from biogas to meet captive power needs of small dairies, rural industries, etc. 

These biogas plants are good systems of decentralized renewable energy to improve the 

availability of small power/electricity, energy needs and sanitation by treating the waste 

materials such as cattle dung, agricultural wastes/residues, kitchen and food waste, poultry 

droppings and night soil, wastes, and biomass from farms garden, etc. Under the scheme, 

biogas can also be used for meeting thermal or heat energy requirements or 

cooling/refrigeration needs of small plants. Since the inception of the BPGTP in January 

2006 and up to September 2019, the MNRE has supported 311 Nos. of biogas projects in the 

capacity range of 3 kW to 250 kW power generation with a cumulative capacity of about 7 

MW [15]. 

1.4 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 CO2 and CH4. The airtight equipment used for 

conversion is called a biogas plant or digester, and it is designed and controlled to favour 

CH4 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%. 

Fig. 5.2
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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-I: 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 
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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 oC. 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 oC. The CH4 content of biogas is about 60% which provides a high calorific 

value to find use in cooking, lighting and power generation.  

1.5 Types of biogas plants 

A biogas plant turns cattle dung and other organic waste into biogas, an inflammable gas, 

and high-quality organic manure under anaerobic conditions. The biogas plants are made in 

different sizes and designs based on the process carried out. These plants are mainly 

classified as:  

(1) Floating-drum (constant pressure) type and  

 (2) Fixed-dome (constant volume) type. 

1.5.1 Floating drum (constant pressure) type biogas plant  

Various models of floating drum-type biogas plants are being developed in different 

countries. A popular model developed in India by Khadi Village Industries Commission 

(KVIC) is shown in FIGURE 1.2. It consists of a masonry digester with an inlet for feeding 

slurry on one side and an exit for removing digested slurry on the other. Normally, animal 

waste slurry (animal dung + water) is fed once a day. The gas accumulates in a steel 

gasholder that is inverted over the slurry and moves up and down in response to gas 

accumulation and discharge, which is led by a central guide pipe. The movable gas holder is 

made up of steel. At least once a year, the gas holder is painted with anti-corrosive paint. 

This plant helps to achieve more consistent gas pressure which can be adjusted by regulating 

weight on the gasholder. A partition wall is provided in the digester. The bifurcation of a 

digesting chamber by a partition wall offers optimal conditions for the development of acid 
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formers and methane formers since their pH requirements differ. As a result, this plant is 

efficient and provides a good yield of biogas. 

Fig. 5.4
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FIGURE 1.2 Floating-drum type biogas plant 

The floating gas holder creates a gas pressure of around 10 cm of the water column, which 

is adequate to feed gas up to 100 metres. The leftover slurry is also forced out by gas pressure 

via a sludge pipe. The diameter of the digester of a gas plant ranges from 1.2 m to 6 m and 

its height varies from 3 m to 6 m. 

The mild steel gas holders are prone to corrosion, and thus need painting at regular intervals. 

This problem can be overcome by using fibreglass reinforced plastic (FRP) material for the 

construction of gas holders. 

1.5.2 Fixed dome (constant volume) type domestic biogas plant  

Fixed dome type domestic biogas plant is also called as Janta biogas plant or Chinese model. 

A family-size Chinese model is shown in FIGURE 1.3. In this design, the digester and gas 

holder is constructed in a single unit. The fixed dome digester is usually built below the 



1 – Introduction  

 

8 

 

ground surface. The composite unit is made of brick and cement masonry having no moving 

parts, thus ensuring no wear and tear and longer working life. 

Fig. 5.5
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FIGURE 1.3 Fixed-dome type biogas plant 

The mixture of biomass and water in form of slurry is supplied as feed to the digester through 

an inlet. The biogas generated in the digestion tank by anaerobic digestion is collected in the 

upper part of the digester. A stirring arrangement is necessary for the digester if the raw 

material is crop residue. The biogas so produced is delivered via the outlet gas pipe. When 

the gas is produced, the liquid level in the digester drops whereas the level in the 

displacement tank rises. The height difference between the two levels helps in regulating the 

pressure of gas within the digester. The gas occupies about 10% of the volume of the 

digester. The gas pressure obtained may be as high as 0.1 bar above the atmosphere. 

The complete plant is constructed underground, the temperature tends to remain constant 

and is often considerably higher than the ambient temperature in winter. A manhole cover 

sealed with clay is provided at the top of the digester dome for its maintenance. 

1.6 Factors affecting biogas generation  

Following are the major factors which affect the quality and quantity of biogas generated: 

(1) pH value or Hydrogen ion concentration: 

pH is a term which denotes the acidity and alkalinity of the substance. If the pH range is 

between 0 and 7 it is called acidic. If it is between 7 and 14 it is called alkaline. The gas 

formation is optimum between pH of 6.8 to 7.8. At a pH of 6.2, acid conditions prevail which 

restrain the growth of methanogenic bacteria. When excessive loading has resorted, the acid-
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forming bacteria are more active than the methane-forming bacteria, resulting in a lowering 

of the pH. Control on pH should be exercised by adding alkali when it drops below 6.6. 

(2) Temperature: 

The process of anaerobic fermentation is temperature-dependent. It is found that the process 

of digestion proceeds at the highest rate when the temperature is 35 – 38 oC, which is known 

as the mesophyllic range. When the temperature falls, the process of digestion is retarded 

and below 15 oC it is reduced so much that the gas plant produces very little gas; that is why 

it is experienced that in winter the gas production is considerably low. The process between 

temperature range 40 – 45 oC becomes slow and then increases to a peak between 55 oC – 

60 oC known as the thermophilic range. 

(3) Loading rate: 

Loading rate indicates the weight of volatile solids fed to a digester per day. Volatile solids 

are that portion of total solids which are organic in content. If the digester is fed with too 

much raw material at a time, acids will accumulate and the digestion process may stop. Also, 

a faster feeding rate will not help increase gas production. At a higher feeding rate, the 

retention period will be less and undigested slurry may come out. For desired retention 

period of 40 days, an amount equal to 1/40 of the volume of the digester should be fed daily. 

(4) Solid concentration: 

Generally, 7 to 9% solid concentration, that is 7 to 9 parts of solid in 100 parts of the slurry 

is considered ideal. If it is diluted further or if it is concentrated, the fermentation is 

somewhat retarded, and therefore, it is recommended that 4 parts of the cattle dung to be 

mixed with 5 parts of water. This brings the concentration to about 8%. 

(5) Pressure: 

A minimum pressure of 6 – 10 cm of the water column, i.e. 1 – 2 bar (abs.) is considered 

ideal for the proper functioning of the plant, and it should never be allowed to exceed 40 – 

50 cm of the water column. Excess pressure inhibits the release of gas from the slurry. It also 

leads to leakage in masonry through micropores. Even normal gas taps and pipe joints start 

leaking due to excess pressure. 

(6) Carbon to Nitrogen (C/N) ratio and other nutrients in biomass: 

Methanogenic bacteria need carbon and nitrogen for their survival. Carbon (in 

carbohydrates) is required for energy while nitrogen (in proteins, nitrates, etc) is for building 

cell protein. The consumption of carbon is 30 to 35 times faster than that of nitrogen. A 

favourable ratio of C/N can be taken as 30. Any deviation from this ratio lowers the biogas 
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production. A proper balance of C/N ratio is maintained either by adding sawdust having a 

high C/N ratio or by poultry waste having a low C/N ratio. 

The major nutrients required by the bacteria in the digester are C, H2, O2, N2, P, and S, of 

these nutrients N2 and P are always in short supply. Therefore, to maintain the proper balance 

of nutrients an extra raw material rich in phosphorus (night soil) and N2 (chopped 

leguminous plants) should be added along with the animal dung to obtain maximum 

production of gas. The best stimulant on this behalf is animal urine. 

(7) Retention time: 

Retention time is the time duration for which the slurry remains in the plant or the time that 

is available for bio-digestion. It is optimized to achieve 70 – 80% complete digestion 

considering the ambient temperature. The biodegradability period depends on the 

temperature and the type of biomass. In India, biogas plants are designed for a retention 

period of 30, 40, and 50 days depending on the region. TABLE 1.3 shows biodegradability 

periods of various digester feeds at 35oC [9]. 

                TABLE 1.3 Retention time of the substrate  

Sr. No  Raw material  Required retention time (days) 

1 Cow and buffalo dung  50 

2 Poultry droppings 20 

3 Night soil  30 

4 Rice straw 33 

5 Sugar cane tops 43 

6 Water hyacinth 46 

 

 (8)  Effect of toxic substances: 

The presence of ammonia, pesticides, detergents, and heavy metals like chromium, copper, 

nickel, and zinc are toxic substances to bacteria responsible for bio-digestion. Thus, their 

presence reduces the fermentation rate. Also, the digested slurry if allowed to remain in the 

digester beyond a certain time, it becomes toxic to micro-organism growth. 

(9) Seeding of biomass with bacteria: 

Cattle dung contains both acid-forming bacteria and methane-forming bacteria. Acid-

forming bacteria multiply faster, while methane-forming bacteria grow slowly. To start and 

accelerate the fermentation, digested slurry that has more methane-producing bacteria is 

added to the fresh slurry in the digester. This is called seeding. 
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(10) Mixing or stirring the content of the digester: 

Proper mixing of digester contents provides intimate contact between micro-organisms and 

the substrate and maintains the uniform temperature, and uniform distribution of bacteria 

and volatile solids throughout the slurry. It also minimises sludge formation and prevents a 

crust or scum formation on top of slurry which interferes with the release of biogas. 

(11) Digester size and shape: 

The diameter to depth ratio of the digester should be between 0.66 to 1 for maximum 

production of biogas. 

1.7 Need for biogas enrichment 

In underdeveloped nations, biogas is typically utilised as a source of energy for domestic 

activities such as cooking and lighting. However, developed nations are focusing on large-

scale farm-based and commercial industrial biogas generation, as well as its use in 

transportation, power, and chemical industries [16]. Europe now leads in biogas generation 

(1.35 × 107 tons in 2014), with a substantial amount of agro-biomass (1.5 × 109 tons) 

accessible for anaerobic digestion [17]. Germany is one of the world's largest producers of 

biogas. Biogas generation is also being pursued by China, India, and the United States [18]. 

Biogas generated by anaerobic digestion is a mixture of CH4, carbon dioxide CO2, and traces 

of other gases such as H2S, water vapour, etc. The methane content of the generated biogas 

determines its heat value when converted to energy. Other gases are useless, poisonous, or 

hazardous, and provide no energy contribution to biogas. These contaminations in biogas 

make it difficult to store in cylinder and transport across long distances. Thus, it must be 

consumed at the nearby plant only. The CO2 content in biogas causes various problems such 

as (i) lowering the power output from the engine, (ii) increasing compression work and 

taking up space when biogas is compressed and stored in a cylinder, and (iii) freezing 

problems at valves and metering points where the compressed gas undergoes expansion 

during engine running.  

It is required to remove CO2 from biogas to increase its calorific value. The 

removal/reduction of CO2 from biogas enhances its CH4 content, which is known as biogas 

enrichment/upgrading. It is needed when the intended use demands a high methane 

concentration [19]. The standard composition of enriched biogas is governed by its intended 

application and country policy. When utilised as engine fuel, CH4 enriched biogas burns 
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faster than raw biogas, resulting in greater specific output and thermal efficiency. 

Furthermore, the absence of carbon dioxide in the enriched biogas allows for a larger volume 

of air to be inducted into the engine cylinder, enhancing volumetric efficiency. 

H2S presence in biogas is detrimental to the environment and corrosive to the metallic 

components of engines, compressors, valves, and gas storage tanks, decreasing the lifespan 

of process equipment. Water vapour is commonly found in biogas, which promotes corrosion 

to the metallic parts. Therefore, the removal of H2S and water vapour is an important step 

for biogas cleaning before its utilisation [20]. After removing these, its composition becomes 

similar to natural gas (NG), allowing it to be utilized in all applications where natural gas is 

used as a fuel. Thus, biogas enrichment increases the scope of utilization of biogas.  

Compressing biogas minimises the amount of storage space required, concentrates the 

energy content, and raises the pressure to the level required to overcome gas flow resistance. 

The cost of compression will be less for enriched biogas compared to raw biogas. When 

enriched biogas is compressed to high pressure of about 200 bar, same as in the case of 

Compressed Natural Gas (CNG), it can be stored in the high-pressure cylinder as used in 

CNG. It is also known as bio-CNG or Compressed Bio-Methane (CBM). It is a more suitable 

fuel for running stationary engines and automotive engines with the same CNG conversion 

kit.  

1.8 Motivation and Scope of the present work  

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

 India has significant biomass resources that are underutilized or not being utilized, 

which may be used to generate biogas. 

 When biomass is used to generate biogas, GHGs emission is decreased since they are 

not discharged directly into the atmosphere. 

 Converting biomass into biogas not only produces valuable fuel but also sludge that 

can be used as fertilizer. 

 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. 

 Biogas technology not only creates rural employment and makes villages self-

sufficient in terms of energy, but it also offers social and ecological benefits such as 

sanitation and reduced deforestation.  
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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: 

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

 Improvements in biogas technology for use as a vehicular fuel, which is a growing 

area in India. 

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

pollutants. 

 Increasing opportunities for rural populations and creating a suitable atmosphere for 

long-term rural development by developing biogas plants and enrichment systems.  

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

1.9 Outline of the Thesis  

The thesis has been organized in six chapters. Chapter – 1 is introductory in nature. It 

describes the present energy scenario in India and different parts of the world. It also 

discusses the biomass potential in India, biogas generation, types of biogas plants, factors 

affecting biogas generation, need for biogas enrichment, and motivation and scope of the 

present research work.  

The literature review in the field of biogas enrichment technology is discussed in        

Chapter – 2. It covers biogas properties, biogas enrichment techniques, utilization of biogas 

in heat and power generation, suitability of biogas in engine operation, and use of enriched 

biogas as fuel for stationary and automotive engines.   

In Chapter – 3, various design aspects and design procedures of water scrubber for biogas 

enrichment are discussed. 

Chapter – 4 deals with the biogas enrichment test setup and experimental work carried out 

for biogas enrichment by water and chemical scrubbing for the removal of CO2, H2S, and 

water vapour. The second part of the chapter describes the experimental engine test setup 

and engine performance and emission characteristics evaluation by using petrol, CNG, and 

enriched biogas as fuel.  

In Chapter – 5, the results of water scrubbing, water and chemical scrubbing, and chemical 

scrubbing are discussed in detail. In the second part of the chapter, the results of the 
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performance and emissions obtained from running a single cylinder, four-stroke, water 

cooled, SI engine run on petrol, CNG, and enriched biogas are discussed and compared.    

Finally, Chapter – 6 presents the conclusion of the findings from the experimental work 

carried out in this study. It also mentions the scope for the future work.   
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CHAPTER – 2 

Literature Review  

 

2.1 Introduction   

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 

[23]. 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 detailed composition of biogas and their chemical properties are shown in TABLE 2.1, 

and a few important biogas properties are also shown in TABLE 2.2.  

The biogas is composed of a considerable amount of CO2 along with H2S, water vapour, and 

a few traces of other gases which are irrelevant to practical applications. The type of biomass 
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feedstock mostly governs the concentration of these impurities. These can cause adverse 

effects on any thermal energy conversion devices that may result in corrosion, fouling, and 

environmental pollution [28][29].  

TABLE 2.1 Biogas composition and its properties [30] [31] [32] 

Component % by volume Properties 

Methane (CH4) 55–65 Energy carrier 

Carbon dioxide (CO2) 35–45 Reduces heat value, Causes corrosion in the 

presence of moisture 

Hydrogen sulphide 

(H2S) 

0.005–2 Causes corrosion, SO2 emission during 

combustion 

Nitrogen (N2) 0–2 Reduces heat value 

Hydrogen (H2) 0–1 Energy carrier 

Oxygen (O2) 0–2 Facilitate combustion  

Ammonia (NH3) 0–1 NOx – Emissions during combustion 

Water (H2O) 5-10 Increases corrosion in the presence of CO2 

and SO2 

 

                     TABLE 2.2 Properties of biogas [33][34][35][36] 

Parameter Value 

Heat value (60% CH4 and 40% CO2) 20.67 MJ/kg 

Density at 288 K and 1 atm. 0.91 kg/m3 

Stoichiometric air-fuel ratio 6.05 kg of air/kg of fuel 

Auto-ignition temperature 1087 K  

Research octane number 130 

Flame speed 21 m/s 

Flammability limit 7.5 – 11.7 vol. % in air  

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. 
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2.2 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 MJ/m3 compared to the 35.8 MJ/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. 

H2S and water vapour (H2O) must also be removed from biogas before its combustion 

because they can lead to maintenance problems, especially corrosion. When H2S is burnt in 

a boiler or an internal combustion engine, it can cause chemical corrosion. H2O content in 

biogas accelerates the corrosion in the presence of H2S and CO2 and also reduces the heating 

value of biogas.   

TABLE 2.3 Impurities removal requirement based on the application of biogas [40] 

Application H2S CO2 H2O 

Injection to the natural gas grid Yes Yes Yes 

Vehicular fuel Yes Recommended Yes 

Stationary engine < 250 ppm No No 

Cooker Yes No No 

Boiler < 1000 ppm No No 

The biogas should have more than 95% of CH4 to upgrade biogas as bio-methane. Bio-

methane has immense potential to become fuel in near future. Compressed bio-methane is 

also known as bio-CNG. Bio-CNG is very similar to conventional CNG according to its 

contents. It can be compressed or liquefied like CNG or LNG [41]. It can be directly utilized 

as fuel for a boiler, internal combustion engine, or supplied to the natural gas grid under 

suitable circumstances. Impurities removal requirement based on the application of biogas 

is shown in TABLE 2.3. The standards recommended by the Bureau of Indian Standards 
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(IS) for biogas applications in stationary engines, automotive, and thermal and industrial 

applications as supplied in cylinders and through the piped network are shown in          

TABLE 2.4. 

                    TABLE 2.4 Biogas up-gradation standards (IS 16087:2016) [42] 

Component Requirement 

CH4, minimum 90.0% 

CO2, maximum  4 % 

CO2 + N2 + O2, maximum 10 % 

Total sulphur including H2S, maximum 20 mg/m3 

Water vapour, maximum 5 mg/m3 

O2, maximum 0.5 % 

The most commonly used methods of biogas enrichment throughout the world are:  

(i) Physical Absorption, (ii) Chemical Absorption, (iii) Pressure Swing Adsorption, and           

(iv) Membrane Separation [43]. Cryogenic separation, Biological upgrading technologies, 

and in-situ methane enrichment are also being used in recent years for this purpose [40] [44].  

2.3 Physical Absorption 

The principle of physical absorption is based on variation in the solubility of different gas 

fractions in a liquid scrubbing solution. A physical bond is formed between the absorbed gas 

components and the scrubbing liquid. Water scrubbing and Organic solvent scrubbing are 

suitable for biogas enrichment.   

2.3.1 Water Scrubbing  

In this technique, water is used as a selective absorbent. It is the most commonly used biogas 

cleaning and upgrading technique at a commercial level.  The total share of water scrubbing 

is 41% of the total global biogas cleaning and upgrading market due to its low sensitivity to 

biogas impurities [45]. CO2 and H2S have more solubility in water than CH4 (i.e. according 

to Henry's law, the solubility of CO2 in the water at 25 °C is approximately 26 times higher 

than CH4). Therefore, more CO2 and H2S are dissolved in water than CH4. Water is also 

capable of absorbing other impurities like ammonia, chlorinated hydrocarbons, etc. in 

addition to CO2 and H2S [46]. 

CO2 dissolves in the water during the water scrubbing cycle, while the CH4 content in the 

gas phase increases. The gas leaving the scrubber, therefore, has a higher CH4 concentration. 

During this process, water also absorbs H2S. Nevertheless, it is desirable to remove the H2S 
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before removal of CO2, particularly if the H2S concentration exceeds 300 cm3/m3 of biogas, 

since the dissolved H2S is highly corrosive, bad odour, and can lead to an operational 

problem [47].  

Water (H2O)

Scrubber

       Raw biogas
(CH4, CO2, H2S, etc.)

Enriched biogas
(CH4>96%)

Compressor

  Fig. 1

Water pump

H2CO3
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column

 

FIGURE 2.1 Single-pass pressurized water scrubbing 
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FIGURE 2.2 Regenerative pressurized water scrubbing [48] 

A schematic illustration of the single-pass pressurised water scrubbing unit is shown in 

FIGURE 2.1 and FIGURE 2.2 shows regenerative pressurized water scrubbing. In order to 

increase the absorption of CO2 and H2S, raw biogas is first compressed to 900 – 1200 kPa 
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with the help of a compressor. The biogas flows inside the scrubber in the counter-current 

direction to water which is sprayed from the top of the scrubber. The scrubber column can 

be used with packing media or with a trey in order to achieve a greater transfer surface area 

for gas-liquid contact. Biogas enrichment with water scrubbing can be expressed by the 

following reaction: 

                   2 2 2 3H O + CO  H CO
                                       …(2.1) 

As water absorbs CO2 from biogas streams, it forms a mild carbonic acid (H2CO3). At the 

top gas outlet of the scrubber, CH4 purity can be obtained greater than 96% by using this 

process [49]. If the single-pass water scrubbing is used, then water (mild carbonic acid) at 

the outlet of the scrubbing column can be used for irrigation or utility purpose. If regenerative 

water scrubbing is used, then the used water (mild carbonic acid) is first passed through a 

flash tank, which is maintained at some intermediate pressure to release absorbed CH4. The 

released CH4 is then feedback to the raw biogas supply line. Water is then, finally, 

regenerated in the desorption column at some lower pressure with air blown into the 

desorption column. The level of CO2 extraction and absorption was about 90% and 12.0 × 

10−4 mol s−1 L−1, respectively when the test was performed at 10 ° C and 0.30 MPa gas 

pressure with 35% CO2 content of gas at inlet and 1.40 liquid-to-gas ratio [50].  

Instead of traditional packaging materials, a novel water scrubber filled with sponge carriers 

has the benefit of improved hydraulic retention time for scrubbing water. The biogas 

purification results indicate that even under atmospheric pressure conditions, the new 

scrubber can achieve high purification. The result shows that synthetic biogas with 60% CH4 

is purified to over 90% CH4 with no traces of H2S [51]. 

2.3.2 Organic Solvent Scrubbing  

Physical absorption can be enhanced by selecting a scrubbing liquid that offers higher 

solubility for CO2 and H2S with lower vapour pressure. The process of scrubbing and 

regeneration is the same as that of water scrubbing, as shown in FIGURE 2.2. An organic 

solvent like Methanol and Dimethyl Ethers of Polyethylene Glycol can be used for this 

purpose. The commercial names of solvents are Selexol™, Genosorb™, Rektisol™ or 

Purisol™ [52]. The mixture of solvent Dimethyl Ehers of Polyethylene Glycol, known as 

Selexol™,  offers a greater affinity for CO2 and H2S than water by five times [53]. 

Consequently, these solvents offer compact absorption column, reduced pumping and less 

losses of scrubbing liquid to the enriched biogas stream, which leads to a decrease in 

investment and operating costs [47]. For efficient solvent regeneration, heating at a 
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temperature of 55 to 80 °C is required and which is equivalent to pressurized water scrubbing 

[54]. It is observed that enriched biogas purity is equivalent to pressurized water scrubbing, 

but CH4 recovery is marginally lower [55]. In spite of several merits of this established 

technology, its contribution to the global biogas upgrading market is only 6 % [43].  

2.4 Chemical Absorption  

A physical absorption in which the gaseous molecules are bound to liquid molecules with 

poor intermolecular forces. Thus, the physical absorption process is generally carried out at 

some high pressure and low temperature to increase the solubility of CO2 and H2S in the 

absorbing liquid. The process of chemical absorption is carried out by absorption of CO2 and 

H2S from biogas binding covalently into the molecules of the absorbing liquid [56]. The very 

strong covalent bonds between the molecules of chemical solvent and the molecules of CO2 

and H2S allow the process of chemical absorption more efficient in absorbing CO2 and H2S 

even at atmospheric pressure and temperature [57]. The chemical absorption technique is an 

efficient and cost-effective method to remove CO2 and H2S from biogas [58]. The selection 

of the correct chemical agent is important for both economic and operational reasons [20]. 

Different types of amine compounds commonly used in biogas enrichment are such as 

Monoethanolamine (MEA), Diethanolamine (DEA), Methyldiethanolamine (MDEA), 

Diisopropanolamine (DIPA), and Aminoethoxyethanol (DGA) [59]. Various alkali solutions 

like hydroxides of sodium, potassium, or calcium can also be employed for this purpose [60]. 

DEA, MEA and MDEA are the most commonly used amines for biogas scrubbing. The 

following are the chemical reactions for CO2 absorption [61]: 

                                         
2

2 3 2CO  2OH   CO  + H O  
                                           …(2.2)  

                              
2

2 3 2 3CO  CO  + H O  2HCO  
                                                    …(2.3) 

                    2 2 2 3 3   CO   R NH  H O  R NH   HCO     
                                  …(2.4) 

Recently in this process, a mixture of MDEA and Piperazine (PZ), also known as Activated 

MDEA (AMDEA), is usually used. AMDEA's absorption potential is considerably higher 

than MDEA. The more likely reason is the existence of primary and secondary amines in PZ 

and the tertiary amine in MDEA, which provides a higher reaction rate for CO2 absorption 

[62].  

FIGURE 2.3 shows a flow diagram of the Amine/Alkali solution absorption process. 

Usually, an amine solution scrubbing system comprises a packed bed absorber column and 

a desorption column also called a stripper. In the packed bed column, CO2 is absorbed from 



2 – Literature Review 

 

22 
 

the raw biogas stream, while in the desorption column, CO2 is separated from the waste 

amine solution by heating under lowered pressure [63]. The raw biogas stream enters from 

the bottom into the absorber column and the amine solution is supplied to the top of the 

column to create a counter flow arrangement. The CO2 in the biogas reacts 

and is absorbed by the amine solution. 
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FIGURE 2.3 Flow diagram of chemical absorption [43] 

It is an exothermic reaction that raises the absorber temperature from 20 – 40 to 45 – 65 °C 

[64]. Unlike water scrubbing, the rate of reaction between CO2 and the amine solution rises 

with rising temperature, which leads to more CO2 absorption [47]. This rise in the mass 

transfer of CO2 from the biogas requires even compact scrubber units and reduces recycling 

rates of absorbent. The CH4 enriched gas exits from the top of the absorber column. The 

waste amine solution coming from the bottom of the absorber column is pumped to the top 

of the stripper column through the heater, where CO2 is released. A reboiler is provided at 

the bottom of the stripper column to boil the waste amine solution at 120 – 150 ° C to release 

CO2 from it and regenerate the amine solution. A considerably lower pressure, ranging from 

1 – 2 bar, is required to operate the absorber column which demands considerably lower 

energy requirements for biogas compression and absorbent pumping [65]. Although, the 

high energy demands for solvent regeneration at 120 – 150 oC may have reduced the share 

of this established technology to 22% of the global market for upgrading biogas [45]. Due 

to the low solubility of CH4 in amine solutions, CH4 recoveries of 99.5 – 9 9.9 % can be 

achieved with 91 – 96 % plant availability [56]. Amine solution also absorbs H2S present in 
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the raw biogas, but it can cause amine poisoning and also requires a higher temperature for 

the regeneration to desorb H2S. Therefore, removal of H2S before the amine scrubbing is 

highly needed; however, biogas containing up to 300 ppm of H2S can be handled by some 

commercial units. The drawbacks of amine scrubbing are the requirement of waste chemicals 

treatment, causes corrosion, and build-up of contaminants making the process more complex 

[66]. 

An alkaline solution scrubbing system can also be consisting of a packed bed or spray 

absorber column where CO2 and H2S are absorbed. In this method, CO2 absorption is 

assisted by agitation. The contact period between biogas and liquid and the turbulence in the 

solvent improves the CO2 diffusion in the solvent [59]. Compared to amine scrubbing, higher 

CH4 content in the biogas can be obtained by using Calcium Hydroxide scrubbing [67]. 

Alkaline solutions are cheap, easily available, and able to absorb traces of H2S content in 

biogas [68]. The alkaline solution can also be used for pre-treatment on biomass feedstock 

to enhance biogas production [69]. 

2.5 Pressure Swing Adsorption 

Pressure Swing Adsorption (PSA) is the process in which gas molecules can be selectively 

adsorbed to solid surfaces. Highly porous solids with high specific surface areas are usually 

used as adsorbent materials. The most widely used adsorbents are activated charcoal, 

activated carbon, zeolite, synthetic resin, and silica gel. Novel materials such as silicate, 

metal organic-frameworks, and silicoaluminophosphate sorbents are being investigated at 

the laboratory scale [70]. In this method, the separation of gases species is because of 

different gases attracted by different solid surfaces. The gas separation is due to variations 

in forces of attraction to the solid adsorbent. The adsorption process depends on pressure, at 

the higher pressure, more amount of gas is adsorbed. The gas is released or desorbed when 

the system pressure is reduced [71]. The complete process takes place in four steps such as 

adsorption, depressurization, desorption, and pressurization sequences in vertical columns 

packed with absorbents as shown in FIGURE 2.4. The four steps constitute a cycle called 

Skarstrom cycle [72].  

In this cycle, the raw biogas is first compressed to the high pressure of 7 to 9 bar and then it 

is supplied to the first adsorption column (PAS1). The adsorbent used is selective to CO2, 

hence it adsorbs CO2 and makes exiting stream richer in CH4. When the adsorbent packed 

in PSA1 becomes saturated and is unable to adsorb any more CO2, the feed is routed to the 
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second column (PSA2). To release the CO2 adsorbed in PSA1, the flow direction is reversed 

and the total pressure of the column is reduced to the atmosphere by venting to off-gas flow. 

This step called desorption in which CO2 is desorbed from the adsorbent and released and at 

the end of this step, the gas phase inside the column is rich in CO2. The off-gas must be 

appropriately treated before being discharged into the atmosphere due to the high 

concentration of CH4. When the adsorbent is able to load more CO2, the system's total 

pressure should be restored. This is accomplished during the pressurization step by using the 

feed stream and the cycle will be repeated. For continuous operation of the PSA process, 

several columns are needed which should be opened and closed sequentially. The PSA 

technique can be employed to separate CH4 from N2, O2, CO2, and H2S because the 

molecules of CH4 are greater in size than the other gas molecules [73]. The adsorption 

substrate used for biogas upgrading irreversibly adsorbs H2S, and H2S is known to be toxic 

to PSA [74]. Thus, it is highly desirable to cool the gas and get rid of H2S before PSA.  
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FIGURE 2.4 Pressure swing adsorption process for biogas upgrading [75]. 

The most commonly used adsorbent is Zeolite due to its high porosity and also acts like 

molecular sieves [76]. This process can enrich the biogas with the concentration of CH4, 

about 97% [47]. One of the main drawbacks of the current PSA technology is the generation 

of an off-gas stream with a large CH4 concentration that requires further treatment for 

minimizing emissions to the environment, which leads to an increase in cost related to the 

technology. A revised size and design of the PSA system is suggested to reduce this 

challenge and improve the viability of the technology [70]. R. Augelletti et al. used two PSA 

systems, feeding the first unit with biogas and fed the off-gas to the second unit with zeolite 
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5A as an adsorbent. One of PSA's recent developments is the design of proficient new 

adsorbents such as Metal-Organic Framework (MOFs) and Zeolitic Imidazolate 

Frameworks (ZIFs). 11-MOF-based materials are used to separate H2S and it has been found 

that most of them have one-off high H2S capacity and selectivity [77]. New adsorbents are 

generally tested using isothermic data based on their working capacity and selectivity. After 

water scrubbing, this method is most widely used for biogas enrichment worldwide [40].   

2.6 Membrane Separation 

Synthetic membranes composed of polymers like polyamide, cellulose acetate or ceramic 

materials can effectively separate gas mixtures. Biogas upgrading systems based on 

membrane use the principle of different permeabilities of gasses through a membrane fibre. 

When the biogas is allowed to pass through a dense polymer membrane, this technology 

allows CO2, H2S, H2O, etc. to pass to the permeate side through the membrane while keeping 

CH4 on the inlet side. Pre-removal of H2S, water, oil droplets, and aerosols from the raw 

biogas is required since they can adversely affect the performance of the membrane [37]. 

The schematic arrangement of the membrane biogas purification process is shown in 

FIGURE 2.5. In one stage, the raw biogas can be enriched to a maximum of 92% CH4. A 

gas with 96% or more CH4 can be attained when two or three stages are used [73]. The off-

gas is flared or may be utilised in a steam boiler because still, it has 10 – 25% of CH4 content. 
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FIGURE 2.5 Schematic arrangement for membrane biogas purification process [40] 

There are two routes for the membrane separation process, (i) Gas-Liquid separation or low-

pressure gas separation and (ii) Gas-Gas separation or high-pressure gas separation [47]. 
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(i) Gas-Liquid separation: 

A Gas-Liquid separation is a low-pressure gas separation process in which liquid absorbs 

the CO2 and H2S molecules diffusing through the membranes. The amine solution can be 

used as an absorbing liquid. The system is highly selective and operated very close to 

atmospheric pressure [78]. The microporous hydrophobic membrane divides the flow of the 

biogas stream in one direction with the liquid stream flowing from the other side in counter-

current flow and diffusing through the membrane. The amine solution is then heated to 

release CO2 for regeneration. The CO2 removal from CH4 was tested with micro-porous 

PVDF hollow fibres of 0.2 μm pore size and pure water, aqueous MEA, and aqueous NaOH 

were used as liquid absorbents. It found that CO2 flux was improved by the increase in the 

NaOH solution; however, increased temperature contributed to a decrease in the CO2         

flux [79].  

(ii) Gas-Gas separation: 

Gas-Gas separation is a high-pressure membrane separation method. It is usually worked at 

less than 40 bars of pressure; it also works at 8 – 10 bars in some systems [78]. A higher 

CH4 yield of about 90% and purity of 93% was observed by using a pressure cascaded 

stripping system biogas upgrading unit comprised of polypropylene hollow fibre membrane 

contractor [80]. A very high-purity biomethane of about 95 – 99 vol % was observed 

choosing polysulfone and polyimide fibre membranes. These high bio-methane 

concentrations were obtained by controlling various functional parameters like the retentate 

flow, pressure, and temperature [81]. SAPO-34 membranes were used to study high-pressure 

CO2/CH4 separation at feed pressures of up to 31 bars. The highest CO2 permeance was 2.14 

× 10-7 mol (m2 sPa) for a 50/50 feed mixture at a pressure drop of 1.4 bar [82]. The 

mechanical permeance of carbon molecular sieve membranes under high pressure was 

motivating and appropriate for CO2 removal from natural gas [83].  

A multi-stage membrane separation system for biogas enrichment should be further 

investigated to allow easy operation with lower energy needs. In Austria, a novel biogas 

enrichment plant was built that produces 100 m3 (STP/h) of fully-fledged natural gas 

replacement from about 180 Nm3/h of raw biogas [84]. In comparison to the single-stage 

process, the multistage membrane separation method demands lower capital and operating 

costs and provides high purity of CH4 [85]. The recovery of CH4 could be enhanced from 80 

to 99.5% through the multistage membrane separation method [59]. Extensive research has 
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been needed in the field of membrane separation for biogas enrichment to synthesize new 

membrane materials for effective and efficient biogas enrichment. 

2.7 Cryogenic Separation 

It is an emerging technology in which the gases are separated by using temperature 

differences. The boiling temperature of CH4 is –160 °C and CO2 is –78 °C at the ambient 

pressure. When the temperature of the raw biogas is lowered under higher pressure, each 

component of the biogas condenses at different temperatures. Thereby, the separation is 

accomplished. The raw biogas is cooled to –100 oC and compressed to the higher pressure 

of 40 bar to liquefy CO2 and can be separated in the form of liquid and solid while that of 

CH4 accumulates in the form of gas [86]. FIGURE 2.6 illustrate the arrangement of 

cryogenic separation.  
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FIGURE 2.6 Arrangement of cryogenic separation process [86] 

Cooling of biogas is generally carried out in several steps for the removal of various 

undesirable substances contained in the raw biogas and to enhance energy recovery. The raw 

biogas stream is first passed through the heat exchanger that cools the gas to a temperature 

of −70°C. In the next stage of the process, a series of heat exchangers and compressors are 

used for additional cooling of the gas and compresses it to about 40 bar pressure before the 

gas enters the distillation column. The last step of the cryogenic separation process is the 

separation of CH4 from the other impurities, mainly CO2 and H2S. The liquid CO2 which 

leaves this stage is extremely pure and can, therefore, be used as a refrigerant or other useful 

by-product. The separated bio-methane can be liquefied at around −190 oC to condense CH4 

into Liquefied Bio-methane Gas (LBG). Normally, the LBG produced contains over 99% of 

CH4 [48].  

The cryogenic system requires a large range of equipment and instruments and therefore, 

demands high capital and operating costs and a significant amount of energy during high-
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pressure compression of raw biogas, equal to 5 – 10% of produced CH4 [19]. In this process, 

CH4 loss is less than 1%.  A Cryogenic Packed Bed (CPB) process requires 22% less energy 

than Vacuum Pressure Swing Adsorption (VPSA) and the analysis also indicates that only 

5% combustion heat of CH4 is used for purification [87].  

2.8 Biological Upgrading Technologies 

These advanced technologies of biogas upgrading have been proved experimentally and at 

an initial stage of the pilot or real practical implementation. The key advantage of these 

technologies is that CO2 is converted to higher value-added products or energy possessive 

compound at moderate temperature and ambient pressure. Chemo-autotrophic methanogenic 

activity (Methanobacterium thermoautotrophicum) and uncoupled methods of 

methanogenesis have been used to improve biogas CH4 content [88]. This process transforms 

CO2 to CH4 and removes H2S from off-gases. Results show that using Methanobacterium 

thermoautotrophicum can improve the CH4 content in biogas from 60% to 96%, while H2 

and H2S are not noticed. Biogas can also be upgraded by using hydrogenotrophic 

methanogenesis. A CH4 content of around 95% in the generated biogas can be achieved by 

continuous H2 injection into the biogas digester and the concentration of impurities are        

0.7 – 4.2%  of CO2 and 2.3 – 7.0% of H2 [89]. In the exothermic reaction, the microbial 

transformation of CO2 and H2 to CH4 is noted based on the ability of hydrogenotropic 

methanogens to use CO2 as their carbon source and electron acceptor, and H2 as an electron 

donor [88]. 

                      2 2 4 2 04H + CO   CH + 2H O        ( G = 131 kJ)  
                               …(2.5) 

The conversion of CO2 using H2 as an electron donor uses CO2 off-gases from the waste of 

electronic production to produce CH4 under mesophilic and thermophilic conditions [90]. 

2.9 In-situ Methane Enrichment 

CO2 is somewhat soluble in water and thus, some amount of CO2 in the digester tank sludge 

will be dissolved. FIGURE 2.7 shows the arrangement of in-situ methane enrichment. In this 

method, the digester sludge is circulated in a desorption column and then sent back to the 

digester. CO2 is desorbed in the desorption column by pumping air through the sludge. The 

continuous process of CO2 removal from the sludge results in a higher content of CH4 in the 

biogas leaving the digester [91]. The enriched biogas having CH4 content of 95% is possible 

to achieve with the loss of CH4 below 2% [86]. The simultaneous removal of H2S is also 

possible through in-situ enrichment processes [92]. It is found that the cost of enrichment 
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can be one-third of the cost of conventional methods for a biogas flow of less than 100 

Nm3/h. A pilot plant was built and tested with a 15 m3 digester capacity and a 140 dm3 bubble 

column [37].  
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FIGURE 2.7 Arrangement of in-situ methane enrichment [37] 

An anaerobic digester of channel-type with a gas disrobing column is used to produce biogas 

with higher concentrations of CH4 and lower concentrations of H2S. The loss of CH4 in the 

desorption process ranged from 3.7% to 10.3%. The highest concentration of CH4 was 

around 70.2% by volume from the recirculation flow rate of 400% [93]. In this method of 

enrichment, the buffer capacity of the sludge will change, but it is shown that desorption 

with air has no effect on the digester CH4 yield. The maximum CH4 concentration achieved 

was 87% with 2% nitrogen in experiments where various sludge and air flows were checked 

and 8% loss of CH4 was found in the desorption column off-gas [86]. This is a comparatively 

simple technology and not required much auxiliary equipment. It thus has the potential to 

lower the biogas upgrading cost than other methods. However, the process is dedicated to 

small-sized plants where there is no desire for a high concentration of CH4 (>95%). It is 

especially suitable for easy-to-pump sludge.   

TABLE 2.5 presents a comparative analysis of the various technologies used for biogas 

enrichment.
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TABLE 2.5 Comparison of various biogas enrichment technologies [40][54][81][94][95][96] 

Methods Principle of 

operation 

Absorbent/ 

Adsorbent 

CH4 

Purity 

(%) 

CH4 

Loss 

(%) 

Energy 

consumption 

(kWh/Nm3) 

Advantages Disadvantages 

Water 

Scrubbing 

Physical 

Absorption 

Water 94 - 98 < 2 0.2 - 0.5 Low CH4 losses. More 

efficient and simple in 

operation. Tolerant to 

impurities. It simultaneously 

removes H2S when H2S < 300 

cm3/m3. Designed capacity 

can be adjusted by changing 

temperature or pressure. 

Regeneration is possible.   

Operating cost is high due to 

the continuous pumping of 

water. High likelihood of 

clogging due to bacterial 

growth. Needs a large 

quantity of water even with 

regeneration. Cause 

corrosion due to the presence 

of H2S. Based on physical 

solubility, thus the process is 

slow. 

Organic 

solvent 

scrubbing  

Physical 

Absorption 

Organic 

solvents like 

polyethylene 

glycol, etc. 

93 - 98 < 4 0.10-0.33 High efficiency. Higher 

absorption rate than water. 

Low energy requirement.  

Solvents are costly and 

handling is difficult too. 

External heat is required for 

the regeneration of the 

solvent. 

Chemical 

Absorption 

Chemical 

Absorption 

Amines, 

Alkali 

solutions 

> 98 < 0.5 0.05 - 0.18 High purities of CH4 can be 

achieved with less CH4 losses. 

Highly efficient. More CO2 is 

absorbed than water per unit 

volume. The process is faster 

than physical absorption. Low 

operating cost.  

Regeneration of the 

chemical solution is energy-

intensive. Difficult to handle 

the chemical solution. 

Corrosion problems. O2 or 

other chemicals may cause 

decomposition and 
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Methods Principle of 

operation 

Absorbent/ 

Adsorbent 

CH4 

Purity 

(%) 

CH4 

Loss 

(%) 

Energy 

consumption 

(kWh/Nm3) 

Advantages Disadvantages 

poisoning of the amines. 

Salts precipitation. 

Pressure 

Swing 

Adsorption 

Adsorption Molecular 

Sieves 

> 96 - 98 < 3 0.16 - 0.43 It is a dry process and doesn't 

require any chemicals. Setup 

and start-up are relatively 

quick. 

Setup and operation are 

expensive. Complex setup. 

Losses of CH4 when 

malfunctioning of valves. 

Pre-treatment and post-

treatment are required. 

Membrane 

separation  

Permeation Polymer 

membranes, 

Silicone 

rubbers, 

cellulose 

acetate, 

Hollow fibres 

90 - 98 < 6 0.18 - 0.35 It is a dry process and doesn't 

require chemicals. High CH4 

purities. Fast installation and 

start-up. H2S and H2O are also 

removed. High reliability. It 

can deal with low gas flow 

rates without a proportional 

increase in costs. 

Low membrane selectivity. 

Multiple stages are required 

to achieve high purity. More 

CH4 losses. Demands more 

energy per unit of gas 

produced. The cost of the 

membrane is high. 

Cryogenic 

Separation 

Compression 

& 

Condensation 

Not required  99 < 0.1 0.18 - 0.25 Very high CH4 purities. 

Enriched biogas is available at 

high pressure, the low 

additional energy cost to get 

liquid bio-methane (LBG). 

CO2 is produced in ready-to-

use forms, like dry ice.  

Demands multiple 

processing equipment, 

especially compressor, heat 

exchanger and cooler. 

Operational and 

maintenance cost is high. 

Biological 

upgrading 

Biotechnology Not required 93 - 95 0 - Requires low energy. Don’t 

produce any unwanted end 

For bacterial growth, 

additional nutrients are 
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Methods Principle of 

operation 

Absorbent/ 

Adsorbent 

CH4 

Purity 

(%) 

CH4 

Loss 

(%) 

Energy 

consumption 

(kWh/Nm3) 

Advantages Disadvantages 

products. Causes Enrichment 

of CH4.  

needed. The treated biogas is 

left with small amounts of O2 

and N2. 

In-situ 

methane 

enrichment 

Absorption/ 

Desorption 

Liquid sludge 

and air 

  95 < 8 - Less expensive and easy to 

operate.  

Losses of CH4 is high. 

Suitable for a small scale and 

where higher purity CH4 is 

not required.   
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                         TABLE 2.6 The summary of maintenance and operating  

                                              costs of enrichment technologies [65][96] 

Methods Maintenance 

cost (€/year) 

Cost 

(€/m3) 

Water scrubbing 15,000 0.15 

Organic solvent scrubbing 39,000 - 

Chemical absorption  59,000 - 

Pressure swing adsorption  56,000 0.26 

Membrane separation  25,000 0.22 

Cryogenic separation - 0.40 

TABLE 2.6 shows the costs for different biogas enrichment techniques for 1000 m3/h of the 

raw biogas. Water scrubbing and in-situ techniques are economically viable, while cryogenic 

and chemical absorption techniques offer higher efficiency and cost [73]. The cryogenic 

separation technique in large-scale installations is however cost-effective in terms of 

maintenance costs. Membrane separation has a high investment cost but a lower operating 

cost [81]. Costs related complete data are not available for the various emerging techniques 

such as cryogenic separation, biological up-gradation, and in-situ methane enrichment. 

2.10 Removal of other trace components from biogas 

The main constituents of biogas are CH4 and CO2, however, it also contains traces of H2S, 

water, ammonia, halogenated compounds, siloxanes, and other volatile organic compounds 

[97]. TABLE 2.1 also summarizes the effects of different impurities present in the biogas. 

Cleaning of biogas is the process of the removal of various impurities such as H2S, water 

vapour, etc. In almost all upgrading techniques, pre-removal of H2S is highly desirable 

because it can induce corrosion in equipment, pipelines, and tubbing. The various pre-

treatment processes used to separate H2S are shown in TABLE 2.7. The techniques of H2S 

removal may be classified as physical-chemical and biotechnological techniques. Physical-

chemical techniques are more common and are now employed on a greater scale, whereas 

biotechnological techniques have seen expanded uses in the last two decades and are more 

efficient than physical-chemical methods [98]. Water scrubbing can be employed for 

removing CO2 as well as H2S, and the waste scrubbing water can be circulated and 

regenerated in a stripper column as depicted in FIGURE 2.2. Water scrubbing can also be 

used to remove water-soluble halogenated compounds, sulphur compounds and ammonia 

[99]. The water vapour in biogas is not tolerable in many applications and has to be separated 

before use because it can damage the equipment by corrosion; the economic benefit of using 
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biogas is therefore diminished. As shown in TABLE 2.7, moisture removal from biogas is 

carried out using condensation and/or adsorption of moisture by silica gel, activated carbon, 

aluminium oxide, etc. 

      TABLE 2.7 H2S and moisture separation methods [24][47] 

H2S separation methods Water vapour separation methods 

Iron wool  Condensation 

Iron oxide Cyclone separator 

Physical and chemical absorption Adsorption dryer 

Adsorption by activated carbon Silica gel  

Membranes Aluminium oxide 

Dosing of Air/O2 to the biogas digester  Moisture trap 

Biological removal on a filter bed Demister 

Dosing of Iron chloride to digester slurry Physical absorption by organic solvent  

Air stripping and recovery Absorption by hygroscopic salts 

2.11 The utilization of biogas technology 

Raw or enriched biogas can be utilised in various applications like direct combustion heat 

generation, CHP generation, fuel for vehicles, micro-turbines, fuel cells, etc. The selection 

of appropriate biogas enrichment technologies depends on different factors like resource 

availability, biogas utilization method, and capital and operating costs. The cheapest method 

does not always mean the best option unless it satisfies the application criteria [100]. The 

following are the various possible uses of biogas:  

2.11.1 Direct combustion  

Small-scale biogas plants are generally used for cooking and lighting purposes in rural areas 

of developing countries [101]. In India, over 2 million households, in Bangladesh 50,000 

and Pakistan thousands are reported to have such facilities [102]. The kitchen stove is 

connected to the biogas holder by pipe and control valves. The biogas burns with very less 

smell and smoke. It is an environmentally friendly source of energy for rural needs due to 

its ease of operation and use of inexpensive raw materials in villages. The requirement for 

biogas for domestic cooking ranges between 30 and 45 m3 per month [103]. Whereas in 

India, the rural and urban household annual LPG consumption is 101.4 kg and 119.3 kg, 

respectively [104]. 28 m3 of biogas is equivalent to a 14.2 kg domestic LPG cylinder [105]. 

Organic waste of 200 kg can contribute to a 14.2 kg LPG cylinder daily [105]. Generally, 

Natural gas is supplied to domestic stoves at a 20 mbar (gauge) pressure. The heat value of 

natural gas is significantly higher than that of biogas at such pressure. Consequently, the 
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direct burning of biogas in commercial burners is not feasible; thus some design changes are 

needed [106].  Therefore, to substitute natural gas in domestic stoves without retrofitting, 

the concentration of CH4 must be enhanced to more than 90%. For the domestic cooking 

purpose, a novel biogas stove was made. The novel biogas stove can work without biogas 

scrubbing, although its heat value is less. The developed stove had a gas consumption rate 

of 1 m3/h (19 MJ/h) [107]. The stove's efficiency is near about 55%. 

2.11.2 Combined Heat and Power generation (CHP) 

In the coming days, a considerable share of global energy demand is likely to be produced 

using biogas [108]. Biogas is considered to be an economical source of heat and power 

generation [109]. Internal combustion engines, gas turbines, Stirling engines, micro-turbines 

and fuel cells have generated power successfully using biogas as fuel [110][111][112].  In 

fact, internal combustion engines can handle a mixture of CH4 and CO2, and to preserve 

optimal combustion conditions, the lower CH4 concentration level in the mixture is around 

21% (mol). Normally, more than 30% (mol) of CH4 is needed in the fuel to ensure optimum 

combustion for real internal combustion engines. [113]. A 7.2 kW single-cylinder four-

stroke compression ignition engine fuelled with purified biogas gave an increase in brake 

power compared to other fuel at all load conditions. Furthermore, the replacement of diesel 

fuel for enriched biogas was observed to be 5.8% and 3.38% higher than that of raw biogas 

and partially enriched biogas respectively at 60% load condition which is due to the CH4 

concentration of biogas [114]. Experimental investigation on spark-ignition engines fuelled 

with enriched biogas blends B10, B20 and gasoline presented that biogas blends could be 

used in a petrol engine with slight modification, and B20 blend offered better efficiency than 

B10 blend and gasoline [115]. The Stirling engine can tolerate mixed fuel and offers a quite 

good efficiency. A Stirling engine can run on fuel with a minimum heating value of around 

12 MJ/m3; it relates to a CH4 content of 35% (mol) [116]. High-quality gaseous fuel is not 

needed for gas turbines, but water vapour should be condensed from the raw gas in order to 

eliminate gas line condensation. In order to prevent corrosion in the boiler and gas turbine, 

the prescribed limit of H2S should be lower than 250 ppm [117]. The low heating value of 

biogas is one of the most significant barriers to the use of biogas in CHP and modifications 

to the combustion chamber may be required if the content of CH4 is quite low. In addition, 

engines and gas turbines can operate at higher efficiency by raising the CH4 content in biogas 

[54]. Therefore, an appropriate biogas enrichment technique should be selected to optimize 

power generation through adjustments between overall cost and efficiency. In many 
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developing countries, this technology is still not common but has become standard 

technology in developed countries like Germany. The biogas-fuelled power plants in 

Germany have increased by nearly 20% from 1050 in 2001 to 6000 in 2010 [118].  

Porpatham et al. [119] modified a single cylinder diesel engine to operate as biogas operated 

spark ignition engine, it was operated at 1500 rpm at throttle opening of 25% and 100% at 

various equivalence ratios. A 10% higher power output with a compression ratio of 15:1 than 

with a compression ratio of 9.3:1 was observed. It was also observed that with an increase 

in compression ratio from 9.3:1 to 15:1, the peak brake thermal efficiency increased from 

23% to 26.8%. There was an increase in HC and NO level with the rise in compression ratio. 

As the compression ratio increased from 9.3:1 to 15:1, HC level increased from 1184 ppm 

to 2000 ppm and NO level increased from 2125 ppm to 2650 ppm.  

Amit Jhalani et al. [120] investigated the comparative performance of a single cylinder SI 

engine operated on treated and raw biogas. The raw biogas was treated for the removal of 

moisture and H2S. It was observed that scrubbing of moisture had a greater impact on the 

performance of the engine as compared to the H2S removal.  

Saket Verma et al. [121] studied the effect of the composition of biogas on the performance 

of a small CI engine in dual fuel mode, three compositions of biogas, containing 93%, 84% 

and 75% of CH4 by volume have experimented. Exergy analysis based on the second law of 

thermodynamics was implemented for evaluating individual process inefficiencies. Biogas 

dual fuel operation showed 80–90% diesel substitution at lower engine loads. At higher 

loads, the total irreversibility of the engine was increased from 59.56% for diesel operation 

to 61.44%, 64.18% and 64.64% for 93%, 84% and 75% of CH4 biogas compositions 

respectively. Combustion irreversibility was found to be decreasing with higher CO2 

concentrations in biogas. 

Huang J. et al. [122] carried out experiments on a Ricardo E6 single-cylinder spark ignition 

engine using simulated biogas, varying the CO2 range from 0% to 40% and the compression 

ratio from 8 to 15 at four different speeds. The results showed that unburned HC increased 

as NOx levels decreased. Performance can be enhanced by raising the compression ratio. 

However, raising the compression ratio resulted in higher NOx and HC emissions, which 

might be mitigated by lowering CO2. 
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Porpatham E. et al. [123] investigated the effect of decreasing CO2 in biogas by 20% using 

a lime water scrubber on engine performance, emissions, and combustion. The experiment 

was performed at speed of 1500 rpm and equivalence ratio from rich to lean mixture using 

a compression ratio of 13:1 and a masked valve to enhance swirl. It was observed a 

significant drop in hydrocarbon (HC) in lean mixtures. In addition, the lean misfire limit was 

increased, and thermal efficiency improved. 

M. Mohamed Ibrahim et al. [33] studied the engine in the biogas-diesel PPCCI 

(Predominantly Premixed Charge Compression Ignition) mode, in which biogas was 

introduced with air and diesel was introduced into the cylinder via a common rail system. 

The injection time of diesel, which was in the range of 55 – 70o BTDC, was found to be 

quite influential, as it considerably altered combustion rate and phasing. Though the best 

intake charge temperatures required for maximum performance were in the 50 – 90 °C range, 

operation without charge heating was achievable. For optimal performance, biogas has to 

supply around 80% of total energy. The thermal efficiency of the biogas diesel PPCCI mode 

was higher than that of the biogas diesel dual fuel mode under optimal conditions. In general, 

HC and NOx levels were much lower than in the dual fuel mode. The PPCCI mode can be 

used with the conventional diesel mode at low BMEPs and with the duel fuel mode at high 

BMEPs to increase the limited range of BMEPs (24 bar). Thus, PPCCI mode is a solution 

for running a diesel engine using biogas as the primary fuel while emitting reduced exhaust 

emissions. 

Bora B. et al. [34] tested a 3.5 kW single cylinder, water-cooled variable compression ratio 

research engine that was converted into a raw biogas dual fuel diesel engine by installing a 

venturi gas mixer at the intake manifold. Experiments were carried out at different 

compression ratios of 18, 17.5, 17, and 16, and the dual fuel mode's brake thermal 

efficiencies were observed to be 20.04%, 18.25%, 17.07%, and 16.42% at respective 

compression ratios under full load conditions. At a 17.5 compression ratio, diesel mode had 

a brake thermal efficiency of 27.76%. The replacement of diesel fuel was determined to be 

79.46% at a compression ratio of 18, which is the highest of all compression ratios. When 

the compression ratio was increased from 16 to 18, it resulted in a reduction of 41.97% HC 

and 26.22% CO. However, in dual fuel mode, HC and CO emissions were greater than in 

diesel mode. 



2 – Literature Review 

 

38 

 

Makareviciene V. et al. [124] investigated the influence of CO2 on a four-stroke, four-

cylinder, 1896 CC turbocharged diesel engine with a compression ratio of 19.5 and an 

already installed exhaust gas recirculation system to minimise NOx emissions. The studies 

were conducted in two stages: the first stage analysed the influence of different biogas 

compositions (95%, 85%, and 65%), and the second stage determined the effect of exhaust 

gas recirculation on engine power using 95% CH4 concentration. In order to improve thermal 

efficiency and minimise fuel consumption, the injection timing should be increased 

progressively, which also decreases CO, HC, and smoke. However, NOx levels increased 

during the trial. 

Chandra R. et al. [23] experimented on a 5.9 kW diesel engine that was converted to spark 

ignition mode and ran on CNG, enriched biogas, and biogas produced from bio-methanation 

of Pongamia and Jatropha seed cakes. The engine was tested at a 12.65 compression ratio 

and ignition advance of 30o, 35o, and 40o BTDC. For all of the test fuels, performance was 

evaluated and maximum brake power was found at ignition advance of 35o BTDC. In 

comparison to diesel as the initial fuel, the power degradation of the engine on CNG, 

enriched biogas, and raw biogas was seen to be 31.8%, 35.6%, and 46.3%, respectively, due 

to its conversion from CI to SI mode. CNG and enriched biogas had nearly the same brake 

power and brake-specific fuel consumption. 

Midkiff, K.C. et al. [125] discovered that the content of biogas varies significantly. For 

convenience, such fuels can be represented by simulated biogas, which is a combination of 

methane with significant amounts of diluents such as CO2, N2, and water vapour. When a SI 

engine was run on simulated biogas, output was lowered by 30 – 35% when the equivalence 

ratio was dropped to the lean misfire limit. 

J. Arroyo et al. [126] employed two distinct synthetic gases derived from catalytic 

decomposition of biogas as fuel for a spark ignition engine. The engine's combustion results 

were compared to those obtained when it was fuelled with petrol, methane, and biogas from 

which synthetic gases were derived. The tests were carried out across a wide range of speeds 

and at three equivalence ratios. The results showed that hydrogen fractions in synthetic gases 

increased maximum pressure in the cylinder. Furthermore, peak pressures were observed 

closer to the top dead centre than methane and biogas. Regardless of the fraction of diluents 

in the composition of synthetic gases, high speeds and lean conditions resulted in greater 

indicated efficiencies than those obtained with petrol. The quantity of diluents and hydrogen 
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in gaseous mixtures had a significant impact on combustion speed and heat release. At 

stoichiometric conditions, the high concentration of CO and CO2 in the exhaust was 

produced by the proportion of CO and CO2 in the composition of synthetic gases. Whereas 

HC was reduced due to the less amount of methane that remained unburned. Although NOx 

emissions were reduced by diluents such as CO2 and air excess, high hydrogen content in 

syngas composition resulted in enhanced NOx emissions due to the increase in flame 

temperature caused by hydrogen. 

2.11.3 Vehicular fuel 

Once unwanted constituents are separated from the biogas, it can be transformed into bio-

methane / bio-compressed natural gas (bio-CNG) at the pressure of about 20-25 MPa [127]. 

Bio-CNG offers almost the same engine performance, gas consumption and efficiency 

characteristics as CNG [128]. The fuel conversion kit suitable for bio-CNG is virtually the 

same as used for CNG. Following the steps, as shown in FIGURE 2.8, a common Bio-CNG 

station typically consists of a cleaning and enrichment unit, a multi-stage compressor, and a 

high-pressure storage tank. France, Denmark, Finland, the UK, and the USA were the 

leading producers of biogas as vehicular fuel in 2016 [129]. An estimated 500 plants 

worldwide generate biogas and upgrade it to natural gas quality fuel to generate around 50 

petajoules (PJ) annually [129]. Subramanian et al. compared automobile spark ignition 

engine performance using CNG and bio-CNG, and it showed that their power output, 

specific fuel consumption and thermal efficiency were nearly the same [130]. Nevertheless, 

the emissions levels of NOX, HC and CO for bio-CNG are marginally greater than CNG 

when used as a vehicular fuel, but CO2 emission levels for both fuels have no significant 

difference [65] [130]. Light vehicles can be designed to operate with gasoline and with bio-

CNG (in different tanks), whereas heavy-duty vehicles are designed to operate with one type 

of fuel only. When using bio-CNG in place of diesel, emissions reductions of 60–85% for 

NOx, between 10% and 70% for CO and 60% and 80% for particulate matter, were achieved 

[131]. Bio-CNG has great potential in the near future to become one of the most sustainable, 

economical, and environmentally suitable vehicular fuel [132]. In Germany, Sweden, Italy, 

England, Switzerland, France, Austria, and the Netherlands, bio-CNG is commonly used as 

fuel for vehicles [133]. By using 73% of bio-methane in CNG vehicles, Sweden was a leader 

in 2015 [134]. The goal of Sweden is to achieve a road transport network free from fossil 

fuels by 2030 and a completely carbon neutral transport network by 2050 in all means of 

transportation [135]. Germany also has a goal of using 100% bio-CNG as a vehicle fuel 
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derived primarily from municipal waste by 2021[130]. Energy efficiency, emissions of 

GHGs, and prices are considering factors that characterize the end-use of bio-methane fuels 

for vehicles.  
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FIGURE 2.8 Bio-CNG production, storage, and distribution 

Sangho Lee et al. [136] performed performance and emission characteristics test on an 11 L 

class six-cylinder natural gas engine by using biomethane as fuel that contained 98.69% 

CH4. In the wide-open throttle test, the engine performance deteriorated due to the poor 

combustion characteristics of the biomethane. In particular, the thermal efficiency decreased 

by 2% when biomethane was used. The high CH4 content of biomethane increased the 

concentration of oxygenated hydrocarbons at the engine outlet. 

Bordelannea O. et al. [137] showed emission characteristics of a prototype "Toyota Prius II 

Hybrid CNG Vehicle" evaluated on a chassis dynamometer using the New European Driving 

Cycle (NEDC). They came to the conclusion that raw biogas, when blended with CNG, can 

be utilised as a vehicle fuel. Greenhouse gas emissions were reduced by 17% and 51%, 

respectively, in the cases of gaseous and hybrid vehicles. When compared to gasoline, biogas 

alone reduces greenhouse gas emissions by 80%. Finally, gaseous fuel is a promising and 

efficient solution in the transportation industry. 

2.11.4 Natural gas grid injection 

Through upgrading biogas to bio-methane and thus injecting it into the current natural gas 

grid, the market value of biogas can significantly be improved. The consumers of 

conventional natural gas, such as daily households, industrial consumers or even power 
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plants, etc., have access to a renewable source of energy by bio-methane injections into 

natural gas grids and thereafter, the supplier of biogas promises stable income and full use 

of biogas. The biogas has to dry, clean-up of impurities, and convert to a higher methane 

content (> 96.5%) and meet with national quality standards of natural gas prior to gas grid 

injection [130]. The precise gas content, the energy density and the Wobbe Index are checked 

and the bio-methane is supplemented with propane to satisfy the pipeline requirements if 

needed. Biogas content, production capacity, overall economy, gas grid information and 

local factors are affecting criteria for injecting biogas into the natural gas grid [138].  

2.12 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: 

 A low-cost biogas enrichment system with better performance is required to be 

designed and developed. 

 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.  

 Comparative study on performance and emission characteristics of petrol engine 

without engine modification is required by using petrol, CNG, and enriched biogas.   

 Optimum engine operating parameters such as compression ratio and ignition 

advance are required to be selected for enriched biogas operation.   

2.13 Objectives of the present work 

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

work: 

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

 To check the performance of the developed biogas enrichment system 

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

engine.  

 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.  
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CHAPTER – 3 

Design of Water Scrubber  

 

3.1 Introduction 

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% CO2. 

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.  

 3.2 Absorption of CO2 in water  

In a water scrubber, water physically absorbs CO2 from biogas when it comes in contact. 

Water as a solvent offers distinct advantages like being freely available from nature, easy 

handling, also absorbs H2S, etc.   

TABLE 3.1 shows the solubility of CO2 in water at different pressures and temperatures. It 

is observed that as pressure increases solubility of CO2 increases but decreases as 

temperature increases. The graphical representation of the solubility of CO2 in water is 

shown in FIGURE 3.1.   

      TABLE 3.1 Solubility of CO2 in water [139] 

Pressure 

(Atmosphere) 

Solubility, in kg of CO2 per kg of water at different temperatures 

0 oC 10 oC 20 oC 30 oC 

1 0.40 0.25 0.15 0.10 

20 3.15 2.15 1.30 0.90 

50 7.70 6.95 6.00 4.80 
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FIGURE 3.1 Solubility of CO2 in water at different pressures [140] 

 

3.3 Design of Scrubber   

A packed bed column is selected for providing more surface area for better interaction 

between water and biogas.  

The following data were taken as the basis for designing the packed bed water scrubber:  

(1) Gas generation capacity of biogas plant = 85 Nm3/day 

(2) Operating hours of scrubber = 8 h 
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(3) Flow rate of biogas to the scrubber, V1 = Gas generation per day / Operating hours  

                                                                     = 85 / 8  

                                                                     = 10.625 Nm3/h 

(4) Operating temperature = 35o C 

(5) Composition of biogas = 60% CH4 and 40% CO2 (H2S and other gases are in  

                                         traces) 

(6) The molecular weight of biogas = (% of volume of CH4 × Molecular weight of  

                                                        CH4) + (% of volume of CO2 × Molecular  

                                                         weight of CO2) 

                                                    = 0.6 × 14 + 0.4 × 44  

                                                                        = 27.2 kg/kg mol.  

(7) Density of biogas, g = PM / RoT  

                                   = 
1 27.2

0.08206 308




 

                                   = 1.076 kg/m3  

(8) The mass flow rate of gas, 
.

gm  =g × Gas flow rate to scrubber in Nm3/h 

                                                  = 1.076 × 10.625 

                                                  = 11.432 kg/h 

(9) Volumetric flow rate at 1.5 bar absolute pressure, V2; 

     Assuming adiabatic process,  

              1 21 2
  p pV V

      

where,        p1 = Gas pressure before compression, 

                   p2 = Gas pressure after compression, 

                  V1 = Gas volume before compression. 

                  V2 = Gas volume after compression, and  

                    = Ratio of specific heats.               

           

1

1 2

2 1

 
biogaspV

pV

 
   

 
 

where,     
biogas  = % volume of CH4 ×

4
CH + % volume of CO2 × 

2
CO   

                            = 0.6 × 1.32 + 0.4 × 1.28 

                  
biogas = 1.304 
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1

1.304

2

1.5

1

10.625

V

 
  
 

 

                       V2 = 7.785 m3/h 

(10) It is assumed that the scrubber removes 95% of CO2 present initially in biogas. 

Henry’s law states that the amount (i. e. mole fraction) of a slightly soluble gas dissolved 

in a liquid is proportional to the partial pressure of the gas. Mathematically,  

  px = H.x                                                                                                … (3.1) 

           where,  px = Partial pressure of solute in the gas phase,  

            H = Henry’s constant, atom/mol fraction, 

                           = 1.212 × 103 atom/mol fraction, [141] 

           and  x = Mole fraction of solute in the liquid phase.  

 

Since partial pressure of solute in the gas phase is a function of the gas composition; hence 

it is given by 

  px = y.pt                                                                                                 … (3.2) 

 where, y = Mole fraction of solute in the gas phase, 

            pt = Total pressure applied = 1.5 bar (absolute) 

From equations (3.1) and (3.2), 

            
H

y x
pt

 
  
 
 

 

                       
 31.212 10

1.5

x
y


   

       y = 808 x                                                                                                … (3.3)  

The equation (3.3) can be rewritten in terms of molar ratio, as follows: 

                 808
1 1

Y X

Y X


 
                                                                                        … (3.4)    

                 (  As molar ratio 
1

y
Y

y



, where y = mole fraction and  

                                                       
1

x
X

x



, where x = mole fraction, 

where, Y = kg mol of CO2 / kg mol of CH4, 

            X = kg mol of CO2 / kg mol of H2O) 
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From equation (3.4), solubility data of CO2 in water is tabulated in TABLE 3.2. FIGURE 3.2 

shows the relation of solubility of CO2 in water from the derived data of equation (3.4).   

         TABLE 3.2 Solubility data of CO2 in water 

Y 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

1

Y

Y
 0 0.09 0.166 0.230 0.286 0.333 0.375 0.412 

X × 104 0 1.11 2.05 2.85 3.54 4.12 4.64 5.10 

4
10

1

X

X
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FIGURE 3.2 Solubility relationship of CO2 in water 

 

As the concentration of CO2 in biogas is 40%, hence mole fraction, y1 = 0.4.  

 molar ratio, Y1 =  
0.4

1 0.4
 = 0.66  

From FIGURE 3.2 or by calculation, at Y1 = 0.66 it is found that X1 = 4.923 × 10-4, and  

                         
4

1
1 4

1

4.923 10

1 4.923 10 1

X
x

X






 

  
 = 4.92 × 10-4 

FIGURE 3.3 illustrate the mass balance in the scrubber. It shows the various molar flow 

rates of incoming gas and water as well as that of outgoing gas and water.  
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  Fig. 4.5

D
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FIGURE 3.3 Mass balance in scrubber  

The water flow rate required for the absorption of CO2 is calculated by the mass balance in 

the scrubber. The mass balance equation can be written as  

            
. .

1 2 1 2w gm X X m Y Y    

or                                
 
 

.

1 2

.

1 2

w

g

Y Ym

X Xm





                                                                                      … (3.5)    

where, 
.

wm  = flow rate of water, kg/h 

             
.

gm = flow rate of gas, kg/h 

              Y1 = molar ratio of gas at the inlet, 

              Y2 = molar ratio of gas at the outlet, 

              X1 = molar ratio of water at outlet, 

              X2 = molar ratio of water at the inlet.  

The minimum ratio of the mass flow rate of water to gas can be written as  
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.

1 2

.

1 2

min

w

g

Y Ym

X Xm

 
  

   
 

 
44.

0.

92

66 0.

0

02 4

03

0

1 





 = 1299.2 

                                                        1300 

Now, the minimum water flow rate required = 

.

.

min

w

g

m

m

 
 
  
 

× Molar flow rate of gas (
.

mgm ) 

where, the Molar flow rate of gas (
.

mgm ) = 
Gas flow rate in kg/h

Mol. Wt. of biogas in kg/kg mol
 

                                                                 = 
11.432

27.2
 = 0.4203 kg mol/h 

 Minimum molar water flow rate required = 1300 × 0.4203 = 546.39 kg mol/h 

 Water flow rate, 
.

wm  in kg/h = Molecular weight of water × Mol. flow rate of water 

                                                   = 18 × 546.39 = 9835.02 kg/h  

Considering additional 30% water flow rate than theoretical required, thus water flow rate 

required, 
.

wm  = 1.3 × 9835.02 = 12785.526 kg/h. 

Now, molar flow rate of water required, 
.

mwm =  
12785.526

18
 = 710.307 kg mol/h. 

The volume flow rate of water required, Qw =  

.

Mass flow rate of water, 

Density of water, ρ

w

w

m
 = 

12785.526

1000
 

                                                                        12.785 m3/h 

It seems that a sufficient flow of water is required through a scrubber to remove CO2 from 

biogas. 

Now, operating at condition; 

                             

. .

. .

min

1.3w w

g g

m m

m m

   
   
      
   

 = 1.3 × (1300) = 1690 

Liquid composition at outlet of the scrubber, X1 = 1 2

.

.

w

g

Y Y

m

m



 
 
  
 

 = 
0.66 0.0

0

204

169


 

                                                                             = 3.784 × 10-4 kg mol CO2/kg mol H2O 

Now, the amount of CO2 absorbed = 3.784 × 10-4 × molar flow rate of water (
.

mwm ) 
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                                                   = 3.784 × 10-4 × 710.307 

                                                   = 0.2688 kg mol CO2/h 

Packing material is required to fill the reaction column for providing a large interface area 

between water and biogas. Polypropylene pall rings of size 25 mm diameter × 25 mm height 

× 1.2 mm thickness are selected as packing material. They can be randomly dumped into the 

column during installation. They are light in weight, low cost, and provide 210 m2/m3 of 

specific area. The packing factor (Fp) of the selected packing is 262 m-1 [142].  

 

Normally, the packed column will be designed to operate at the highest economical pressure 

drop, to ensure good liquid and gas distribution. For random packings, the pressure drop will 

not normally exceed 80 mm of water per metre of packing height. The recommended design 

value of pressure drop for packed bed absorbers is ranged between 15 to 50 mm of water per 

meter of packing [143]. In this design, a pressure drop of 20 mm of water per meter of 

packing is selected, for this case value of constant K4 = 0.2 and K4 = 0.4 at flooding [143].  

The mass flow rate of gas per unit cross-sectional area is given by generalized pressure 

correlation as:  

                          
 .

4

0.1

 ρ ρ ρ

μ
13.1  

ρ

g w g

g

w
p

w

K
m

F




 
 
 

 

where,            
.

gm  = mass flow rate of gas per unit cross-sectional area, kg/m2.s 

                         K4 = constant = 0.2, 

                         Fp = packing factor = 262 m-1   

                         w = viscosity of water at 35 oC = 0.7191 × 10-3 N.s/m2  

g = density of gas at 1.5 bar pressure = 1.614 kg/m3 

w = density of water = 1000 kg/m3. 

                       
 

3

.

0.1

0.2 1.614 1000 1.614

13.
0.7191 10

1 262 
1000

gm


 


 
  

 


 

                                 = 0.6215 kg/m2.s 

   Column area, A = 
2

Mass flow rate of gas in kg/s

Mass flow rate of gas per unit cross sec tional area in kg/m .s
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                                 = 
 11.432 / 3600

0.6215
 = 5.11 × 10-3 m2 

Also, column area, A = 2π

4
D ; 

 Column diameter, D = 
35.11 4 4  

π

0

π

1A  
  

                                      = 0.08066 m 

By adding a 30% allowance, 

                                  D = 1.3 × 0.08066 = 0.1048 m = 104.8 mm 

Therefore, a mild steel pipe with a diameter of 140 mm is selected for the scrubber column. 

A slightly higher diameter pipe is selected because it may also be used for other different 

site conditions (i. e. biogas flow rate and pressure).    

In practice, the value for a particular packed bed height will depend not only on the physical 

properties and flow rates of the gas and liquid but also on the uniformity of the liquid 

distribution throughout the column, which is dependent on the column height and diameter. 

The values for the height of a column of random packing based on the diameter of the column 

are suggested by Sinnott R. K [143]. The packed bed height of the column is selected as 2 

m for the diameter of 140 mm. Thus, a packed bed scrubber of 140 mm diameter and 2 m 

packed bed height is designed for biogas enrichment.   

A circular sieve with 10 mm diameter holes is provided at the bottom of the packed bed 

column to hold the packing. Sufficient empty space is provided below the sieve for providing 

gas inlet connection and water outlet connection, it also ensures good distribution of the gas 

into the packing. Another similar sieve is provided at the top of the packed column to act as 

a guard against the lifting of packing material during the upward flow of gas. An empty 

space is provided above this sieve for providing water inlet connection, water spray 

arrangement for uniform distribution of water over packing, and gas outlet connection. Three 

leg support is provided to the scrubber column for standing it in a vertical position.      

 

 

 



3 – Design of Water Scrubber 

 

52 

 

 

 

 

 

 



 

 

53 

 

CHAPTER – 4 

Experimental Test Setup 

 

4.1 Introduction 

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 

 4.2 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. It is 

located at Satkaival Gaushala Trust, at Sarsa village, Dist. Anand, Gujarat, India.      

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 

(% Volume) 

CO2 

(% Volume) 

H2S 

(ppm) 

Other gases 

(% Volume) 

54.05 44.15 2 1.8 
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FIGURE 4.1 Biogas plant at Sarsa village 

4.3 H2S Scrubbing  

Biogas contains traces of H2S, which causes corrosion and harmful environmental emissions. 

In almost all biogas enrichment methods, removal of H2S is highly desirable before the 

removal of CO2 because it can cause corrosion in equipment, pipelines, and tubbing. H2S 

content in biogas can be removed by using iron oxide. Iron oxide can be used in the form of 

iron chips produce during any machining process. The sulfur removal capabilities of iron 

oxide ranges from 0.20 – 0.716 kg of H2S for every one kg of iron oxide. It is shown by the 

following chemical reactions:  

2 3 2 2 3 2Fe O + 3H S  Fe S + 3 H O                                                           … (4.1) 

 2 3 2 2 3 2Fe S + 3O  2Fe O + 6S                                                               … (4.2) 

3 4 2 2 2 2Fe O  + 6H S  3FeS  + 4H O + 2H                                              … (4.3) 

Iron chips of 2.1 kg were filled in the reaction chamber made from 20 litter PET bottle and 

the iron chip's bed height of 28.5 cm was formed. Biogas at the flow rate of 2.916 m3/h at 

generation pressure was passed through the reaction chamber filled with iron chips as shown 

in FIGURE 4.2. A water separator is provided between the biogas plant and the H2S scrubber 

for the removal of water in liquid form. At the outlet of the reaction chamber, traces of H2S 

were not found in the biogas. The average value of H2S content in raw biogas was 2 ppm, 
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which is equivalent to 2.788 mg/m3. It was within the permissible limit as per IS 16087:2016 

and does not require any treatment for its removal. However, this experiment shows that it 

can be used for the removal of H2S.  

Gas
Analysis

28.5 cm

Gas out

  Gas
holder

Digester

Gas flow
meter

2.1 kg of
iron chips

Valve

Water
separator

Reaction chamber

 

FIGURE 4.2 H2S Scrubber 

H2S content was measured at the inlet and outlet in ppm at Sardar Patel Renewable Energy 

Research Institute (SRERI), Vallabh Vidyanagar by collecting the sample. 

4.4 Development of Biogas Enrichment System  

Biogas with enriched methane content is a suitable fuel for automobiles, stationary engines, 

storing in biogas balloons/cylinders, or natural gas grid injection. Therefore, the content of 

CO2 in biogas must be reduced using appropriate techniques. Biogas contains larger amounts 

of CO2 which lowers energy density and also restricts its use for applications requiring low 

energy requirements. The CO2 content in biogas leads to increased storage space needs, 

frequent cylinder refill, decreased heating value, and lowered engine output. A process of 

upgrading or scrubbing biogas is the enrichment of biogas with CH4 by minimizing the 

content of CO2. The selection of an appropriate biogas scrubbing method is driven by cost-

effectiveness, the amount of gas to be upgraded, and chemical regeneration possibilities. 

Water scrubbing and chemical scrubbing using alkaline salts solutions were used for biogas 

enrichment because of cost-effectiveness, regeneration possibilities in case of water 

scrubbing, valuable byproduct formation in case of selected chemicals, and ease of 

operation. 

4.4.1 Water scrubber  

A water scrubber unit was fabricated for biogas enrichment as per the design carried out in 

the previous chapter. The scrubber column diameter and packed bed column height were set 
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at 140 mm and 2 m, respectively. Mild Steel (MS) plate with a thickness of 5 mm was used 

to fabricate a 140 mm diameter pipe. The scrubber was made in three parts as shown in    

FIGURE 4.3.  

The length of the top part was 0.2 m. It had connections for a water inlet pipe and a gas outlet 

pipe. The water spraying device was connected to the water inlet pipe to spray water 

uniformly inside the absorption column.  

  Fig. 4.5
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0.2 m

Packing of
pall rings
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FIGURE 4.3 Water scrubber for CO2 absorption 
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The length of the middle part was 2 m. It was packed with PP pall rings 25 mm in diameter, 

25 mm in height, and 1.2 mm in thickness to increase the contact surface area between water 

and biogas. They can be randomly dumped into the column during installation as shown in 

FIGURE 4.4. Two sieves, one at the top of this part and the second at the bottom of the part, 

were fitted to hold the pall rings in the column. Water absorbs CO2 from raw biogas in this 

part.  As part of CO2 was absorbed in water, mild carbonic acid (H2CO3) was formed.  

2 2 2 3 H O + CO  H CO                                                                        … (4.4) 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4.4 Column filled with pall rings 

 

 FIGURE 4.5 Photograph of the water scrubber 

The length of the bottom part was 0.8 m. It had connections for a water outlet pipe and a 

biogas inlet pipe. A non-return valve was installed at the biogas inlet pipe to prevent the 

backflow of water. The lower side was shaped into a truncated cone with a 38 mm outlet 

pipe. A water outlet pipe with a 'U' shape was installed so that water always stayed filled in 
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the outlet pipe, which provided sealing for biogas. All three parts of the scrubber were 

connected by using flanges, gaskets, bolts and nuts.  

The scrubber column was equipped with three-leg support to keep it upright. The leg support 

was fabricated from MS angle size 35×35×5 mm. A photograph of a water scrubber with all 

the connections is shown in FIGURE 4.5.  

4.4.2 Accessories and instrumentation  

(1) Water supply 

A domestic water pump of 0.373 kW was used to pump water from the storage tank to the 

scrubber column. A reinforced rubber pipe of 17 mm diameter was used to supply water. 

The water flow rate was adjusted manually by adjusting the valve provided at the inlet pipe. 

The water flow rate was measured by measuring the time taken to fill up the tank of 0.06084 

m3 (39 cm × 39 cm × 40 cm) of volume at the outlet of the scrubber. 

(2) Biogas supply 

A reinforced rubber pipe of 17 mm diameter was used to supply raw biogas. First, raw biogas 

was supplied to the water scrubber at a generation pressure of 88 mm of water column 

without compression. In the second case, a single cylinder reciprocating compressor with a 

tank capacity of 0.11 m3, 760 rpm, and 0.746 kW of rated power was used for biogas 

compression. Biogas was compressed and supplied to water scrubber at following three 

pressures: p1 = 0.2 bar,  p2 = 0.4 bar, and p3 = 0.6 bar. A bourdon tube pressure gauge was 

mounted on the compressor tank for pressure measurement, which had a range of                        

0 – 14 kg/cm2 and the least count of 0.1 kg/cm2. The flow rate of the biogas to the water 

scrubber was varied manually by adjusting the valve provided at the outlet of the compressor 

tank. GMT GmbH made diaphragm type gas flow meter with the range of 0.04 – 6 Nm3/h 

was used for measurement of biogas flow rate at the inlet to the scrubber. A gravity-type 

water separator was provided in the biogas pipeline between the biogas generation plant and 

compressor for the removal of condensed moisture from biogas. A filter was provided just 

before the inlet to the compressor cylinder. FIGURE 4.6 shows a pictorial view of the 

compressor with various connections.  
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FIGURE 4.6 Compressor 

(3) Biogas analyzer  

Siya instruments made portable biogas analyser was used for compositional analysis of 

biogas. It was based on NDIR detectors. The following was the range of detectors in % of 

volume: (i) CH4: 0 – 100%, (ii) CO2: 0 – 50%, and (iii) reminder was considered as other 

gases. Its least count and accuracy were 0.1% and ±1% respectively. The contents of other 

gases may be water vapour, oxygen, nitrogen, hydrogen, etc. FIGURE 4.7 shows a 

photograph of a biogas analyser.  

 

FIGURE 4.7 Biogas analyser  
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(4) pH meter  

A digital pH meter made by Electronics India, (modal 111) was used for pH measurement 

of water and chemicals before and after scrubbing. It measures pH value with a resolution 

of 0.01 and accuracy of ±0.01 pH.  

4.4.3 Chemical scrubber 

The chemical scrubbing of biogas provides benefits such as simplicity of operation, 

availability of chemicals at a reasonable cost, and the ability to operate at even ambient 

pressure and temperature. In the present work, a chemical absorption technique using 

aqueous alkaline solutions such as Calcium Hydroxide (Ca(OH)2), Sodium Hydroxide 

(NaOH), and Potassium Hydroxide (KOH) were used for cleaning and enrichment of biogas. 

Alkaline solutions are cheap, easily available, and able to absorb traces of H2S content in 

biogas. The chemicals Ca(OH)2, NaOH, and KOH were purchased from the local market. 

The aqueous solutions of Ca(OH)2, NaOH, and KOH were prepared by adding to water. The 

following are the chemical reactions taking place for the CO2 removal and formation of by-

products: 

2 2 3 2Ca(OH)   CO   CaCO  + H O                                                      … (4.5) 

An aqueous solution of Ca(OH)2 reacts with CO2 to produce a white precipitate (which 

appears milky) of Calcium Carbonate (CaCO3). The by-product CaCO3 can be used as an 

inert filler for tablets and other pharmaceutical products in the pharmaceutical industry, 

neutralising and making acidic soil suitable for planting, for pH regulation of ponds in the 

aquaculture industry, and for other industrial applications.  

2 2 3 22NaOH  CO   Na CO  + H O                                                    … (4.6) 

An aqueous solution of NaOH reacts with CO2 to produce a Sodium Carbonate (Na2CO3) 

called washing soda. Na2CO3 is a valuable by-product and it can be used in the production 

of glass, soap, paper, sodium compounds like borax, etc. It is a food additive and can be used 

as an anticaking agent, acidity regulator, raising agent, and stabilizer.  

2 2 3 22KOH  CO   K CO  + H O                                                         … (4.7) 

An aqueous solution of KOH reacts with CO2 to produce a Potassium Carbonate (K2CO3). 

The K2CO3 by-product can be used as an ingredient for making grass jelly, food in China 

and South-East Asia and hand-pulled Chinese noodles. It may also be used as an animal feed 

product to meet the potassium needs of farm animals. 



4 – Experimental Test Setup 

 

61 

 

The carbonates of alkaline salts are valuable and can be used for different applications as 

discussed above, thus energy-intensive regeneration is not required.    

The experimental test set-up consisted of enrichment chambers, made up of polyethene 

terephthalate (PET) bottles with a capacity of 20 litres as shown in FIGURE 4.8. The opening 

of the bottle was closed by using a removable end plug to ensure sealing. For the supply of 

biogas to the enrichment chamber, a UPVC pipe of 12.7 mm diameter was inserted through 

the end plug and extended vertically to the bottom of the chamber. For the removal of biogas 

from each chamber, a threaded plug with a nut and washer was provided on top of the 

chamber near the end plug. The removable end plug facilitated the filling/replacement of the 

aqueous solution in the chamber. The enrichment chambers' inlet, outlet, and intermediate 

connections were made with a 17 mm diameter ranforced rubber pipe. Biogas was supplied 

from the top of the UPVC pipe placed vertically and it entered the chamber at the bottom 

and left from the top through a threaded plug after reacting with the chemical, filled in the 

chamber. The chamber was made air-tight to avoid air from entering the chamber or biogas 

leaking from the chamber. 

 

FIGURE 4.8 Biogas enrichment chamber  
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4.5 CO2 removal by Water Scrubbing  

4.5.1 Water scrubbing at biogas generation pressure  

An arrangement of water scrubber test setup operating at biogas generation pressure is shown 

in FIGURE 4.9.  The scrubber column was fed with water at flow rates of 1.56 m3/h,           

2.12 m3/h, and 2.60 m3/h. Raw biogas was fed from the bottom section of a scrubber column 

at a biogas generation pressure of 88 mm of the water column. Which formed a counter-

current flow of water and biogas. TABLE 4.2 shows the flow rates of water and biogas. 
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FIGURE 4.9 Water scrubbing at biogas generation pressure 

It was observed that when the water flow rate increased, automatically biogas flow rate 

decreased as shown in TABLE 4.2. It was due to the fact that at the increased water flow 

rate, it occupied more area in the packed bed column, hence gas flow rate was decreased.  

                             TABLE 4.2 Water and biogas flow rate  

Sr. No. 1 2 3 

The flow rate of water, m3/h 1.56 2.12 2.60 

Biogas flow rate, Nm3/h 2.916 1.752 0.960 

CH4 rise and CO2 removal efficiency were calculated by using the following formulae:    

CH4 rise efficiency = 4 4

4

CH  % in enriched biogas  CH  % in raw biogas 
100

CH  % in raw biogas
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     CO2 removal efficiency = 2 2

2

CO % in raw biogas  CO % in enriched biogas 
100

CO % in raw biogas


  

TABLE 4.3 shows compositional analysis of upgraded/enriched biogas and CH4 rise and 

CO2 removal efficiency.  

 TABLE 4.3 Observations of enriched biogas content   

Content Upgraded biogas for Sr. No. in TABLE 4.2 

1 2 3 

% by 

volume 

% rise or 

% removal 

efficiency 

% by 

volume 

% rise or 

% removal 

efficiency 

% by 

volume 

% rise or 

% removal 

efficiency 

CH4 64.6 19.52 68.7 27.10 76.0 40.61 

CO2 28.9 34.54 21.6 51.07 11.8 73.27 

Other gases 6.5 - 9.7 - 12.2 - 

4.5.2 Water scrubbing at higher than biogas generation pressure  

An arrangement of water scrubber test setup operating at higher than biogas generation 

pressure is shown in FIGURE 4.10.   
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FIGURE 4.10 Water scrubbing at higher than biogas generation pressure 

Biogas was first compressed to three different pressures and stored in the compressor tank 

to ensure a stable and constant pressure biogas supply to the water scrubber. Biogas was 

supplied to water scrubber at three different pressures: p1 = 0.2 bar, p2 = 0.4 bar, and                
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p3 = 0.6 bar. Biogas was fed to the scrubber column with following three different flow rates: 

Qg1 = 0.864 Nm3/h, Qg2 = 1.068 Nm3/h, and Qg3 = 1.308 Nm3/h. Water was supplied to the 

scrubber column forming counter current flow with biogas at three different flow rates:      

Qw1 = 1.738 m3/h, Qw2 = 2.126 m3/h, and Qw3 = 2.772 m3/h. Considering factorial design 

total of 13 (thirteen) experiments were performed in random order. TABLE 4.4 shows 

compositional analysis of upgraded/enriched biogas and CH4 rise and CO2 removal 

efficiency.  

TABLE 4.4 Observations of enriched biogas content   

Sr. 

No. 

Biogas 

supply 

Pressure, 

p (bar) 

Biogas 

flow 

rate, Qg 

(Nm3/h) 

Water 

flow 

rate, Qw 

(m3/h) 

CH4 

(%) 

CH4 rise 

efficiency, 

(%) 

CO2 

(%) 

CO2 

removal 

efficiency, 

(%) 

Other 

gases 

(%) 

1 

0.2 0.864 

1.738 68.7 27.10 20.4 53.79 9.9 

2 2.126 71.9 33.02 13.6 69.20 14.5 

3 2.772 78.4 45.05 18.5 58.10 3.1 

4 

0.4 

0.864 
1.738 70.1 29.69 17.1 61.27 12.8 

5 2.772 82.6 52.82 15.5 64.89 1.9 

6 
1.068 

2.772 76 40.61 11.8 73.27 12.2 

7 2.126 67.2 24.33 31.6 28.43 1.2 

8 

0.6 

0.864 
1.738 70.8 30.99 10.6 75.99 18.6 

9 2.772 83.05 53.65 12.95 70.67 4.0 

10 1.068 1.738 67.8 25.44 30.2 31.60 2 

11 

1.308 

1.738 64.8 19.89 35 20.72 4 

12 2.126 67.5 24.88 22.9 48.13 9.6 

13 2.772 72.8 34.69 19.3 56.29 7.9 

TABLE 4.5 shows the pH observation of water used for biogas enrichment. The pH of inlet 

water was observed to be slightly alkaline. The pH of the water was slightly reduced when 

the alkaline water was circulated through the scrubber column. Which was due to the 

absorption of CO2 by water. The outlet water can be used for irrigation purposes or can be 

re-circulated after regeneration.  

              TABLE 4.5 pH of the water before and after scrubbing 

The pH of 

inlet water 

The pH of outlet water at biogas supply pressure of 0.6 

bar and water flow rate of 2.772 m3/h 

Biogas flow rate, Nm3/h 

0.864 1.068 1.308 

7.43 7.29 7.17 7.08 
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4.5.3 Water scrubbing + chemical scrubbing   

Water scrubbing is a slow process and requires a very large quantity of water or higher biogas 

supply pressure to obtain a higher purity of CH4. Chemical scrubbing is a fast process and 

gives higher purity of CH4 but chemical regeneration is very difficult and energy intensive. 

In order to eliminate the disadvantages of both methods, a combination of water scrubbing 

and chemical scrubbing was selected. Enriched biogas available from the water scrubber at 

the following combination was fed to the chemical scrubber for further enrichment:             

Qw3 = 2.772 m3/h, p3 = 0.6 bar, and Qg1 = 0.864 Nm3/h. 

20 litters of 1N solution of Ca(OH)2 was prepared and filled into a PET bottle to form an 

enrichment chamber. Enriched biogas coming from the water scrubber was passed through 

the enrichment chamber which further enriched biogas as shown in FIGURE 4.11. The initial 

pH value of Ca(OH)2 solution observed was 12.6. The pH value was 8.7 after 3 hours of 

continuous operation at constant flow rates of biogas and water, and the solution colour 

turned milky. As a result, the solution must be changed after 3 hours of operation.  
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FIGURE 4.11 Water scrubbing + Ca(OH)2 scrubbing 

Afterwards, the Ca(OH)2 chamber was removed, and then another PET bottle was filled with 

20 litres of 1N KOH solution. The initial pH of the KOH solution observed was 13. As 

shown in FIGURE 4.12, enriched biogas from the water scrubber was passed through the 

KOH enrichment chamber, which absorbs even more CO2. The reported pH after 3 hours of 
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operation was 11.2. Hence, KOH required approximately double the time than Ca(OH)2 to 

saturate with CO2. 
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FIGURE 4.12 Water scrubbing + KOH scrubbing 
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FIGURE 4.13 Water scrubbing + Ca(OH)2 + KOH scrubbing 

Following that, reaction chambers filled with a 1N solution of Ca(OH)2 and KOH were 

connected in series with a water scrubber to obtain biogas with even higher CH4 purity. The 

arrangement of the scrubbing process is shown in FIGURE 4.13.  

TABLE 4.6 shows compositional analysis of upgraded/enriched biogas and CH4 rise and 

CO2 removal efficiency for the above scrubbing processes. 
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    TABLE 4.6 Observations of enriched biogas content   

Method of scrubbing 

CH4 

(%) 

CH4 rise 

efficiency 

(%) 

CO2 

(%) 

CO2 removal 

efficiency 

(%) 

Other 

gases 

(%) 

Water + Ca(OH)2 86.7 60.41 5.7 87.09 7.6 

Water + KOH 88.9 64.48 3.2 92.75 7.9 

Water + Ca(OH)2  + KOH 89.7 65.96 1.9 95.69 8.4 

Silica gel, an amorphous type of silicon oxide, was used to remove moisture from biogas. 

Synthetically, it is produced in the form of hard regular/irregular granules. Their 

microporous structure of interconnecting cavities provides a very large surface area, making 

it an excellent desiccant. Water molecules will adhere to the surface of silica gel granules 

because it has a lower vapour pressure than the surrounding gas. Adsorption stops when the 

equilibrium of vapour pressure is established. Thus, the higher the humidity of the 

surrounding gas, the more water is adsorbed until equilibrium is reached. The physical 

adsorption of water vapour into the interior pores of silica gel is its beauty. There is no 

chemical reaction, no by-products, and no adverse effects during the adsorption of water 

vapour. Even when saturated with water vapour, silica gel retains its dry appearance and 

form. It is non-corrosive, odourless, tasteless, non-toxic, and chemically inert. It can be 

regenerated upon heating.  

Silica gel was purchased from the local market. 5 kg of silica gel (4 kg white and 1 kg blue) 

was filled in a PET bottle for water vapour removal from biogas. The bed height of silica gel 

formed in a 20 L PET bottle was 34 cm. Biogas coming from the KOH reaction chamber 

was then passed through a silica gel bed as shown in FIGURE 4.14. Silica gel bed adsorbed 

water vapour, thus water vapour content was reduced considerably. After saturation, white 

silica gel converted to milky silica gel and blue silica gel converted to white silica gel. After 

1 hour of operation, approximately 2 cm of silica gel bed was saturated with water vapour.  

The observations of the complete biogas enrichment system are shown in TABLE 4.7.  
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FIGURE 4.14 Complete biogas enrichment system 

           TABLE 4.7 Observations of complete biogas enrichment 

Content 
Raw biogas 

(% volume) 

Enriched biogas 

Average value 

(% volume) 

% rise or 

% removal efficiency 

CH4 54.04 95.15 76.07 

CO2 44.15 1.8 95.92 

Other gases 1.8 3.05 69.44 

The content of the obtained enriched biogas confirms the BIS standard IS: 16087:2016, 

hence it can be compressed and filled into high-pressure cylinders and can be used as fuel 

for automotive/stationary engines. 

4.6 CO2 removal by Chemical Scrubbing  

The alkaline salts Ca(OH)2, NaOH, and KOH were purchased from the local market. 

Aqueous solutions of alkaline salts can be made by adding these chemicals to the water as 

discussed in the previous section. When they are mixed with the water, heat would be 

produced due to an exothermic reaction. When the heat generation cycle ends, biogas may 

be allowed to pass through the reaction chamber containing these chemicals. The solutions 

were prepared with 0.8 N and 1 N concentrations of Ca(OH)2, NaOH, and KOH. The biogas 

enrichment chambers were made from a 20 L PET bottle as discussed. The first chamber 

contained 20 L of an aqueous solution of Ca(OH)2; the second chamber contained 20 L of 

an aqueous solution of NaOH; the third chamber contained 20 L of an aqueous solution of 

KOH, while the fourth chamber contained 5 kg silica gel (4 kg white and 1 kg blue) with a 
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bed height of 34 cm. The experimental test set-up consisted of four purification chambers, 

arranged in series as shown in FIGURE 4. 15. 

Chemical scrubbing does not require increasing biogas pressure because the reaction can 

take place even at ambient pressure. However, biogas generation pressure (88 mm of water) 

was not sufficient to overcome the resistance offered by reaction chambers. Raw biogas was 

first compressed to 0.2 bar pressure and then, supplied to reaction chambers as shown in  

FIGURE 4.15. The experiment was repeated with two different concentrations, 0.8 N and 1 

N, of aqueous, Ca(OH)2, NaOH, and KOH solutions and three different biogas flow rates of 

0.864 Nm3/h, 0.672 Nm3/h, and 0.540 Nm3/h. The enriched biogas at the outlet of the silica 

gel bed chamber was analyzed, and observations were noted as shown in TABLE 4.8 and         

TABLE 4.9.       
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FIGURE 4.15 Chemical scrubbing 

  TABLE 4.8 Biogas composition after treatment with 0.8 N solutions 

Sr. 

No. 

Biogas 

content  

Biogas flow rate 

0.864 Nm3/h 0.672 Nm3/h 0.54 Nm3/h 

Average 

value in 

% 

volume 

% rise or 

% 

removal 

efficiency 

Average 

value in 

% 

volume 

% rise or 

% 

removal 

efficiency 

Average 

value in 

% 

volume 

% rise or 

% 

removal 

efficiency 

1 CH4 64.55 19.43 78.50 45.23 88.25 63.27 

2 CO2 34.95 20.83 19.75 55.27 9.15 79.27 

3 
Other 

gases 
0.50 72.22 1.75 2.78 2.60 44.44 
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  TABLE 4.9 Biogas composition after treatment with 1 N solutions 

Sr. 

No. 

Biogas 

content  

Biogas flow rate 

0.864 Nm3/h 0.672 Nm3/h 0.54 Nm3/h 

The 

average 

value in 

% 

volume 

% rise or 

% 

removal 

efficiency 

The 

average 

value in 

% 

volume 

% rise or 

% 

removal 

efficiency 

The 

average 

value in 

% 

volume 

% rise or 

% 

removal 

efficiency 

1 CH4 69.75 29.05 83.20 53.93 94.80 75.39 

2 CO2 29.60 32.95 15.45 65.00 2.95 93.31 

3 
Other 

gases 
0.65 63.89 1.35 25.00 2.25 25.00 

Enriched biogas obtained at a biogas flow rate of 0.54 Nm3/h and 1 N solution concentration 

confirms the BIS standard IS: 16087:2016.  

The uncertainty values of measurement for the biogas enrichment system are shown in        

TABLE 4.10.  

                  TABLE 4.10 Uncertainty values for biogas enrichment [144] 

Sr. No. Parameter  Uncertainty value, % 

1 Water flow rate  ± 2 

2 Biogas supply pressure ± 1 

3 Biogas flow rate ± 0.25 

4 Biogas content  ± 1 

5 pH ± 0.01 

 

PART B: Engine Performance  

4.7 Engine Test Setup   

The experiment was performed at Apex Innovations Pvt. Ltd., E 9/1, MIDC, Kupwad, Sangli 

-416436, Maharashtra, India. 

The pictorial view of the engine test setup is shown in FIGURE 4.16. 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 
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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 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 4.17 

shows a schematic diagram of the engine test setup.  

 

FIGURE 4.16 Pictorial view of the engine test setup 



4 – Experimental Test Setup 

 

72 

 

R
o
tam

eter

R
o
tam

eter

EngineDynamometer
Cooling water

Computer

Load

N

Shaft

Engine cooling
water out, T2

Data acquisition

Air

Fuel flow
measurement

Fuel

Air box

Cooling water, T4

Exhaust
gases, T6

Calorimeter

T1

T3

T5

Manometer

 
FIGURE 4.17 Schematic diagram of the engine test setup 

4.7.1 Specifications of the engine and other instruments/devices  

(1) Engine:   

• Make: Kirloskar 

• Cooling system: Water cooled 

• Cylinder dimension: Stroke = 110 mm, Bore 87.5 mm, 661 CC. 

• Petrol/SI mode output: 4.5 kW@1500 rpm,  

• Speed range: 1200 ‐1800 rpm,  

• CR range: 6 ‐10.  

(2) Dynamometer: Technomech made, model TMEC10, 10BHP at 1500 – 5000 rpm, water 

cooled Eddy current dynamometer with loading unit was coupled to the engine crankshaft. 

Its arm length was 185 mm.  
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(3) Airbox: MS fabricated with a sharp-edged orifice of the diameter of 20 mm on one side 

was provided before the air intake. A water column manometer and Yokogawa made 

pressure transmitter (Model: EJA110E-JMS5J-912NN) with a range of 0 – 250 mm of the 

water column were connected to the air box in order to find out the pressure difference and 

hence, air intake to the engine.  

(4) Crank angle sensor: It measures crank angle with a resolution of 1o and crankshaft 

speed 0 – 5500 rpm (accuracy ±0.25%) with TDC pulse. It was Kubler made model 

8.KIS40.1361.0360.   

(5) Load sensor: Sensotronics Sanmar Ltd. made a strain gauge load cell (Model: 60001, 

type S) of range 0 – 50 kg with an accuracy of ± 0.25% was used to measure the load on the 

engine.    

(6) Fuel supply: A fuel tank of capacity 15 L was provided with a fuel metering pipe of 

glass. It was also provided with Yokogawa made differential pressure transmitter                      

(Model: EJA110E-JMS5J-912NN) of range 0 – 500 mm of the water column, which 

measures fuel flow with an accuracy of ±0.1%.  

(7) Gaseous fuel flow: Emerson made Coriolis type mass flow meter (Model: CMFS010M) 

of range 0 – 30 kg/h was used to measure gaseous fuel (CNG and Enriched biogas) 

consumption with the accuracy of ± 0.25%. 

(8) Temperature: Two wire type RTD PT100 of range 0 – 100 oC, output 4 – 20 mA, were 

used for measurement of cooling water temperature. Two wire-type Thermocouples of type 

K of range 0 – 1200 oC, output 4 – 20 mA, were used for exhaust gas temperature 

measurement.  

(9) Rotameters: Eureka made a rotameter of the range 40 – 400 LPH (Model: PG 6) used 

for engine cooling water flow rate measurement. Calorimeter cooling water flow rate was 

measured by rotameter (Model: PG 5) of range 25 – 250 LPH. They measure water flow rate 

with an accuracy of ± 2%.  

(10) Data acquisition device: NI USB-6210 bus powered M series multifunction DAQ 

device, NI DAQmx driver software, 16-bit, 250 kS/s. 

(11) Engine control unit: PE3 series ECU, full build potted enclosure. 

(12) Gas analyser: AVL DIGAS 444N exhaust gas analyser was used for measurement of 

CO, HC, NO, CO2, and O2 emissions. The specifications of the exhaust gas analyser are 

shown in TABLE 4.11.  
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              TABLE 4.11 Specifications of exhaust gas analyzer 

Component  Measurement range  Resolution  

CO 0 – 15% by volume 0.001% by volume 

HC 0 – 20000 ppm 
1 ppm/10 ppm 

(0 – 2000 ppm)/ (˃ 2000 ppm) 

NO 0 – 5000 ppm 1 ppm 

CO2 0 – 20% by volume 0.1% by volume 

O2 0 – 25% by volume 0.01% by volume 

4.7.2 Engine test parameters   

The following were the engine test parameters considered for the studies of performance 

and emission characteristics of spark ignition engine:  

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

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

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

• Ignition advance before top dead center: (1) 20o, (2) 25o, (3) 30o.  

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

• Total number of readings = 3×4×3×3×2 = 216  

As a high-pressure multi-stage compression facility was not available at the biogas plant site, 

hence enriched biogas with contents such as 94.2% of CH4, 2% of CO2, no traces of H2S, 

and 3.8% of other gases was filled in high-pressure cylinders, usually used for CNG storage, 

at pressure 175 bar from the IOCL outlet, Sarsa, Dist. Anand, Gujarat, India. Petrol and CNG 

were purchased from the market. The important properties of fuel used are shown in          

TABLE 4.12. In enriched biogas, H2S traces were not observed while used for engine trials.    

The petrol run engine operates with a programmable open ECU, Throttle Position Sensor 

(TPS), ignition coil, fuel pump, petrol injector, and other components. The gas run engine 

operates with a programmable open ECU, Throttle Position Sensor (TPS), ignition coil, 

pressure regulator, gas injector, and other components.  The same CNG conversion kit was 

used for CNG and Enriched biogas-operated engine.  
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TABLE 4.12 Properties of the fuel  

Properties Petrol [115] CNG [130] Enriched biogas 

Composition C8H18 

CH4 – 89.14%, 

CO2 – 4.38%, 

H2 – 0.01%, 

N2 – 0.11%, 

C2H6 – 4.05%, 

C3H8 – 0.83% 

Iso-C4H10 – 0.28%, 

Neo-C4H10 –0.66%, 

Iso-C5H12 – 0.09% 

Neo-C5H12 – 0.28%, 

C6H14 – 0.17% 

CH4 – 94.2%,  

CO2 – 2%,  

Other gases – 3.8% 

Lower calorific 

value (kJ/kg) 
44000 48000 42620 [130] 

State Liquid  Gas Gas 

Relative density 0.72 (w.r.t water) 0.765 (w.r.t. air) 0.714 (w.r.t air) [130] 

Flame speed (cm/s) 400 – 600 34 34 [115] 

Autoignition 

Temperature (oC) 
257 540  –  

Stoichiometric A/F 14.7 17.03 17.16 [130] 

The main engine performance parameters evaluated were: (i) Brake power (kW), (ii) brake 

thermal efficiency (%), (iii) brake specific fuel consumption (kg/kWh), etc. The performance 

parameters were calculated by using the following formulae:  

(1) Torque: T = Load in N × Dynamometer arm length in m (N.m)  

(2) Brake Power: BP = 
2

60,000

NT
 kW 

 where N = engine crankshaft speed in rpm, 

            T = torque in N.m.  

(3) Brake Mean Effective Pressure: BMEP =  5  60,000  2
10

BP

L A N

 


 
 bar 

 where BP = brake power in kW, 

                         N = engine crankshaft speed in rpm, 

                          L = length of stroke = 0.11 m, 

                          A = area of cylinder = /4 × d2 = /4 × (0.0875)2 = 6.0155 × 10–3 m2 
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(4) Brake Thermal Efficiency: BTHE = 
3600

. .f

BP

m C V




 × 100 % 

 where BP = brake power in kW, 

                        mf = fuel flow rate to engine in kg/h, 

                   C. V. = calorific value of fuel in kJ/kg as shown in TABLE 4.11. 

(5) Air intake to the engine: 
ρ

ρ 2 3600
ρ

w
a d o a w

a

m C A gh       kg/h 

where Cd = coefficient of discharge for orifice = 0.6, 

           Ao = area of orifice = /4 × do
2 = /4 × (0.02)2 = 0.314 × 10–3 m2, 

                       hw = air intake pressure (manometer reading) in m of water,  

a = density of air = 1.17 kg/m3, 

w = density of water = 1000 kg/m3, 

                         g = gravitational acceleration = 9.81 m/s2. 

(6) Brake specific fuel consumption: BSFC = 
fm

BP
 kg/kWh 

where mf = fuel flow rate to the engine in kg/h, 

                      BP = brake power in kW. 

(7) Air fuel ratio: A/F = a

f

m

m
  

(8) Volumetric efficiency: η
ρ Swept volume per cycle

a
vol

a

m



 × 100% 

                                                  

ρ 60
2

a

a

m

N
A



  

× 100% 

where ma = mass of air intake to the engine in kg/s, 

                        A = area of cylinder = /4 × d2 = /4 × (0.0875)2 = 6.0155 × 10–3 m2 

                        N = engine crankshaft speed in rpm. 

(9) Heat utilised in useful work = BP in kW 

    % Heat utilised in useful work = BTHE in % 

(10) Heat carried by cooling water =  2 1wecw pm C T T   kW 

where mecw = mass flow rate of engine cooling water in kg/s, 

            Cpw = specific heat of the water in kJ/kg K, 

              T1 = engine cooling water inlet temperature in oC, 
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              T2 = engine cooling water outlet temperature in oC. 

% Heat carried by cooling water = 
 2 1

 . .

wp

f

ecwm C T T

m C V

 
× 100% 

(11) Heat carried by exhaust gases:  

Heat carried by calorimeter cooling water = Heat lost by exhaust gases in the 

calorimeter  

                                                  4 3 5 6w egccw p a f pm C T T m m C T T       

                                                                  
 

   
4 3

5 6

 w

eg

ccw p

p

a f

m C T T
C

m m T T

 
 

  
 kJ/kg K 

                          Heat carried by exhaust gases =    5ega f p atmm m C T T    kW 

where mccw = mass flow rate of calorimeter cooling water in kg/s, 

              ma = mass of air intake to the engine in kg/s, 

              mf = fuel flow rate to engine in kg/s, 

            Cpw = specific heat of the water in kJ/kg K, 

            Cpeg = specific heat of the water in kJ/kg K, 

              T3 = calorimeter cooling water inlet temperature in oC, 

              T4 = calorimeter cooling water outlet temperature in oC, 

              T5 = exhaust gas inlet to calorimeter temperature in oC, 

              T6 = exhaust gas outlet from calorimeter temperature in oC, 

           Tatm = ambient air temperature = 27 oC. 

% Heat carried by exhaust gases = 
   5

. .

ega f p atm

f

m m C T T

m C V

  


× 100% 

(12) Heat lost by radiation and unaccounted heat = Heat supplied by fuel (mf × C. V.) –  

                      (Heat utilised in useful work + (Heat carried by cooling water + Heat carried  

                        by exhaust gases) 

% Heat lost by radiation and unaccounted heat  

                  = 
Heat lost by radiation and unaccounted h eat 

.

n kW

.

i

 fm C V
× 100% 

The engine experimental observations and results obtained for the performance and emission 

tests are shown in Appendix – I and Appendix – II respectively.   
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The overall uncertainty and error analysis values of the measurements and calculated 

parameters are shown in TABLE 4.13. The sample calculation for uncertainty is shown in 

Appendix – III.   

               TABLE 4.13 Overall uncertainty values of experiment on engine  

Sr. No. Parameter  Uncertainty 

value, % 

1 Temperature  ± 0.5 

2 Load  ± 0.25 

3 Fuel flow rate (Petrol) ± 0.1 

4 Fuel flow rate (Gas) ± 0.25 

5 Air flow rate ± 0.5 

6 Water flow rate ± 2 

7 Engine speed ± 0.25 

8 Brake power ± 0.54 

9 Brake Thermal Efficiency (Petrol) ± 3.38 

10 Brake Thermal Efficiency (Gas) ± 0.664 

11 Brake Specific Fuel Consumption (Petrol) ± 3.38 

12 Brake Specific Fuel Consumption (Gas) ± 0.664 

13 CO emission ± 0.85 

14 CO
2 

emission ± 0.5 

15 HC emission ± 0.4 

16 NO emission ± 0.4 
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CHAPTER – 5 

Results and Discussion 

 

5.1 Introduction 

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 

5.2 H2S removal from biogas  

H2S content in biogas could be removed by using iron oxide, which was in the form of iron 

chips produced during any machining process. Biogas at the flow rate of 2.916 m3/h at 

generation pressure was passed through the reaction chamber filled with iron chips. No H2S 

traces were observed after reaction with iron oxide at the outlet of the reaction chamber. The 

average value of H2S content in raw biogas was 2 ppm, which is equivalent to 2.788 mg/m3. 

It was within the permissible limit as per IS 16087:2016 and does not require any treatment 

for its removal. However, this result shows that iron chips can be used for the removal of 

H2S from biogas.   

5.3 Water scrubbing for CO2 removal from biogas  

5.3.1 Water scrubbing at biogas generation pressure 

The biogas flow rates at the inlet to the scrubber were 2.916 Nm3/h, 1.752 Nm3/h, and     

0.960 Nm3/h, and the corresponding water flow rates were 1.56 m3/h, 2.12 m3/h, and          

2.60 m3/h respectively. As biogas comes in contact with water in a packed bed column, water 

absorbed CO2 physically. Thus, at the outlet of the scrubber biogas came out with less CO2 

content and more CH4 content. It was observed that minimum biogas flow rate with 

maximum water flow rate could give maximum CO2 absorption and hence, maximum CH4 
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content in biogas at the outlet. The result showed that when the biogas flow rate of             

0.960 Nm3/h with a water flow rate of 2.60 m3/h, it could give biogas with a maximum of 

76% CH4 content with 40.64% CH4 rise efficiency and 73.27% CO2 removal efficiency. CO2 

and other gas content were 11.8% and 12.2% respectively. FIGURE 5.1 shows the content 

of raw and enriched biogas at different flow rates of water and biogas.   
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FIGURE 5.1 Water scrubbing at biogas generation pressure 

5.3.2 Water scrubbing at higher than biogas generation pressure 

Considering three values of pressure; p1 = 0.2 bar, p2 = 0.4 bar, and p3 = 0.6 bar, three values 

of biogas flow rates; Qg1 = 0.864 Nm3/h, Qg2 = 1.068 Nm3/h, and Qg3 = 1.308 Nm3/h, and 

three values of water flow rates; Qw1 = 1.738 m3/h, Qw2 = 2.126 m3/h, and Qw3 = 2.772 m3/h.  

From the experiment, the following combination has given the highest 83.05% CH4,   

12.95% CO2, and 4% other gas content in biogas with 53.65% CH4 rise efficiency and 

70.67% CO2 removal efficiency: 

     (i) Highest water flow rate, Qw3 = 2.772 m3/h, 

      (ii) Highest biogas supply pressure, p3 = 0.6 bar, and 

     (iii) Lowest biogas flow rate, Qg1 = 0.864 Nm3/h. 

Solubility of CO2 in water increases with pressure, thus higher scrubbing pressure gives 

higher CH4 content in biogas. From the statistical analysis following regression equation 

holds good for predicting CH4 content in enriched biogas:  

%CH4 = 70.377 + 5.404 × Qw – 4.995 × Qg + 2.539 × p 
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As water absorbs CO2 from the biogas, its pH reduces, thus change in the pH of water is a 

function of the absorption of CO2. FIGURE 5.2 shows enriched biogas content and %CH4 

rise and %CO2 removal efficiency at Qw3, Qg1, and p3. Variation of CH4 content with water 

flow rate at Qg1 and different pressures is shown in FIGURE 5.3.  
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FIGURE 5.2 Water scrubbing at higher than biogas generation pressure 
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FIGURE 5.3 Variation of CH4 with water flow rate at Qg1 
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5.4 Water scrubbing integrated with chemical scrubbing 

Enriched biogas available from the water scrubber at the following combination was fed to 

the chemical scrubber for further enrichment:  

Qw3 = 2.772 m3/h, p3 = 0.6 bar, and Qg1 = 0.864 Nm3/h. 

In the series arrangement of the water scrubber and the reaction chamber of Ca(OH)2, the 

resulted content observed was 86.7 % CH4, 5.7% CO2, and 7.6% other gases at the outlet of 

the Ca(OH)2 reaction chamber with 60.41% CH4 rise efficiency and 87.09% CO2 removal 

efficiency. After three hours of continuous operation at constant flow rates of biogas and 

water, the Ca(OH)2 solution colour turned milky. As a result, the solution must be changed 

after 3 hours of operation.  

In the series arrangement of the water scrubber and the reaction chamber of KOH, the 

scrubbing process had been given 88.9% CH4, 3.2% CO2, and 7.9% other gases content at 

the outlet of the KOH reaction chamber with 64.48% CH4 rise efficiency and 92.75% CO2 

removal efficiency. Thus, KOH solution absorbed more CO2 than Ca(OH)2. Also, the KOH 

solution could take double the time to get saturated with CO2. The cost of KOH is 

approximately three times that of Ca(OH)2.  
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FIGURE 5.4 Combination of water and chemical scrubbing 

The series arrangement of reaction chambers of Ca(OH)2 and KOH with a water scrubber 

had been given 89.7% CH4, 1.9% CO2, and 8.4% other gases content at the outlet of the 

KOH reaction chamber with 65.96% CH4 rise efficiency and 95.69% CO2 removal 
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efficiency.  

The Complete scrubbing process, the series arrangement of water scrubbing, Ca(OH)2 

chamber, KOH chamber, and silica gel chamber, had been given 95.15% CH4, 1.8% CO2, 

and 3.05% other gases content at the outlet with 76.04% CH4 rise efficiency and 95.92% 

CO2 removal efficiency. The graphical representation of the result obtained is shown in 

FIGURE 5.4. 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 

fuel for stationary/automotive engines. The combination of water scrubbing and chemical 

scrubbing offers advantages of water scrubbing and chemical scrubbing.    

5.5 Chemical scrubbing 

Chemical scrubbing does not require increasing biogas pressure because the reaction can 

take place even at ambient pressure. Biogas enrichment with Ca(OH)2, NaOH, and KOH 

solutions at a concentration of 0.8 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 64.55%, 78.50%, 

and 88.25%, respectively. The CH4 rise efficiency and CO2 removal efficiency were found 

to be at the highest level of 63.27% and 79.27% respectively at a minimum biogas flow rate 

of 0.54 Nm3/h.  
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FIGURE 5.5 Variation of CH4 content with the biogas flow rate 
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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.  
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FIGURE 5.6 Variation of CO2 removal efficiency with the biogas flow rate 

The variation of CH4 content with biogas flow rate is depicted in FIGURE 5.5. The variation 

of CO2 removal efficiency with biogas flow rate is illustrated in FIGURE 5.6. Whereas 

FIGURE 5.7 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 5.7 Chemical scrubbing of biogas 

PART B: Engine performance and emission   

5.6 Brake Power of the engine 

The variation of brake power of the engine with crankshaft speed at Ignition Advance (IA) 

30o, 25o, and 20o are shown in FIGURE 5.8, 5.9, and 5.10 respectively. 
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FIGURE 5.8 Variation of BP with engine speed at IA 30o 

The performance test results at 100% open throttle showed that the engine developed 
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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 25o, while in the case of CNG it was 4.31 kW at     

1600 rpm at compression ratio 8 and IA 25o. 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]. The maximum brake power output 

of the engine operated on petrol at IA of 30o, 25o, and 20o were observed as 4.22 kW at           

1800 rpm, 4.65 kW at 1800 rpm and 3.79 kW at 1600 rpm respectively at a compression 

ratio of 10. 
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FIGURE 5.9 Variation of BP with engine speed at IA 25o 

Similarly, the engine operated on enriched biogas at IA of 30o, 25o, and 20o were observed 

with maximum brake power of 4.46 kW at 1600 rpm, 4.55 at 1600 rpm and 4.58 kW at 1600 

rpm respectively at a compression ratio of 10. In cases of the engine operated on CNG at IA 

of 30o, 25o, and 20o were observed maximum brake power of 4.18 kW at 1600 rpm, 4.31 at 

1600 rpm and 4.27 kW at 1600 rpm respectively at a compression ratio of 8. The comparison 

of brake power output at IA of 30o, 25o and 20o showed that the maximum power-producing 

capability of the engine corresponds to 25o IA for all three fuels. The comparison of brake 

power output at a compression ratio of 10, 8, and 6 showed that the maximum power-

producing capability of the engine corresponds to a compression of 10 ratio for petrol and 

enriched biogas. In CNG operations, the maximum power-producing capability of the engine 

corresponds to a compression ratio of 8.   
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FIGURE 5.10 Variation of BP with engine speed at IA 20o 

In case of 50% open throttle, the engine developed maximum power of 3.72 kW at 1800 rpm 

for petrol and 3.32 kW at 1600 rpm for enriched biogas at compression ratio 10 and IA 25o, 

while in the case of CNG it was 3.1 kW at 1600 rpm at compression ratio 8 and IA 25o. In 

the case of enriched biogas as fuel 12.05% power reduction has been observed compared to 

petrol, while it was 20% in the case of CNG. At 50% open throttle, reductions in maximum 

power compared to 100% open throttle observed were 25%, 37.05%, and 39.03% for petrol, 

enriched biogas, and CNG respectively. The maximum brake power output of the engine 

operated on petrol at IA of 30o, 25o, and 20o were observed as 3.49 kW at 1800 rpm,            

3.72 kW at 1800 rpm and 3.56 kW at 1600 rpm respectively at a compression ratio of 10. 

Similarly, the engine operated on enriched biogas at IA of 30o, 25o, and 20o were observed 

with maximum brake power of 3.23 kW at 1600 rpm, 3.32 at 1600 rpm and 2.68 kW at    

1600 rpm respectively at a compression ratio of 10. In cases of the engine operated on CNG 

at IA of 30o, 25o, and 20o were observed maximum brake power of 2.99 kW at 1600 rpm, 

3.31 at 1600 rpm and 2.98 kW at 1600 rpm respectively at a compression ratio of 8. The 

comparison of brake power output at IA of 30o, 25o and 20o showed that the maximum power 

producing capability of the engine corresponds at IA 25o for all three fuels at 50% open 

throttle operation test also. The comparison of brake power output at a compression ratio of 

10, 8, and 6 showed that the maximum power-producing capability of the engine corresponds 

to a compression ratio of 10 for petrol and enriched biogas. In CNG operations, the 

maximum power-producing capability of the engine corresponds to a compression ratio        

of 8.   
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It has been observed that the engine developed maximum power at 1800 rpm for engine run 

on petrol at respective compression ratio, ignition advance, and throttle position. In the case 

of the engine run on CNG and enriched biogas, it developed maximum power in the speed 

range of 1500 – 1600 rpm at respective compression ratio, ignition advance, and throttle 

position. The engine developed maximum power at the rated speed of the crank shaft at all 

other given parameters.    

5.7 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 30o, 25o, and 20o are illustrated in FIGURE 5.11, 5.12, and 5.13 

respectively. 
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FIGURE 5.11 Variation of BTHE with BP at IA 30o 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 25o IA, 

while in case of petrol operation 23.53% at 3.45 kW output was obtained at a compression 

ratio of 10 and 30o IA. Maximum BTHE obtained in case of engine running on petrol at 30o, 

25o and 20o 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 30o, 25o and 20o of IA, maximum BTHE 



5 – Results and Discussion 

 

89 

 

were found as 20.33%, 22.67% and 20.7% respectively at a compression ratio of 10. 
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FIGURE 5.12 Variation of BTHE with BP at IA 25o for 100% open throttle 
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FIGURE 5.13 Variation of BTHE with BP at IA 20o for 100% open throttle 

The observed maximum BTHE of the engine running on enriched biogas at 30o, 25o and 20o 
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of IA were 20.02%, 21.94% and 21.72% respectively at a compression ratio of 10. Further, 

the maximum BTHE was achieved at ignition advance of 25o for CNG and enriched biogas 

operation, while in the case of petrol operation it was at 30o IA. The observed maximum 

BTHE of the engine running on petrol at a compression ratio of 10, 8, and 6 were 23.53%, 

23.28% and 19.2% respectively at 30o IA. In the case of engine running on CNG at a 

compression ratio of 10, 8, and 6 maximum BTHE were found as 22.67%, 19.25% and 

16.17% respectively at 25o IA. Similarly, the maximum BTHE obtained in the case of engine 

running on enriched biogas at a compression ratio of 10, 8, and 6 were found as 21.94%, 

20.83% and 17.66% respectively at 25o IA. Further, the maximum BTHE was achieved at a 

compression ratio of 10 for all three fuels.  

The variation of BTHE with brake power of the engine for 50% open throttle operation at 

IA 30o, IA 25o, and IA 20o are depicted in FIGURE 5.14, 5.15, and 5.16 respectively. 
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FIGURE 5.14 Variation of BTHE with BP at IA 30o for 50% open throttle 

The performance test at 50% open throttle operation showed that the maximum BTHE 

obtained were 23.74% at 2.99 kW output, 18.48% at 2.41 kW output, and 20.06% at           

3.06 kW output for petrol, CNG, and enriched biogas operation respectively at a 

compression ratio of 10 and 25o IA. Maximum BTHE obtained in case of engine running on 

petrol at 30o, 25o and 20o of IA were found as 22.15% at a compression ratio of 8, 23.94% 
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at a compression ratio of 10, and 23.79% at a compression ratio of 10 respectively.  
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FIGURE 5.15 Variation of BTHE with BP at IA 25o for 50% open throttle 
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FIGURE 5.16 Variation of BTHE with BP at IA 20o for 50% open throttle 

Maximum BTHE obtained in the case of engine running on CNG at 30o, 25o and 20o of IA 

were found as 18.01%, 18.48% and 17.91% respectively at a compression ratio of 10. The 
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observed maximum BTHE of the engine running on enriched biogas at 30o, 25o and 20o of 

IA were 19.85%, 20.06% and 18.76% respectively at a compression ratio of 10. Further, the 

maximum BTHE was achieved at an ignition advance of 25o for all three fuels. The observed 

maximum BTHE of the engine running on petrol at a compression ratio of 10, 8, and 6 were 

23.94%, 22.43% and 17.85% respectively at 25o IA. In the case of engine running on CNG 

at a compression ratio of 10, 8, and 6 maximum BTHE were found as 18.48%, 18.1% and 

14.47% respectively at 25o IA. Similarly, the maximum BTHE obtained in the case of engine 

running on enriched biogas at a compression ratio of 10, 8, and 6 were found as 20.06%, 

18.29% and 15.92% respectively at 25o IA. Further, the maximum BTHE was achieved at a 

compression ratio of 10 for all three fuels. FIGURE 5.17 shows the variation of BTHE with 

brake power at a compression ratio of 10. Petrol run engine offered higher BTHE compared 

to CNG and enriched biogas run engine because original petrol run engine was modified to 

run on CNG and enriched biogas.  
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FIGURE 5.17 Variation of BTHE with brake power at CR 10 

5.8 Brake specific fuel consumption of the engine 

The variation of Brake Specific Fuel Consumption (BSFC) with brake power of the engine 

for 100% open throttle operation at IA 30o, IA 25o, and IA 20o are shown in FIGURE 5.18, 

5.19, and 5.20 respectively.   

It is clear from FIGURE 5.18 to 5.23 that the BSFC for enriched biogas run engine is 
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comparatively higher at all working brake loads and parameters of the engine in comparison 

to that of petrol and CNG. This fact is due to the less calorific value of enriched biogas 

compared to petrol and CNG.   
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FIGURE 5.18 Variation of BSFC with BP at IA 30o for 100% open throttle  
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FIGURE 5.19 Variation of BSFC with BP at IA 25o for 100% open throttle  
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The engine operation at 100% open throttle on petrol at 30o IA observed maximum BSFC 

of 0.5 kg/kWh at brake power of 2.78 kW and a compression ratio of 6, a minimum BSFC 

of 0.35 kg/kWh at brake power of 3.45 kW and a compression ratio of 10. At 25o IA observed 

maximum BSFC of 0.58 kg/kWh at brake power of 2.99 kW and a compression ratio of 6, a 

minimum BSFC of 0.35 kg/kWh at brake power of 4.05 kW and a compression ratio of 10. 

Similarly, at 20o IA observed maximum BSFC of 0.66 kg/kWh at brake power of 2.54 kW 

and a compression ratio of 6, a minimum BSFC of 0.35 kg/kWh at brake power of 3.4 kW 

and a compression ratio of 10. 
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FIGURE 5.20 Variation of BSFC with BP at IA 20o for 100% open throttle  

The observed BSFC of the engine operated with CNG at 100% open throttle and 30o IA were 

0.51 kg/kWh as a maximum at 2.77 kW of brake power and a compression ratio of 6, and 

0.37 kg/kWh as a minimum at 3.69 kW of brake power and a compression ratio of 10. At 

25o IA were 0.53 kg/kWh as a maximum at 2.68 kW of brake power and a compression ratio 

of 6, and 0.33 kg/kWh as a minimum at 3.93 kW of brake power and a compression ratio of 

10. Similarly, at 20o IA were 0.57 kg/kWh as a maximum at 2.55 kW of brake power and a 

compression ratio of 6, and 0.36 kg/kWh as a minimum at 3.53 kW of brake power and a 

compression ratio of 10.  

The BSFC of the engine run with enriched biogas and 100% open throttle at an IA of 30o 

was found 0.52 kg/kWh at a maximum of 2.87 kW of brake power and a compression ratio 
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of 6, and 0.42 kg/kWh as a minimum at 4.46 kW of brake power and a compression ratio of 

10. At an IA of 25o was found 0.54 kg/kWh as a maximum at 2.79 kW of brake power and 

a compression ratio of 6, and 0.38 kg/kWh as a minimum at 4.23 kW of brake power and a 

compression ratio of 10. Similarly, at an IA of 20o was found 0.59 kg/kWh as a maximum 

at 2.56 kW of brake power and a compression ratio of 6, and 0.39 kg/kWh as a minimum at 

4.58 kW of brake power and a compression ratio of 10. 

The variation of BSFC with brake power of the engine for 50% open throttle operation at IA 

30o, IA 25o, and IA 20o are shown in FIGURE 5.21, 5.22, and 5.23 respectively. 
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FIGURE 5.21 Variation of BSFC with BP at IA 30o for 50% open throttle 

The engine operation at 50% open throttle on petrol at 30o IA observed BSFC of                   

0.51 kg/kWh at brake power of 2.95 kW and a compression ratio of 6, a minimum BSFC of 

0.37 kg/kWh at brake power of 3.12 kW and a compression ratio of 8. At 25o IA observed 

maximum BSFC of 0.51 kg/kWh at brake power of 3.03 kW and a compression ratio of 6, a 

minimum BSFC of 0.37 kg/kWh at brake power of 3.44 kW and a compression ratio of 8. 

Similarly, at 20o IA observed maximum BSFC of 0.55 kg/kWh at brake power of 2.98 kW 

and a compression ratio of 6, a minimum BSFC of 0.34 kg/kWh at brake power of 2.34 kW 

and a compression ratio of 10. 
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FIGURE 5.22 Variation of BSFC with BP at IA 25o for 50% open throttle 
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FIGURE 5.23 Variation of BSFC with BP at IA 20o for 50% open throttle 

The observed BSFC of the engine operated with CNG at 50% open throttle and 30o IA were 

0.75 kg/kWh as a maximum at 2.01 kW of brake power and a compression ratio of 6, and 

0.42 kg/kWh as a minimum at 2.83 kW of brake power and a compression ratio of 8. At 25o 

IA were 0.76 kg/kWh as a maximum at 1.95 kW of brake power and a compression ratio of 
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6, and 0.41 kg/kWh as a minimum at 2.7 kW of brake power and a compression ratio of 8. 

Similarly, at 20o IA were 0.83 kg/kWh as a maximum at 1.81 kW of brake power and a 

compression ratio of 6, and 0.42 kg/kWh as a minimum at 2.34 kW of brake power and a 

compression ratio of 10. 

The BSFC of the engine run with enriched biogas and 50% open throttle at an IA of 30o was 

found 0.76 kg/kWh as a maximum at 1.98 kW of brake power and a compression ratio of 6, 

and 0.43 kg/kWh as a minimum at 3.05 kW of brake power and a compression ratio of 10. 

At an IA of 25o was found 0.8 kg/kWh as a maximum at 2 kW of brake power and a 

compression ratio of 6, and 0.42 kg/kWh as a minimum at 3.06 kW of brake power and a 

compression ratio of 10. Similarly, at an IA of 20o was found 0.86 kg/kWh as a maximum 

at 1.84 kW of brake power and a compression ratio of 6, and 0.44 kg/kWh as a minimum at 

2.52 kW of brake power and a compression ratio of 8. 

5.9 Exhaust gas temperature  

The variation of exhaust gas temperature with engine speed at IA 30o, IA 25o, and IA 20o 

are depicted in FIGURE 5.24, 5.25, and 5.26 respectively. 
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FIGURE 5.24 Variation of exhaust gas temperature with engine speed at IA 30o 

Exhaust gas temperature was found to increase for all the test conditions with an increase in 

the brake power. The petrol run engine developed maximum power at 1800 rpm, whereas 

CNG and enriched biogas run engine developed maximum power in the speed range of     
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FIGURE 5.25 Variation of exhaust gas temperature with engine speed at IA 25o 
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FIGURE 5.26 Variation of exhaust gas temperature with engine speed at IA 20o 

1500 – 1600 rpm. It was observed that exhaust gas temperature was increased with a decrease 

in the compression ratio of the engine for all the three experimented fuels and test conditions. 

At a lower compression ratio, the expansion ratio would also be less, which causes less 

reduction in combustion gases temperature during expansion. It has been found that exhaust 

gas temperature was higher when the engine run on petrol compared to CNG and enriched 

biogas run engine for respective test conditions. In the case of enriched biogas run engine, 

exhaust gas temperature was higher than CNG run engine for respective test conditions. It 

had been found that exhaust gas temperature was higher at a lower degree of ignition 
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advance, and it was lower at a higher degree of angle of advance for all the three 

experimented fuels and test conditions. As ignition advance increases, the time duration for 

combustion also increases, which was resulted in lower exhaust gas temperature.  Exhaust 

gas temperature observed was lower at 50% open throttle than 100% open throttle. 

The observed maximum exhaust gas temperature for the engine run on petrol was 448.57 

oC, 494.83 oC, and 510.57 oC for IA of 30o, 25o, and 20o respectively, the observed minimum 

exhaust gas temperature was 318.62 oC, 333.58 oC, and 348.69 oC for IA of 30o, 25o, and 20o 

respectively. The observed maximum exhaust gas temperature was 394.49 oC, 451.8 oC, and 

510.57 oC for a compression ratio of 10, 8, and 6 respectively, the observed minimum 

exhaust gas temperature was 318.62 oC, 357.85 oC, and 393.05 oC for a compression ratio 

of 10, 8, and 6 respectively. Similarly, the observed maximum exhaust gas temperature was 

510.57 oC and 467.21 oC for throttle positions of 100% open and 50% open respectively, the 

observed minimum exhaust gas temperature was 350.63 oC and 318.62 oC for throttle 

positions of 100% open and 50% open respectively. 

The observed maximum exhaust gas temperature for the engine run on CNG was 433.49 oC, 

459.76 oC, and 471.43 oC for IA of 30o, 25o, and 20o respectively, the observed minimum 

exhaust gas temperature was 300.05 oC, 300.18 oC, and 321.21 oC for IA of 30o, 25o, and 20o 

respectively. The observed maximum exhaust gas temperature was 387.06 oC, 442.12 oC, 

and 471.43 oC for a compression ratio of 10, 8, and 6 respectively, the observed minimum 

exhaust gas temperature was 300.05 oC, 364.61 oC, and 363.54 oC for a compression ratio 

of 10, 8, and 6 respectively. Similarly, the observed maximum exhaust gas temperature was 

471.43 oC and 438.81 oC for throttle positions of 100% open and 50% open respectively, the 

observed minimum exhaust gas temperature was 308.3 oC and 300.05 oC for throttle 

positions of 100% open and 50% open respectively. 

Similarly, for the enriched biogas run engine, the observed maximum exhaust gas 

temperature was 434.2 oC, 454.89 oC, and 464.78 oC for IA of 30o, 25o, and 20o respectively, 

and the observed minimum exhaust gas temperature was 272.03 oC, 335.63 oC, and 317.32 

oC for IA of 30o, 25o, and 20o respectively. The observed maximum exhaust gas temperature 

was 417.36.06 oC, 418.75 oC, and 464.78 oC for a compression ratio of 10, 8, and 6 

respectively, the observed minimum exhaust gas temperature was 272.03 oC, 343.57 oC, and 

386.93 oC for a compression ratio of 10, 8, and 6 respectively. Similarly, the observed 

maximum exhaust gas temperature was 464.78 oC and 446.93 oC for throttle positions of 
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100% open and 50% open respectively, the observed minimum exhaust gas temperature was 

335.56 oC and 272.03 oC for throttle positions of 100% open and 50% open respectively. 

5.10 Carbon Monoxide (CO) emission 

CO emission as a function of engine crankshaft speed is shown in FIGURE 5.27, 5.28, and 

5.29 at 30o IA, 25o IA, and 20o IA respectively.  
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FIGURE 5.27 Variation of CO emission with crankshaft speed at IA 30o  
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FIGURE 5.28 Variation of CO emission with crankshaft speed at IA 25o 

In general, the formation of CO is due to the incomplete combustion of fuel. The major 
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causes of more CO emissions are the low temperature of the air-fuel mixture, a lack of 

oxidants, and proper time duration for burning. The experimental results revealed that only 

minor variations in CO emission were found for the experimented three fuels and engine 

parameters. It has been observed that CO emission was slightly higher when the engine run 

on petrol compared to CNG and enriched biogas run engine for respective operating 

parameters. In most of the cases, CO emission was increased with a decrease in the 

compression ratio of the engine for all the three experimented fuels. At a lower compression 

ratio, the temperature of the air-fuel mixture at the end of the compression stroke would be 

less and more dilution of fresh charge with CO2. These are resulted in higher CO emissions.  
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FIGURE 5.29 Variation of CO emission with crankshaft speed at IA 20o 

For the petrol run engine, the observed maximum CO emission was 0.08%, 0.08%, and 0.1% 

for IA of 30o, 25o, and 20o respectively, the observed minimum CO emission was 0.03%, 

0.03%, and 0.04% for IA of 30o, 25o, and 20o respectively. The observed maximum CO 

emission was 0.06%, 0.06%, and 0.1% for a compression ratio of 10, 8, and 6 respectively, 

the observed minimum CO emission was 0.03%, 0.03%, and 0.04% for a compression ratio 

of 10, 8, and 6 respectively. Similarly, the observed maximum CO emission was 0.08% and 

0.07% for throttle positions of 100% open and 50% open respectively, the observed 

minimum CO emission was 0.04% and 0.03% for throttle positions of 100% open and 50% 

open respectively. 

The observed maximum CO emission for the engine run on CNG was 0.07%, 0.08%, and 

0.08% for IA of 30o, 25o, and 20o respectively, the observed minimum CO emission was 
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0.02%, 0.02%, and 0.01% for IA of 30o, 25o, and 20o respectively. The observed maximum 

CO emission was 0.05%, 0.07%, and 0.08% for a compression ratio of 10, 8, and 6 

respectively, the observed minimum CO emission was 0.02%, 0.01%, and 0.01% for a 

compression ratio of 10, 8, and 6 respectively. Similarly, the observed maximum CO 

emission was 0.06% and 0.07% for throttle positions of 100% open and 50% open 

respectively, the observed minimum CO emission was 0.01% and 0.02% for throttle 

positions of 100% open and 50% open respectively. 

Similarly, for the enriched biogas run engine, the observed maximum CO emission was 

0.07%, 0.07%, and 0.08% for IA of 30o, 25o, and 20o respectively, the observed minimum 

CO emission was 0.02%, 0.01%, and 0.01% for IA of 30o, 25o, and 20o respectively. The 

observed maximum CO emission was 0.05%, 0.08%, and 0.08% for a compression ratio of 

10, 8, and 6 respectively, the observed minimum CO emission was 0.02%, 0.01%, and 0.01% 

for a compression ratio of 10, 8, and 6 respectively. Similarly, the observed maximum CO 

emission was 0.07% and 0.08% for throttle positions of 100% open and 50% open 

respectively, the observed minimum CO emission was 0.01% for throttle positions of 100% 

open and 50% open. 

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 20o compared to IA of 30o 

and 25o for three experimented fuels at respective engine parameters. It was due to the fact 

that lower the combustion duration at IA 20o.  

 5.11 Nitric Oxide (NO) emission 

NO emission as a function of engine crankshaft speed is depicted in FIGURE 5.30, 5.31, and 

5.32 at 30o IA, 25o IA, and 20o IA respectively. The most common pollutant in a petrol 

engine is NO, which is produced by the burning of fuel at high temperatures. When the 

combustion temperature reaches 1400 oC to 2000 oC or higher, oxygen interacts with 

nitrogen present in the air to generate NOx. NO is the main constituent of NOx. The NO 

formation is mainly dependent on the temperature of combustion, oxygen availability, 

compression ratio, and the retention time for the reaction. NO emission was found to increase  



5 – Results and Discussion 

 

103 

 

1200 1300 1400 1500 1600 1700 1800
0

500

1000

1500

2000

2500

3000

N
O

 E
m

is
si

o
n

 (
P

P
M

)

Engine crank shaft speed (RPM)

 Petrol (CR10 & 100% OT)

 Petrol (CR10 & 50% OT)

 CNG (CR10 & 100% OT)

 CNG (CR10 & 50% OT)

 Enriched biogas (CR10 & 100% OT)

 Enriched biogas (CR10 & 50% OT)

 Petrol (CR8 & 100% OT)

 Petrol (CR8 & 50% OT)

 CNG (CR8 & 100% OT)

 CNG (CR8 & 50% OT)

 Enriched biogas (CR8 & 100% OT)

 Enriched biogas (CR8 & 50% OT)

 Petrol (CR6 & 100% OT)

 Petrol (CR6 & 50% OT)

 CNG (CR6 & 100% OT)

 CNG (CR6 & 50% OT)

 Enriched biogas (CR6 & 100% OT)

 Enriched biogas (CR6 & 50% OT)

FIGURE 5.30 Variation of NO emission with crankshaft speed at IA 30o 
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FIGURE 5.31 Variation of NO emission with crankshaft speed at IA 25o 

for all the test conditions with an increase in the brake power. The petrol run engine 

developed maximum power at 1800 rpm, whereas CNG and enriched biogas run engine 

developed maximum power in the speed range of 1500 – 1600 rpm. It was observed that NO 

emission was increased with an increase in the compression ratio of the engine for all the 

three experimented fuels and test conditions. At a higher compression ratio, combustion 

temperature would be higher, which causes more NO formation. It has been found that NO 

emission was higher when the engine run on petrol compared to CNG and enriched biogas 



5 – Results and Discussion 

 

104 

 

run engine for respective test conditions. Enriched biogas run engine has caused more NO 

emission compared to CNG run engine for respective test conditions.  
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FIGURE 5.32 Variation of NO emission with crankshaft speed at IA 20o 

For the petrol run engine, the observed maximum NO emission was 3029 ppm, 2560 ppm, 

and 2090 ppm for IA of 30o, 25o, and 20o respectively, the observed minimum NO emission 

was 448 ppm, 536 ppm, and 165 ppm for IA of 30o, 25o, and 20o respectively. The observed 

maximum NO emission was 3029 ppm, 2483 ppm, and 1656 ppm for a compression ratio of 

10, 8, and 6 respectively, the observed minimum NO emission was 1086 ppm, 925 ppm, and 

311 ppm for a compression ratio of 10, 8, and 6 respectively. Similarly, the observed 

maximum NO emission was 2282 ppm and 3029 ppm for throttle positions of 100% open 

and 50% open respectively, and the observed minimum NO emission was 165 ppm and 311 

ppm for throttle positions of 100% open and 50% open respectively. 

The observed maximum NO emission for the engine tun on CNG was 1650 ppm, 1784 ppm, 

and 1280 ppm for IA of 30o, 25o, and 20o respectively, the observed minimum NO emission 

was 217 ppm, 161 ppm, and 134 ppm for IA of 30o, 25o, and 20o respectively. The observed 

maximum NO emission was 1784 ppm, 1507 ppm, and 968 ppm for a compression ratio of 

10, 8, and 6 respectively, the observed minimum NO emission was 328 ppm, 434 ppm, and 

134 ppm for a compression ratio of 10, 8, and 6 respectively. Similarly, the observed 

maximum NO emission was 1784 ppm and 1073 ppm for throttle positions of 100% open 

and 50% open respectively, and the observed minimum NO emission was 135 ppm and 134 

ppm for throttle positions of 100% open and 50% open respectively. 
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Similarly, for the enriched biogas run engine, the observed maximum NO emission was 1928 

ppm, 2003 ppm, and 1564 ppm for IA of 30o, 25o, and 20o respectively, the observed 

minimum NO emission was 257 ppm, 131 ppm, and 87 ppm for IA of 30o, 25o, and 20o 

respectively. The observed maximum NO emission was 2003 ppm, 1789 ppm, and 1025 

ppm for a compression ratio of 10, 8, and 6 respectively, the observed minimum NO 

emission was 315 ppm, 400 ppm, and 87 ppm for a compression ratio of 10, 8, and 6 

respectively. Similarly, the observed maximum NO emission was 2003 ppm and 1379 ppm 

for throttle position of 100% open and 50% open respectively, the observed minimum NO 

emission was 87 ppm and 117 ppm for throttle position of 100% open and 50% open 

respectively. 

In the case of petrol run engine, NO emission observed was higher at 50% open throttle 

compared to 100% open throttle. While in the case of CNG and enriched biogas run engine, 

the observed NO emission was slightly higher at 100% open throttle than at 50% open 

throttle. It was found that NO emission was increased with an increase in ignition advance 

(IA) for three experimented fuels at respective engine test conditions. It was due to the fact 

that a higher value of IA would result in longer combustion duration and thus, more NO 

formation.  

5.12 Hydro Carbon (HC) emission 

FIGURE 5.33, 5.34, and 5.35 depicted variation of HC emission with engine crankshaft 

speed at IA 30o, IA 25o, and IA 20o respectively. In spark ignition engines, the main sources 

of HC formation are incomplete combustion due to rich and over lean mixture, low in-

cylinder temperature, poor oxidation, flame quenching, and crevice volume. The HC 

emission was increased initially with the engine speed, in particular, the HC emission was 

increased as the engine speed increased from 1200 to 1500 rpm. Afterwards, the HC 

emission decreased significantly as the engine speed increased from 1500 to 1800 rpm for 

all the experimented fuels and respective engine test conditions. Therefore, the HC emission 

decreases with the increase in the brake power of the engine. The experimental results 

revealed that only minor variations in the HC emission were found for the experimented 

three fuels and engine parameters.  
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FIGURE 5.33 Variation of HC emission with crankshaft speed at IA 30o 
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FIGURE 5.34 Variation of HC emission with crankshaft speed at IA 25o 

It has been found that HC emission was slightly higher for enriched biogas run engines 

compared to petrol and CNG run engines for respective test conditions. Whereas, petrol run 

engines caused minimum HC emission than CNG and enriched biogas run engine at 

respective test conditions. The high CH4 content of enriched biogas increased the CH4 

concentration at the engine exhaust. CH4 has a lower combustion efficiency than C2 – C4 

hydrocarbons because of its low activation energy. Consequently, the high CH4 content 

increased the HC emissions because of incomplete combustion and poor oxidation in the 
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engine [128]. The HC emission was slightly increased with an increase in the compression 

ratio of the engine for experimented fuel and respective test conditions. This is mainly due 

to the improvement in combustion by way of extension of the lean limit and an increase in 

the combustion rate [119].  
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FIGURE 5.35 Variation of HC emission with crankshaft speed at IA 20o 

The observed maximum HC emission for the petrol-fuelled engine was 74 ppm, 74 ppm, 

and 81 ppm for IA of 30o, 25o, and 20o respectively, the observed minimum HC emission 

was 37 ppm, 21 ppm, and 20 ppm for IA of 30o, 25o, and 20o respectively. The observed 

maximum HC emission was 81 ppm, 72 ppm, and 69 ppm for a compression ratio of 10, 8, 

and 6 respectively, the observed minimum HC emission was 48 ppm, 43 ppm, and 20 ppm 

for a compression ratio of 10, 8, and 6 respectively. Similarly, the observed maximum HC 

emission was 74 ppm and 81 ppm for throttle positions of 100% open and 50% open 

respectively, the observed minimum HC emission was 20 ppm and 25 ppm for throttle 

positions of 100% open and 50% open respectively. 

For the CNG run engine, the observed maximum HC emission was 73 ppm, 82 ppm, and 83 

ppm for IA of 30o, 25o, and 20o respectively, the observed minimum HC emission was 41 

ppm, 40 ppm, and 39 ppm for IA of 30o, 25o, and 20o respectively. The observed maximum 

HC emission was 83 ppm, 77 ppm, and 69 ppm for a compression ratio of 10, 8, and 6 

respectively, the observed minimum HC emission was 48 ppm, 42 ppm, and 39 ppm for a 

compression ratio of 10, 8, and 6 respectively. Similarly, the observed maximum HC 



5 – Results and Discussion 

 

108 

 

emission was 83 ppm and 75 ppm for throttle positions of 100% open and 50% open 

respectively, the observed minimum HC emission was 40 ppm and 39 ppm for throttle 

positions of 100% open and 50% open respectively. 

Similarly, the observed maximum HC emission for enriched biogas fuelled engine was 78 

ppm, 93 ppm, and 96 ppm for IA of 30o, 25o, and 20o respectively, the observed minimum 

HC emission was 37 ppm, 27 ppm, and 21 ppm for IA of 30o, 25o, and 20o respectively. The 

observed maximum HC emission was 96 ppm, 79 ppm, and 67 ppm for a compression ratio 

of 10, 8, and 6 respectively, the observed minimum HC emission was 45 ppm, 36 ppm, and 

21 ppm for a compression ratio of 10, 8, and 6 respectively. Similarly, the observed 

maximum HC emission was 96 ppm and 76 ppm for throttle positions of 100% open and 

50% open respectively, the observed minimum HC emission was 32 ppm and 21 ppm for 

throttle positions of 100% open and 50% open respectively. 

HC emission observed was slightly higher at 100% open throttle than 50% open throttle for 

all engine test conditions.  

5.13 Carbon Dioxide (CO2) emission 

FIGURE 5.36, 5.37, and 5.38 depicted variations of CO2 emission with engine crankshaft 

speed at IA 30o, IA 25o, and IA 20o respectively. 
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FIGURE 5.36 Variation of CO2 emission with crankshaft speed at IA 30o 
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FIGURE 5.37 Variation of CO2 emission with crankshaft speed at IA 25o 
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FIGURE 5.38 Variation of CO2 emission with crankshaft speed at IA 20o 

The main source of CO2 formation is the complete combustion of carbon in presence of 

oxygen. The CO2 emission was increased initially with the increase in engine speed from 

1200 to 1500 rpm. Afterwards, the CO2 emission was decreased significantly as the engine 

speed increased from 1500 to 1800 rpm for all the experimented fuels and respective engine 

test conditions. Therefore, the CO2 emission decreases with the increase in the brake power 

of the engine.  It has been found that CO2 emission was slightly higher for petrol run engine 

compared to CNG and enriched biogas run engine for respective test conditions. While CNG 
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run engine caused minimum CO2 emission than petrol and enriched biogas run engine at 

respective test conditions. For the tested fuels and test conditions, almost the same CO2 

emissions were found as the compression ratio of the engine increased. 

For the petrol run engine, the observed maximum CO2 emission was 9.7%, 9.4%, and 9% 

for IA of 30o, 25o, and 20o respectively, the observed minimum CO2 emission was 5.8%, 

5.5%, and 5.1% for IA of 30o, 25o, and 20o respectively. The observed maximum CO2 

emission was 8.5%, 9.7%, and 9.4% for a compression ratio of 10, 8, and 6 respectively, the 

observed minimum CO2 emission was 5.4%, 5.1%, and 5.5% for a compression ratio of 10, 

8, and 6 respectively. Similarly, the observed maximum CO2 emission was 9.1% and 9.7% 

for throttle positions of 100% open and 50% open respectively, the observed minimum CO2 

emission was 5.1% and 5.5% for throttle positions of 100% open and 50% open respectively. 

The observed maximum CO2 emission for CNG run engine was 7.8%, 8.1%, and 9% for IA 

of 30o, 25o, and 20o respectively, the observed minimum CO2 emission was 3.9%, 5.5%, and 

3% for IA of 30o, 25o, and 20o respectively. The observed maximum CO2 emission was 

6.5%, 6.9%, and 8.1% for a compression ratio of 10, 8, and 6 respectively, the observed 

minimum CO2 emission was 2.8%, 3.9%, and 3.6% for a compression ratio of 10, 8, and 6 

respectively. Similarly, the observed maximum CO2 emission was 7.8% and 8.1% for 

throttle positions of 100% open and 50% open respectively, the observed minimum CO2 

emission was 2.8% and 3.3% for throttle positions of 100% open and 50% open respectively. 

Similarly, the observed maximum CO2 emission for enriched biogas fuelled engine was 

7.9%, 7.7%, and 8.7% for IA of 30o, 25o, and 20o respectively, the observed minimum CO2 

emission was 3.9%, 2.8%, and 2.6% for IA of 30o, 25o, and 20o respectively. The observed 

maximum CO2 emission was 6.5%, 7.8%, and 8.7% for a compression ratio of 10, 8, and 6 

respectively, the observed minimum CO2 emission was 3.6%, 3.5%, and 2.6% for a 

compression ratio of 10, 8, and 6 respectively. Similarly, the observed maximum CO2 

emission was 8.7% and 7.9% for throttle positions of 100% open and 50% open respectively, 

the observed minimum CO2 emission was 2.8% and 2.6% for throttle positions of 100% 

open and 50% open respectively. 

It was found that the CO2 emission was slightly higher at 50% open throttle than 100% open 

throttle for all engine test conditions. Not much variation in CO2 emission was observed for 

three experimented values of IA.    
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CHAPTER – 6 

Conclusions and Future scope of work  

 

 

6.1 Conclusions 

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. 

 H2S content in biogas can be removed by using iron chips produce during any 

machining process. 

 When the water scrubber was tested at biogas generation pressure, the test resulted in 

the highest CH4 content of 76.0% in biogas at the scrubber outlet at the water flow rate 

of 2.60 m3/h and biogas flow rate of 0.960 Nm3/h. The low biogas flow rate had 

resulted in increased absorption of CO2 with a high flow rate of water. The more the 

contact of water with the biogas; the greater is the degree of absorption. The test 

scrubber required very less power for the operation, i.e., water pumping power only. 

Enriched biogas with 76% of CH4 is not suitable for filling into the cylinder but 

acceptable fuel for the stationary engines or process heating purposes. 

 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. 

 Raw biogas was passed through three separate reaction chambers arranged in series 
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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.   

 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 kit.  

 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, 25o ignition advance, and 

100% open throttle. Whereas, CNG operated engine developed a maximum power of 

4.31 kW at 8 compression ratio, 25o ignition advance, and 100% open throttle. The 

maximum brake power producing capability of the engine corresponds to IA 25o 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, 25o ignition advance, and 100% open throttle, while in the case of 

petrol run engine 23.53% was obtained at 10 compression ratio, 30o 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, 25o IA and 100% open throttle are considered 

optimum operating parameters.     

 The engine performance test results obtained in terms of brake power, specific fuel 

consumption and brake thermal efficiency on enriched biogas containing 94.2% of 

methane showed that the engine performance was almost similar to that of CNG and 

petrol operations. Thus, the gaseous fuel methane-enriched biogas is as good as natural 

gas.  

 The CO emission was slightly higher when the engine run on petrol compared to CNG 

and enriched biogas run engine for respective operating parameters. 

 The NO emission was higher when engine run on petrol compared to CNG and 

enriched biogas run engine for respective test conditions. Enriched biogas run engine 
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has caused more NO emission compared to CNG run engine for respective test 

conditions.  

 The HC emission was slightly higher for enriched biogas run engine compared to petrol 

and CNG run engine for respective test conditions. Whereas, petrol run engine caused 

minimum HC emission than CNG and enriched biogas run engine at respective test 

conditions. 

 The CO2 emission was slightly higher for petrol run engine compared to CNG and 

enriched biogas run engine for respective test conditions. While CNG run engine 

caused minimum CO2 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. 

 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: 

 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.    

 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. 

 For in-depth analysis of enriched biogas combustion, CFD models can be used to 

predict the temperature distribution in the combustion chamber as well as the 

dynamics of flame propagation. 

 Other applications (gas cutting, chemical processing, etc.) of enriched biogas need to 

be identified and investigated for the increasing scope of biogas technology.   
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Appendix – I  

Observation tables 

 

 

 

                          Nomenclature for observation tables and fixed observations  

IA: Ignition advance before top dead center T2: Engine cooling water outlet Temperature 

CR: Compression ratio T3: Calorimeter water inlet Temperature 

OT: Open throttle  T4: Calorimeter water outlet Temperature 

N: Engine crank shaft speed  T5: Exhaust gas Temperature inlet to calorimeter  

hw: Air intake pressure  T6: Exhaust gas outlet Temperature from calorimeter  

FC: Fuel consumption  Qecw: Flow rate of engine cooling water = 250 LPH 

T1: Engine cooling water inlet Temperature Qccw: Flow rate of calorimeter cooling water = 100 LPH 
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TABLE 1 Observation table for petrol fueled engine  

Sr. 

No. 
CR IA % OT 

N, 

rpm 

Load, 

kg 

hw,,  

mm of 

water 

FC, 

CC/min 

T1, 

 oC 

T2, 

 oC 

T3, 

 oC 

T4, 

 oC 

T5, 
 oC 

T6, 

 oC 

Exhaust Emissions 

CO, 

% 

volu. 

HC, 

ppm 

CO2, 

% 

volu. 

O2, 

% 

volu. 

NO, 

ppm 

1 

10 

30 

100 

1808 12.27 91.08 37 33.43 52.35 33.44 42.36 380.1 329.59 0.04 64 7.5 14.35 2282 

2 1607 13.58 82.16 34 33.46 53.07 33.45 43.91 385.73 337.91 0.06 70 7.1 10.91 2178 

3 1410 14.71 68.6 31 33.49 53.91 33.5 44.51 377.41 330.14 0.05 74 7.4 10.47 1909 

4 1223 14.83 58.02 27 33.53 51.75 33.52 43.62 350.62 304.27 0.04 73 7.1 10.7 1867 

5 

50 

1804 10.16 51.4 34 33.54 54.96 33.55 43.01 350.48 303.18 0.03 52 7 10.96 3029 

6 1612 10.97 48.72 31 33.62 56.88 33.62 43.07 352.5 308.11 0.04 58 7.6 9.99 2934 

7 1414 11.85 46.87 27 33.63 56.21 33.65 42.83 338.98 297.29 0.05 74 8.5 8.87 2239 

8 1218 12.48 44.68 26 33.6 53.77 33.61 41.94 318.62 278.45 0.04 65 6.7 11.22 2128 

9 

25 

100 

1806 13.55 90.08 39 33.62 56.46 33.62 42.95 382.73 336.6 0.04 50 6.9 10.98 2226 

10 1620 14.55 80.46 37 33.66 57.17 33.67 45.38 398.03 351.8 0.04 56 7.1 10.81 2201 

11 1412 15.09 67.28 32 33.73 55.82 33.74 45.14 384.44 337.18 0.05 68 7.8 9.77 1921 

12 1201 15.08 55.92 30 33.74 52.73 33.76 43.86 353.33 305.47 0.04 67 7.2 10.52 2016 

13 

50 

1802 10.87 50.47 34 33.72 55.45 33.76 43.34 358.61 309.97 0.03 48 7.1 10.79 2549 

14 1609 11.85 48.15 32 33.76 57.18 33.76 44.07 361.09 314.63 0.04 58 7.7 9.92 2560 

15 1403 12.07 46.61 27 33.8 55.75 33.8 43.59 348.68 303.05 0.04 74 8.4 9 2459 

16 1209 13.01 43.59 23 33.79 52.87 33.79 42.75 333.58 288.32 0.04 72 6.6 11.22 1687 

17 

20 

100 

1812 10.02 93.41 38 34.15 50.49 34.12 41.07 369.99 310.21 0.05 64 5.4 12.98 1133 

18 1617 12.33 80.55 35 34.2 53.63 34.23 44.94 394.49 337.38 0.05 62 6.6 11.46 1173 

19 1417 13.46 69.09 30 34.3 54.15 34.28 46.53 389.71 335.93 0.05 67 7.2 10.75 1086 

20 1219 14.67 57.22 27 34.34 53.09 34.37 45.59 364.56 310.25 0.04 74 6.9 10.94 1107 

21 

50 

1810 10.31 49 34 34.42 56.1 34.43 45.13 367.69 311.7 0.04 57 6.8 11.24 1537 

22 1607 11.64 46.16 33 34.47 57.9 34.45 46.04 371.49 317.47 0.04 65 7.8 9.71 1894 

23 1420 12.22 45.97 27 34.48 56.47 34.47 45.71 363.55 311.4 0.05 81 8.5 8.78 2090 

24 1211 12.9 43.56 23 34.49 54.33 34.49 45.02 348.69 296.57 0.04 73 6.8 11.09 1271 



Appendix – I Observation tables 

133 

 

Sr. 

No. 
CR IA % OT 

N, 

rpm 

Load, 

kg 

hw,,  

mm of 

water 

FC, 

CC/min 

T1, 

 oC 

T2, 

 oC 

T3, 

 oC 

T4, 

 oC 

T5, 
 oC 

T6, 

 oC 

Exhaust Emissions 

CO, 

% 

volu. 

HC, 

ppm 

CO2, 

% 

volu. 

O2, 

% 

volu. 

NO, 

ppm 

25 

8 

30 

100 

1814 10.24 91.92 38 34.62 50.49 34.62 42.39 390.34 328.55 0.06 73 7.1 10.9 1861 

26 1618 12.57 82.01 33 34.64 54.63 34.69 47 407.99 349.64 0.04 49 6.3 12.01 2026 

27 1415 13.47 68.73 32 34.76 56.05 34.77 47.77 401.86 344.06 0.05 56 7.1 10.78 1391 

28 1217 14.2 57.09 26 34.81 54.91 34.82 47.09 380.93 323.6 0.04 55 6.4 11.69 1116 

29 

50 

1806 9.72 47 33 34.91 58.33 34.91 46.43 381.79 320.32 0.05 46 7.1 10.63 2483 

30 1620 10.76 44.49 30 35 58.61 34.99 47.56 386.82 327.44 0.04 48 8.1 9.4 2310 

31 1413 11.64 45.56 26 35.15 58.09 35.14 47.45 377.42 321.48 0.05 62 9.7 7.26 1838 

32 1203 12.16 42.82 24 35.25 56.01 35.23 46.07 358.5 303.44 0.03 55 6.9 11.01 1561 

33 

25 

100 

1806 10.96 91.34 39 36.31 58.95 36.26 46.44 399.48 333.44 0.05 48 6.6 11.58 1201 

34 1633 12.12 82.32 34 36.4 61.28 36.42 58.51 427.51 365.97 0.05 49 7 11.19 1324 

35 1399 12.87 67.82 33 36.19 54.08 36.22 59.26 414.16 353.2 0.06 59 8.4 9.08 1238 

36 1214 14 56.94 28 35.4 52.22 35.41 50.89 385.76 324.22 0.04 65 7.2 10.63 925 

37 

50 

1811 10.02 50.42 32 35.31 56.64 35.3 47.25 396.82 332.14 0.05 44 7 10.87 1948 

38 1604 11.28 48.02 29 35.31 57.16 35.31 47.51 395.31 333.59 0.04 49 8.1 9.36 1848 

39 1409 11.59 46.04 29 35.28 55.8 35.28 46.86 380.65 319.98 0.04 62 8.7 8.67 1898 

40 1211 12.16 43.02 23 35.3 53.54 35.29 45.65 357.85 298.49 0.03 56 7 10.92 1394 

41 

20 

100 

1810 8.9 92.09 38 35.41 50.95 35.41 45.67 430.7 353.45 0.06 62 5.1 13.65 1123 

42 1597 9.87 80.63 33 35.48 53.91 35.48 50.47 451.8 381.42 0.06 44 6.6 11.51 1189 

43 1408 11.52 69.06 34 35.54 54.08 35.56 50.67 436.38 366.88 0.06 53 7.8 9.86 1025 

44 1231 13.32 58.76 29 35.59 52.41 35.58 48.71 400.79 333.04 0.04 56 6.7 11.39 992 

45 

50 

1808 9.88 47.43 33 35.65 57.01 35.65 48.85 404.35 335.09 0.05 43 6.1 12.03 1610 

46 1616 11.03 47.37 32 35.69 56.71 35.71 49.12 403.53 335.79 0.04 52 8.4 9.09 1656 

47 1403 11.59 44.71 28 35.8 54.87 35.81 48.4 388.96 323.27 0.05 61 9 8.38 1235 

48 1213 11.93 41.93 23 35.86 52.64 35.87 46.8 367.36 302.01 0.04 54 6.8 11.26 1026 
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Sr. 

No. 
CR IA % OT 

N, 

rpm 

Load, 

kg 

hw,,  

mm of 

water 

FC, 

CC/min 

T1, 

 oC 

T2, 

 oC 

T3, 

 oC 

T4, 

 oC 

T5, 
 oC 

T6, 

 oC 

Exhaust Emissions 

CO, 

% 

volu. 

HC, 

ppm 

CO2, 

% 

volu. 

O2, 

% 

volu. 

NO, 

ppm 

49 

6 

30 

100 

1813 6.57 90.17 37 36.31 50.95 36.29 43.44 411.83 320.16 0.08 64 5.8 12.6 448 

50 1628 9.87 81.88 34 36.34 54.3 36.35 49.6 448.57 367.75 0.06 69 6.6 11.61 587 

51 1414 10.35 69.71 31 36.41 53.82 36.4 50.32 439.43 362.39 0.07 57 8.4 9.18 602 

52 1200 11.88 56.94 26 36.45 52.07 36.45 49.25 410.86 335.37 0.04 47 6.1 12.2 594 

53 

50 

1810 8.59 49.66 34 36.5 55.11 36.48 49.13 425.05 342.37 0.05 38 7 10.93 1047 

54 1614 9.64 48.29 30 36.52 56.21 36.56 49.92 428.37 349.6 0.04 37 7.5 10.15 1243 

55 1416 10.12 46.01 26 36.54 54.31 36.56 49.08 411.2 335.55 0.06 47 9 8.23 1088 

56 1206 10.18 43.32 24 36.59 52.23 36.61 48.01 393.05 317.05 0.04 46 6.4 11.6 659 

57 

25 

100 

1804 8.73 88.42 39 36.65 56.74 36.66 52.91 494.83 410.49 0.07 21 6.3 11.71 468 

58 1590 9.66 78.03 35 36.7 56.52 36.68 53.95 484.81 406.73 0.07 30 6.7 11.35 536 

59 1404 10.1 68.78 31 36.67 55.26 36.69 52.77 463.51 386.79 0.08 42 9.1 8.15 456 

60 1205 11.81 57.05 27 36.66 53.28 36.66 51.21 434.01 354.74 0.06 41 6.2 11.85 368 

61 

50 

1807 8.84 48.77 35 36.66 56.76 36.66 51.2 449.73 362.7 0.06 28 6.7 11.27 912 

62 1619 9.76 47.6 31 36.69 56.9 36.67 51.61 440.68 357.52 0.06 34 9.4 7.6 938 

63 1405 10.09 44.71 28 36.64 55.04 36.67 50.6 424.01 342.42 0.06 36 8.5 8.89 977 

64 1198 10.14 42.7 25 36.66 53.32 36.66 49.4 403.25 322.36 0.05 30 5.5 12.65 498 

65 

20 

100 

1804 7.41 88.59 38 36.64 55.98 36.64 52.34 510.57 417.71 0.1 20 8.1 9.36 165 

66 1612 8.67 78.66 36 36.68 57.06 36.66 55.24 508.75 423.98 0.09 24 7.7 9.97 199 

67 1432 8.27 69.33 31 36.7 55.16 36.68 54.83 486.04 402.42 0.08 28 7.3 10.59 184 

68 1217 10.19 58.37 26 36.68 53.88 36.67 53.25 456.08 369.87 0.05 27 5.5 12.8 196 

69 

50 

1806 8.68 49.65 37 36.65 56.84 36.65 52.79 467.21 375.21 0.07 25 7 10.72 849 

70 1607 9.46 46.35 31 36.69 57.19 36.68 52.73 453.04 366.47 0.06 28 8 9.5 963 

71 1415 9.36 45.28 29 36.66 55.41 36.67 51.59 435.59 350.75 0.07 31 8.1 9.32 642 

72 1210 9.27 42.84 25 36.64 53.68 36.64 50.42 417.14 332.17 0.05 33 6.2 11.75 311 
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TABLE 2 Observation table for CNG fueled engine  

Sr. 

No. 
CR IA % OT 

N, 

rpm 

Load, 

kg 

hw,,  

mm of 

water 

FC,  

kg/h 

T1, 

 oC 

T2, 

 oC 

T3, 

 oC 

T4, 

 oC 

T5, 
 oC 

T6, 

 oC 

Exhaust Emissions 

CO, 

% 

volu. 

HC, 

ppm 

CO2, 

% 

volu. 

O2, 

% 

volu. 

NO, 

ppm 

1 

10 

30 

100 

1808 8.09 86.77 1.45 31.89 44.11 31.89 37.66 308.3 250.49 0.05 62 3.9 13.55 994 

2 1597 12.69 74.61 1.48 31.9 48.3 31.9 40.31 338.32 279.2 0.03 64 4.9 12.02 1650 

3 1429 13.57 64.29 1.36 31.9 49.95 31.94 41.12 336.73 278.75 0.04 73 6.3 9.81 1586 

4 1172 10.37 54.15 1.25 31.95 49 31.93 40.81 314.64 256.61 0.03 58 4.7 12.3 839 

5 

50 

1810 8.06 51.18 1.33 32 51.66 32.02 40.92 330.06 268.48 0.03 51 4.3 13.1 896 

6 1609 8.96 50.36 1.23 32.03 49.32 32.07 41.24 326.77 268.13 0.04 62 5.1 11.79 828 

7 1397 9.11 46.23 1.06 32.02 48.44 32.01 40.81 317.9 261.28 0.05 68 6.1 9.97 715 

8 1231 10.06 45.54 0.98 31.96 46.46 31.98 40.06 300.05 245.22 0.03 62 4.9 11.91 679 

9 

25 

100 

1816 7.04 83.21 1.43 31.97 49.42 31.96 41.31 365.38 302.27 0.03 82 3 15.46 879 

10 1607 12.58 74.79 1.53 32.52 50.24 32.54 41.98 360.27 296.08 0.04 75 6.5 9.5 1684 

11 1420 14.56 64.03 1.3 32.3 47.34 32.33 39.8 329.82 267.18 0.03 75 6.4 9.29 1784 

12 1220 14.67 53.63 1.26 32.48 49.13 32.47 40.82 322.91 259.57 0.03 81 6.1 9.92 1398 

13 

50 

1812 8.18 51.1 1.32 32.66 50.79 32.66 42.4 339.55 276.72 0.02 48 3.6 14.06 669 

14 1602 9.33 49.03 1.27 32.76 49.92 32.81 42.35 336.95 276.9 0.03 64 5.3 11.23 726 

15 1399 9.31 46.79 1.06 32.82 48.78 32.82 42.02 325.05 265.55 0.03 75 5.3 11.37 738 

16 1220 10.41 43.8 0.98 32.98 46.74 32.97 40.5 300.18 241.6 0.03 62 5.1 11.48 542 

17 

20 

100 

1815 5.61 86.49 1.44 33.04 49.27 33.05 42.61 381.31 312.2 0.03 83 2.8 15.41 328 

18 1638 11.77 75.97 1.43 33.21 50.79 33.19 44.91 387.06 322.52 0.03 71 5.6 10.85 989 

19 1435 12.95 65.33 1.28 33.28 50.35 33.3 44.6 369.88 307.48 0.03 68 6.2 9.66 687 

20 1196 13.59 53.55 1.26 33.37 50.45 33.4 43.41 349.95 285.45 0.02 54 4.5 12.47 526 

21 

50 

1808 7.54 48.37 1.26 33.49 50.9 33.49 43.22 345.97 283.02 0.02 55 4.9 11.94 421 

22 1598 8.38 46.89 1.28 33.62 50.12 33.62 43.68 348.18 286.14 0.02 63 5.6 10.71 428 

23 1408 8.83 45.01 1.06 33.8 49.11 33.79 42.65 331.25 270.23 0.02 73 6.5 9.45 326 

24 1215 10.13 43.03 0.98 33.88 48.1 33.85 42.2 321.21 260.87 0.02 66 3.3 14.5 329 
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Sr. 

No. 
CR IA % OT 

N, 

rpm 

Load, 

kg 

hw,,  

mm of 

water 

FC,  

kg/h 

T1, 

 oC 

T2, 

 oC 

T3, 

 oC 

T4, 

 oC 

T5, 
 oC 

T6, 

 oC 

Exhaust Emissions 

CO, 

% 

volu. 

HC, 

ppm 

CO2, 

% 

volu. 

O2, 

% 

volu. 

NO, 

ppm 

25 

8 

30 

100 

1813 10.14 82.62 1.63 33.8 49.92 33.8 39.66 334.61 264.84 0.02 50 5.4 10.84 1039 

26 1618 13.58 72.63 1.75 33.87 54.45 33.86 42.79 386.17 310.38 0.03 68 6.5 9.04 1471 

27 1407 14.55 60.86 1.55 33.87 55.42 33.92 43.46 392.86 316.85 0.03 72 6.3 9.17 1335 

28 1216 14.09 52.92 1.44 33.94 53.58 33.97 44.34 382.05 306.92 0.04 66 4.1 11.77 937 

29 

50 

1804 8.59 46.89 1.46 33.89 54.93 33.9 44.17 384.24 311.16 0.04 60 5.1 11.21 636 

30 1597 9.85 44.63 1.43 33.94 54.67 33.94 44.34 384.86 311.57 0.04 58 5.2 11.1 943 

31 1410 10.57 43.48 1.2 33.9 53.24 33.89 43.75 368.89 299.57 0.03 68 6.7 8.64 838 

32 1206 11.33 41.21 1.1 33.83 51.36 33.84 42.65 348.51 279.45 0.03 51 4.3 12.65 443 

33 

25 

100 

1803 10.86 81.69 1.68 33.91 55.52 33.93 45.26 415.37 346.29 0.02 47 5.1 11.38 1089 

34 1608 14.1 69.73 1.68 33.93 56.78 33.92 46.23 430.07 356.52 0.02 65 6.5 9.1 1507 

35 1405 14.99 60.98 1.56 33.91 55.32 33.91 45.4 417.71 343.9 0.04 74 6.9 8.04 1146 

36 1216 14.4 54.42 1.39 33.89 52.52 33.89 44.49 393.13 315 0.04 60 3.9 12.37 994 

37 

50 

1806 8.74 48.41 1.49 33.87 55.65 33.89 44.62 395.97 322.96 0.05 52 4.9 11.78 1012 

38 1611 10.13 46.19 1.43 33.9 54.5 33.89 44.79 392.57 321.54 0.06 64 6.3 9.38 1073 

39 1401 10.79 44.45 1.25 33.91 53.37 33.91 44.11 376.03 308.02 0.02 69 7 8.16 991 

40 1207 11.78 42.65 1.12 33.84 51.52 33.85 42.82 356.51 286.19 0.02 65 6 9.9 983 

41 

20 

100 

1802 10.65 81.37 1.67 33.9 55.4 33.91 45.34 426.19 351.24 0.03 42 4.6 12.32 554 

42 1620 13.88 71.07 1.75 33.91 56.16 33.98 47.03 442.12 364.22 0.05 73 7.8 6.93 1280 

43 1414 14.37 60.85 1.56 33.94 56.06 33.93 46.33 426.85 350.3 0.07 77 7.4 7.04 828 

44 1218 13.71 53.45 1.43 33.94 53.12 33.92 45.06 403.83 323.1 0.06 63 4.1 11.94 434 

45 

50 

1804 8.42 48.58 1.48 33.89 55.08 33.89 45.19 404.64 330.68 0.03 59 6.2 9.68 526 

46 1606 9.78 45.96 1.43 33.97 54.57 33.97 45.52 405.17 329.52 0.03 60 6.2 9.7 632 

47 1400 10.26 44.71 1.22 33.93 53.15 33.95 44.72 388.49 315.39 0.02 64 6.5 9.1 610 

48 1209 11.37 43.28 1.13 33.92 51.74 33.93 43.24 368.02 293.42 0.01 53 4.6 12.18 687 
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Sr. 

No. 
CR IA % OT 

N, 

rpm 

Load, 

kg 

hw,,  

mm of 

water 

FC,  

kg/h 

T1, 

 oC 

T2, 

 oC 

T3, 

 oC 

T4, 

 oC 

T5, 
 oC 

T6, 

 oC 

Exhaust Emissions 

CO, 

% 

volu. 

HC, 

ppm 

CO2, 

% 

volu. 

O2, 

% 

volu. 

NO, 

ppm 

49 

6 

30 

100 

1804 8.8 80.27 1.71 35.37 51.57 35.4 41.87 363.54 283.32 0.02 45 5.6 10.65 451 

50 1605 12.07 70.87 1.8 35.49 57.71 35.48 46.7 433.49 347.46 0.06 54 6 10.06 968 

51 1409 12.58 60.65 1.58 35.55 56.43 35.55 47.11 429.24 344.8 0.06 62 6.6 8.58 864 

52 1223 11.92 55.01 1.41 35.54 55.03 35.53 46.3 410.87 322.87 0.06 54 4.1 12.22 244 

53 

50 

1815 5.83 45.51 1.51 35.52 56.92 35.52 46.8 419.4 334.62 0.06 41 4.8 11.9 217 

54 1619 7.17 44.77 1.45 35.56 57.05 35.58 47.16 422.35 337.71 0.07 54 6 9.74 285 

55 1410 8.37 43.31 1.23 35.59 55.04 35.6 46.28 403.97 322.25 0.04 66 7.8 7.15 546 

56 1218 9.66 42.12 1.15 35.57 53.45 35.57 45.21 382.66 302.95 0.04 42 3.9 13.38 570 

57 

25 

100 

1805 8.82 79.69 1.69 35.57 57.1 35.58 47.55 448.52 367.57 0.02 40 5 11.6 272 

58 1607 11.79 71.04 1.71 35.6 59.22 35.58 48.92 459.76 378.33 0.03 57 6.4 9.26 850 

59 1410 12.47 61.49 1.55 35.56 57.83 35.56 48.48 444.91 363.54 0.07 64 6.8 8.29 732 

60 1211 11.65 53.81 1.42 35.53 55.54 35.54 47.45 424.94 338.1 0.07 50 3.8 12.69 161 

61 

50 

1809 5.68 45.01 1.49 35.51 57.53 35.53 48.04 434.31 346.95 0.08 50 6 9.82 179 

62 1608 6.97 44.92 1.42 35.56 56.88 35.61 48.09 431.52 346.5 0.06 55 5.9 9.86 195 

63 1413 8.48 42.83 1.24 35.56 54.8 35.57 47.01 413.56 331.58 0.07 70 8.1 6.36 492 

64 1214 9.79 41.21 1.17 35.48 53.44 35.52 45.89 392.16 309.94 0.07 53 5.4 11.02 478 

65 

20 

100 

1807 8.16 80.39 1.7 35.51 58.88 35.5 49.31 464.91 383.43 0.01 41 5.1 11.46 166 

66 1607 11.59 69.23 1.73 35.54 59.84 35.56 49.95 471.43 388.44 0.04 66 8 6.72 822 

67 1415 12.42 60.98 1.58 35.54 59.05 35.55 49.22 456.02 371.83 0.04 69 7.3 7.49 581 

68 1204 11.14 53.94 1.45 35.51 55.98 35.53 47.76 435.7 345.12 0.04 51 3.7 12.73 135 

69 

50 

1811 5.26 44.96 1.5 35.5 58.38 35.5 48.11 438.81 352.3 0.08 39 4.8 11.85 134 

70 1615 6.4 44.32 1.41 35.48 58.35 35.5 48.1 435.53 349.5 0.08 55 5.9 9.67 135 

71 1408 7.72 41.62 1.23 35.49 57.06 35.49 47.26 418.85 335 0.08 60 6.7 8.75 263 

72 1208 9.26 40.48 1.24 35.44 53.63 35.42 46.14 402.66 315.98 0.04 41 3.6 13.82 206 
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TABLE 3 Observation table for enriched biogas fueled engine  

Sr. 

No. 
CR IA % OT 

N, 

rpm 

Load, 

kg 

hw,,  

mm of 

water 

FC,  

kg/h 

T1, 

 oC 

T2, 

 oC 

T3, 

 oC 

T4, 

 oC 

T5, 
 oC 

T6, 

 oC 

Exhaust Emissions 

CO, 

% 

volu. 

HC, 

ppm 

CO2, 

% 

volu. 

O2, 

% 

volu. 

NO, 

ppm 

1 

10 

30 

100 

1813 10.97 83.27 1.78 32.58 51.9 32.59 40.88 335.56 269.76 0.03 77 4.5 12.59 1011 

2 1598 14.68 68.96 1.88 32.65 56.58 32.62 45.65 384.39 313.49 0.03 78 6.9 8.49 1928 

3 1396 14.77 59.82 1.7 32.71 53.93 32.7 44.8 369.41 300.62 0.04 78 7.4 6.98 1305 

4 1198 14.86 53.11 1.53 32.63 51.83 32.64 43.86 345.57 275.79 0.04 76 4 12.02 937 

5 

50 

1795 9.25 47.06 1.62 32.98 45.3 32.98 37.9 272.03 206.42 0.04 69 4.9 11.4 1142 

6 1591 10.67 44.84 1.52 33.1 51.21 33.11 40.93 311.85 244.29 0.05 76 6.6 9.4 1379 

7 1411 11.39 43.27 1.3 33.23 52.06 33.24 42.12 319.08 251.25 0.04 64 7.4 7.91 1129 

8 1203 12.16 41.1 1.24 33.3 52.29 33.3 42.39 311.36 243.42 0.03 56 4.4 12.71 1067 

9 

25 

100 

1802 12.14 81.83 1.78 33.53 55.39 33.54 45.2 381.57 309.6 0.03 78 5.4 10.94 1348 

10 1605 14.93 71.5 1.8 33.8 56.49 33.8 47.76 401.26 326.62 0.03 70 6.6 8.96 2003 

11 1412 15.78 61.1 1.63 34.05 56.3 34.08 47.99 393.2 316.88 0.05 93 7.4 7.42 1599 

12 1205 15.49 52.69 1.48 34.22 54.25 34.27 46.6 368.96 291.47 0.05 82 4.5 11.17 1081 

13 

50 

1804 9.43 46.4 1.58 34.49 55.42 34.53 46.48 365.65 290.8 0.05 76 5.3 10.81 1016 

14 1611 10.84 45.06 1.5 34.62 55.6 34.61 47.02 365.53 293.48 0.05 74 6.6 8.71 1229 

15 1406 11.46 43.01 1.29 34.85 54.14 34.83 45.92 351.39 279.98 0.05 72 7.3 7.69 925 

16 1204 12.57 40.84 1.23 34.96 53.21 34.97 45.16 335.63 263.97 0.04 68 5 11.51 641 

17 

20 

100 

1797 11.95 81.42 1.78 35.08 57.7 35.09 49 407.75 332.82 0.02 79 5.6 10.52 1156 

18 1611 14.95 71.35 1.78 35.07 57.66 35.09 50.02 417.36 338.31 0.02 83 6.7 8.77 1564 

19 1420 15.57 60.44 1.65 35.07 57.66 35.09 49.32 404.64 325.48 0.03 96 8.7 4.99 1374 

20 1197 15.48 52.63 1.5 35.06 54.92 35.11 48.02 376.79 299.46 0.03 78 3.7 12.95 981 

21 

50 

1807 7.8 47.18 1.42 35.1 53.08 35.1 44.94 343.92 275.58 0.03 45 4.4 12.39 724 

22 1618 8.71 45.74 1.33 35.11 53.03 35.12 46.73 345.56 280.76 0.03 59 5.3 11.08 834 

23 1415 8.83 43.75 1.1 35.08 51.69 35.1 45.52 331.8 268.44 0.03 68 6.2 9.66 436 

24 1210 9.66 41.2 1 35.09 50.2 35.08 44.69 317.32 252.52 0.02 49 3.6 13.77 315 
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Sr. 

No. 
CR IA % OT 

N, 

rpm 

Load, 

kg 

hw,,  

mm of 

water 

FC,  

kg/h 

T1, 

 oC 

T2, 

 oC 

T3, 

 oC 

T4, 

 oC 

T5, 
 oC 

T6, 

 oC 

Exhaust Emissions 

CO, 

% 

volu. 

HC, 

ppm 

CO2, 

% 

volu. 

O2, 

% 

volu. 

NO, 

ppm 

25 

8 

30 

100 

1812 9.93 82.23 1.7 35.07 51.71 35.07 44.2 347.43 278.66 0.02 41 4.5 12.29 487 

26 1616 13.06 71.32 1.74 35.13 57.2 35.16 49.45 397.8 323.26 0.02 58 6.1 9.51 1789 

27 1416 13.99 61.34 1.57 35.13 58.02 35.15 49.67 394.86 320.09 0.07 79 7.6 7.14 1366 

28 1194 14.01 52.41 1.4 35.15 55.57 35.17 48.08 374.53 296.5 0.07 65 5 10.6 1349 

29 

50 

1806 7.83 45.35 1.51 35.26 56.35 35.23 48.19 376.71 301.26 0.07 51 5.3 11.04 610 

30 1599 9.14 44.11 1.41 35.25 55.96 35.28 48.87 376.32 305.35 0.07 60 6.1 9.65 816 

31 1406 9.77 41.83 1.21 35.23 54.86 35.22 47.75 361.11 291.25 0.07 67 7 8.29 732 

32 1202 10.31 39.55 1.09 35.28 53.58 35.27 46.37 343.57 271.51 0.06 48 4.9 11.74 629 

33 

25 

100 

1806 9.98 81.48 1.7 35.48 57.3 35.48 50.09 411.31 340.9 0.02 48 5.2 11.17 605 

34 1606 13.03 72.05 1.71 35.81 59.01 35.8 51.35 416.62 342.43 0.02 57 6.6 8.91 1238 

35 1418 13.82 62.47 1.51 36.06 58.58 36.07 50.56 404.28 328.97 0.02 47 5.7 10.39 987 

36 1208 14.37 52.68 1.35 36.15 56.79 36.16 48.8 382.07 302.63 0.02 52 4.4 12.36 647 

37 

50 

1804 7.72 45.45 1.48 36.37 58.42 36.35 49.87 387.16 308.75 0.02 46 5 11.63 566 

38 1599 9.02 44.51 1.41 36.53 56.76 36.54 49.67 382.23 304.93 0.03 66 7.3 7.71 866 

39 1396 9.57 42.41 1.22 36.58 55.41 36.6 49.31 366.23 293.19 0.02 63 6.9 8.51 464 

40 1190 10.44 39.76 1.09 36.73 54.1 36.74 47.57 346.95 271.99 0.01 36 3.6 13.95 448 

41 

20 

100 

1801 10.97 82.26 1.88 36.62 53.13 36.65 46.5 374.93 297.85 0.02 44 4.6 12.27 931 

42 1569 13.87 69.11 1.81 36.68 57.67 36.7 52.17 418.75 335.38 0.02 65 6.3 9.48 1383 

43 1423 14.19 61.08 1.62 36.7 57.58 36.69 52.05 414.9 330.69 0.02 79 7.3 7.64 1214 

44 1226 14.38 53.72 1.45 36.62 55.95 36.59 50.21 391.96 306.6 0.02 52 3.5 13.42 710 

45 

50 

1806 7.37 45.12 1.55 36.55 56.46 36.59 50.91 396.34 313.06 0.07 41 4.4 12.71 400 

46 1598 9.06 45.59 1.47 36.48 54.92 36.49 50.54 396.5 313.14 0.08 72 7.9 7.06 611 

47 1401 10.05 42.89 1.3 36.41 54.93 36.43 50.96 390.01 308.49 0.06 68 7.3 7.87 687 

48 1204 11.03 40.89 1.12 36.19 53.69 36.21 49.56 374.71 290.53 0.05 54 5 11.7 506 
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Sr. 

No. 
CR IA % OT 

N, 

rpm 

Load, 

kg 

hw,,  

mm of 

water 

FC,  

kg/h 

T1, 

 oC 

T2, 

 oC 

T3, 

 oC 

T4, 

 oC 

T5, 
 oC 

T6, 

 oC 

Exhaust Emissions 

CO, 

% 

volu. 

HC, 

ppm 

CO2, 

% 

volu. 

O2, 

% 

volu. 

NO, 

ppm 

49 

6 

30 

100 

1805 8.87 81.22 1.81 35.49 53.41 35.48 46.27 399.05 314.38 0.02 39 5 11.83 467 

50 1600 11.75 68.84 1.8 35.39 57.32 35.4 51.72 432.42 346.73 0.02 51 6.1 10.12 1025 

51 1403 12.89 60.43 1.64 35.31 56.96 35.28 52.21 434.02 346.02 0.02 67 7.9 7.15 766 

52 1209 12.49 53.9 1.5 35.44 54.76 35.44 50.85 414.41 319.99 0.02 57 5.2 10.87 579 

53 

50 

1798 5.83 45.25 1.6 35.52 56.55 35.55 52.21 431.78 337.27 0.05 42 5.7 10.49 275 

54 1596 6.53 43.7 1.5 35.65 56 35.66 52.35 426.23 333.97 0.05 53 6.8 8.86 257 

55 1397 8.76 42.58 1.3 35.66 54.76 35.68 51.03 407.77 317.67 0.05 60 7.4 7.93 460 

56 1202 10 40.93 1.15 35.69 53.66 35.7 49.66 386.93 295.24 0.04 37 3.9 13.48 504 

57 

25 

100 

1804 8.55 80.56 1.76 35.88 57.73 35.9 52.64 453.06 366.17 0.02 40 5.8 10.54 346 

58 1608 11.85 71.6 1.76 35.92 57.26 35.93 54.2 454.89 370.15 0.02 47 6.8 9.01 775 

59 1408 12.89 61.26 1.65 36.03 56.84 36.01 53.32 444.52 355.64 0.02 60 7.7 7.24 673 

60 1208 12.17 53.35 1.51 36.07 55.55 36.09 51.7 420.56 326.61 0.02 39 3.8 13.3 289 

61 

50 

1811 5.8 45.36 1.6 36.46 57.6 36.46 52.73 436.52 338.8 0.07 27 4.4 13.01 131 

62 1595 7.18 43.4 1.5 36.52 56.49 36.52 53.03 432.31 336.06 0.06 49 6.5 9.31 192 

63 1399 8.32 42.32 1.3 36.64 55.12 36.64 51.54 412.84 319.91 0.07 51 6.7 9.16 212 

64 1205 9.88 41.12 1.2 36.7 53.7 36.71 50.3 393.4 299.54 0.05 27 2.8 15.47 303 

65 

20 

100 

1806 7.66 81.39 1.78 36.84 57.16 36.84 52.98 463.23 371.37 0.01 34 5.2 11.64 87 

66 1605 11.4 71.28 1.79 37.01 57.66 37.03 54.84 464.78 374.65 0.02 49 6.7 8.78 483 

67 1415 12.34 60.94 1.65 37.06 57.13 37.02 54.16 452.09 357.7 0.02 62 8.7 5.72 203 

68 1206 11.18 53.76 1.5 37.18 56.01 37.18 52.39 431.15 331.81 0.03 32 3.5 13.72 112 

69 

50 

1804 5.37 44.74 1.58 37.24 58.35 37.29 53.59 446.93 347.57 0.08 34 5.6 10.8 131 

70 1606 6.66 43.15 1.5 37.26 56.32 37.29 53.72 441.31 343.76 0.07 44 6.6 9.2 192 

71 1405 8.08 42.65 1.3 37.27 55.41 37.3 52.51 421.21 327.79 0.03 41 6.4 9.73 239 

72 1207 9.15 40.62 1.2 37.25 53.46 37.26 50.99 401.02 303.7 0.04 21 2.6 15.83 117 
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Appendix – II  

Result tables 

 

 

                          Nomenclature for result tables 

IA: Ignition advance before top dead center ma: Air consumption  

CR: Compression ratio mf: Fuel consumption  

OT: Open throttle  BSFC: Brake specific fuel consumption  

N: Engine crank shaft speed  vol.: Volumetric efficiency 

T: Torque   A/F: Air fuel ratio  

BP: Brake power   CL: Cooling system  

BMEP: Brake mean effective pressure EG: Exhaust gases  

BTHE: Brake thermal efficiency UN: Unaccounted and Radiation  
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TABLE 1 Result table for petrol fueled engine  

Sr. 

No. 
CR IA % OT 

N, 

rpm 

Load, 

kg 

T, 

N.m 

BP, 

kW 

BMEP, 

bar 

BTHE, 

% 

ma, 

kg/h 

mf, 

kg/h 

BSFC, 

kg/kWh 
vol., 

% 
A/F 

Heat utilised/lost in 

BP, 

% 

CL, 

% 

EG, 

% 

UN, 

% 

1 

10 

30 

100 

1808 12.27 22.26 4.22 4.23 20.99 31.08 1.64 0.39 73.79 18.92 20.99 27.39 19.18 32.44 

2 1607 13.58 24.65 4.15 4.68 22.48 29.52 1.51 0.36 78.86 19.55 22.48 30.9 20.11 26.5 

3 1410 14.71 26.71 3.94 5.07 23.44 26.97 1.38 0.35 82.12 19.6 23.44 35.28 19.68 21.59 

4 1223 14.83 26.91 3.45 5.11 23.53 24.8 1.2 0.35 87.07 20.69 23.53 36.15 19.15 21.18 

5 

50 

1804 10.16 18.45 3.49 3.5 18.89 23.35 1.51 0.43 55.56 15.47 18.89 33.75 14.53 32.83 

6 1612 10.97 19.91 3.36 3.78 19.98 22.73 1.38 0.41 60.54 16.52 19.98 40.19 15.55 24.29 

7 1414 11.85 21.51 3.18 4.09 21.74 22.29 1.2 0.38 67.69 18.6 21.74 44.8 16.67 16.79 

8 1218 12.48 22.66 2.89 4.3 20.48 21.77 1.15 0.4 76.72 18.86 20.48 41.57 15.79 22.16 

9 

25 

100 

1806 13.55 24.6 4.65 4.67 21.98 30.91 1.73 0.37 73.47 17.85 21.98 31.37 18.29 28.36 

10 1620 14.55 26.4 4.48 5.02 22.31 29.21 1.64 0.37 77.41 17.78 22.31 34.04 19.01 24.64 

11 1412 15.09 27.39 4.05 5.2 23.32 26.71 1.42 0.35 81.22 18.8 23.32 36.99 19.3 20.38 

12 1201 15.08 27.37 3.44 5.2 21.15 24.35 1.33 0.39 87.05 18.28 21.15 33.91 17.16 27.78 

13 

50 

1802 10.87 19.72 3.72 3.75 20.17 23.13 1.51 0.41 55.11 15.33 20.17 34.23 14.76 30.83 

14 1609 11.85 21.51 3.62 4.09 20.87 22.6 1.42 0.39 60.29 15.91 20.87 39.2 15.4 24.52 

15 1403 12.07 21.91 3.22 4.16 21.97 22.23 1.2 0.37 68.03 18.55 21.97 43.54 17.15 17.34 

16 1209 13.01 23.6 2.99 4.48 23.94 21.5 1.02 0.34 76.34 21.05 23.94 44.45 18.44 13.17 

17 

20 

100 

1812 10.02 18.19 3.45 3.46 16.74 31.48 1.69 0.49 74.57 18.66 16.74 23.03 18.39 41.85 

18 1617 12.33 22.37 3.79 4.25 19.94 29.23 1.55 0.41 77.6 18.81 19.94 29.73 19.85 30.48 

19 1417 13.46 24.43 3.63 4.64 22.27 27.07 1.33 0.37 82.01 20.32 22.27 35.45 21.09 21.19 

20 1219 14.67 26.62 3.4 5.06 23.2 24.63 1.2 0.35 86.76 20.55 23.2 37.2 19.84 19.76 

21 

50 

1810 10.31 18.71 3.55 3.56 19.22 22.8 1.51 0.43 54.07 15.1 19.22 34.16 14.96 31.65 

22 1607 11.64 21.13 3.56 4.02 19.86 22.13 1.47 0.41 59.11 15.1 19.86 38.03 15.13 26.98 

23 1420 12.22 22.18 3.3 4.21 22.51 22.08 1.2 0.36 66.75 18.42 22.51 43.62 17.82 16.05 

24 1211 12.9 23.41 2.97 4.45 23.79 21.49 1.02 0.34 76.19 21.05 23.79 46.2 19.34 10.67 
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Sr. 

No. 
CR IA % OT 

N, 

rpm 

Load, 

kg 

T, 

N.m 

BP, 

kW 

BMEP, 

bar 

BTHE, 

% 

ma, 

kg/h 

mf, 

kg/h 

BSFC, 

kg/kWh 
vol., 

% 
A/F 

Heat utilised/lost in 

BP, 

% 

CL, 

% 

EG, 

% 

UN, 

% 

25 

8 

30 

100 

1814 10.24 18.58 3.53 3.53 17.12 31.22 1.69 0.48 73.89 18.51 17.12 22.37 19.33 41.19 

26 1618 12.57 22.81 3.86 4.33 21.58 29.49 1.47 0.38 78.25 20.13 21.58 32.45 21.95 24.02 

27 1415 13.47 24.45 3.62 4.64 20.86 27 1.42 0.39 81.91 19 20.86 35.64 20.45 23.04 

28 1217 14.2 25.78 3.29 4.9 23.28 24.61 1.15 0.35 86.8 21.32 23.28 41.41 21.54 13.76 

29 

50 

1806 9.72 17.64 3.34 3.35 18.63 22.33 1.47 0.44 53.07 15.24 18.63 38.01 15.71 27.65 

30 1620 10.76 19.52 3.31 3.71 20.34 21.72 1.33 0.4 57.56 16.31 20.34 42.16 16.98 20.52 

31 1413 11.64 21.12 3.12 4.01 22.15 21.98 1.15 0.37 66.79 19.04 22.15 47.27 19.15 11.43 

32 1203 12.16 22.07 2.78 4.19 21.35 21.31 1.07 0.38 76.04 20 21.35 46.35 18.98 13.32 

33 

25 

100 

1806 10.96 19.9 3.76 3.78 17.78 31.12 1.73 0.46 73.98 17.97 17.78 31.09 19.28 31.85 

34 1633 12.12 22.01 3.76 4.18 20.4 29.55 1.51 0.4 77.68 19.57 20.4 39.19 22.47 17.94 

35 1399 12.87 23.36 3.42 4.44 19.11 26.82 1.47 0.43 82.29 18.3 19.11 29.05 20.38 31.46 

36 1214 14 25.41 3.23 4.83 21.26 24.57 1.24 0.38 86.9 19.77 21.26 32.17 20.32 26.25 

37 

50 

1811 10.02 18.18 3.45 3.45 19.86 23.12 1.42 0.41 54.82 16.28 19.86 35.7 17.42 27.02 

38 1604 11.28 20.47 3.44 3.89 21.85 22.57 1.29 0.37 60.4 17.53 21.85 40.35 18.61 19.19 

39 1409 11.59 21.03 3.1 3.99 19.71 22.1 1.29 0.42 67.32 17.16 19.71 37.9 17.52 24.87 

40 1211 12.16 22.07 2.8 4.19 22.43 21.36 1.02 0.36 75.72 20.92 22.43 42.47 19.78 15.33 

41 

20 

100 

1810 8.9 16.15 3.06 3.07 14.85 31.25 1.69 0.55 74.12 18.52 14.85 21.9 21.49 41.76 

42 1597 9.87 17.91 3 3.4 16.73 29.24 1.47 0.49 78.61 19.96 16.73 29.91 24.28 29.08 

43 1408 11.52 20.91 3.08 3.97 16.71 27.06 1.51 0.49 82.52 17.93 16.71 29.21 21.13 32.95 

44 1231 13.32 24.17 3.12 4.59 19.8 24.96 1.29 0.41 87.05 19.39 19.8 31.07 20.78 28.34 

45 

50 

1808 9.88 17.93 3.4 3.41 18.96 22.43 1.47 0.43 53.26 15.31 18.96 34.68 16.78 29.58 

46 1616 11.03 20.01 3.39 3.8 19.5 22.41 1.42 0.42 59.54 15.78 19.5 35.18 17.23 28.08 

47 1403 11.59 21.03 3.09 4 20.34 21.78 1.24 0.4 66.63 17.52 20.34 36.47 18.28 24.91 

48 1213 11.93 21.65 2.75 4.11 22.03 21.09 1.02 0.37 74.63 20.65 22.03 39.08 20.1 18.79 
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Sr. 

No. 
CR IA % OT 

N, 

rpm 

Load, 

kg 

T, 

N.m 

BP, 

kW 

BMEP, 

bar 

BTHE, 

% 

ma, 

kg/h 

mf, 

kg/h 

BSFC, 

kg/kWh 
vol., 

% 
A/F 

Heat utilised/lost in 

BP, 

% 

CL, 

% 

EG, 

% 

UN, 

% 

49 

6 

30 

100 

1813 6.57 11.93 2.26 2.27 11.28 30.92 1.64 0.73 73.22 18.82 11.28 21.19 19.07 48.46 

50 1628 9.87 17.91 3.05 3.4 16.55 29.47 1.51 0.49 77.71 19.52 16.55 28.29 23.59 31.56 

51 1414 10.35 18.78 2.78 3.57 16.53 27.19 1.38 0.5 82.55 19.75 16.53 30.09 23.34 30.04 

52 1200 11.88 21.55 2.71 4.1 19.2 24.57 1.15 0.43 87.91 21.29 19.2 32.18 23.33 25.29 

53 

50 

1810 8.59 15.59 2.95 2.96 16.02 22.95 1.51 0.51 54.43 15.2 16.02 29.32 17.59 37.07 

54 1614 9.64 17.5 2.96 3.32 18.17 22.63 1.33 0.45 60.19 16.99 18.17 35.17 19.69 26.97 

55 1416 10.12 18.38 2.72 3.49 19.31 22.09 1.15 0.42 66.97 19.14 19.31 36.6 21.1 22.99 

56 1206 10.18 18.47 2.33 3.51 17.91 21.44 1.07 0.46 76.3 20.12 17.91 34.91 21.08 26.11 

57 

25 

100 

1804 8.73 15.84 2.99 3.01 14.14 30.62 1.73 0.58 72.87 17.68 14.14 27.61 23.84 34.41 

58 1590 9.66 17.53 2.92 3.33 15.36 28.77 1.55 0.53 77.67 18.51 15.36 30.33 24.36 29.94 

59 1404 10.1 18.32 2.69 3.48 16.02 27.01 1.38 0.51 82.58 19.62 16.02 32.11 24.55 27.32 

60 1205 11.81 21.43 2.7 4.07 18.46 24.6 1.2 0.44 87.63 20.52 18.46 32.97 23.89 24.69 

61 

50 

1807 8.84 16.03 3.03 3.05 15.97 22.74 1.55 0.51 54.03 14.64 15.97 30.75 18.03 35.25 

62 1619 9.76 17.71 3 3.36 17.85 22.47 1.38 0.46 59.58 16.32 17.85 34.93 19.55 27.68 

63 1405 10.09 18.3 2.69 3.48 17.72 21.78 1.24 0.46 66.53 17.52 17.72 35.21 20.05 27.02 

64 1198 10.14 18.4 2.31 3.5 17.02 21.28 1.11 0.48 76.25 19.17 17.02 35.71 20.7 26.58 

65 

20 

100 

1804 7.41 13.44 2.54 2.55 12.31 30.65 1.69 0.66 72.94 18.17 12.31 27.26 25.28 35.15 

66 1612 8.67 15.74 2.66 2.99 13.6 28.88 1.6 0.6 76.92 18.07 13.6 30.33 25.06 31.01 

67 1432 8.27 15.01 2.25 2.85 13.38 27.12 1.38 0.61 81.29 19.7 13.38 31.89 25.92 28.82 

68 1217 10.19 18.49 2.36 3.51 16.7 24.88 1.15 0.49 87.77 21.55 16.7 35.44 26.39 21.46 

69 

50 

1806 8.68 15.75 2.98 2.99 14.84 22.95 1.64 0.55 54.55 13.97 14.84 29.22 17.97 37.97 

70 1607 9.46 17.16 2.89 3.26 17.17 22.17 1.38 0.48 59.23 16.11 17.17 35.42 19.88 27.53 

71 1415 9.36 16.98 2.52 3.23 15.99 21.91 1.29 0.51 66.48 17.02 15.99 34.63 20.08 29.3 

72 1210 9.27 16.83 2.13 3.2 15.72 21.31 1.11 0.52 75.62 19.2 15.72 36.5 21.5 26.29 
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TABLE 2 Result table for CNG fueled engine  

Sr. 

No. 
CR IA % OT 

N, 

rpm 

Load, 

kg 

T, 

N.m 

BP, 

kW 

BMEP, 

bar 

BTHE, 

% 

ma, 

kg/h 

mf, 

kg/h 

BSFC, 

kg/kWh 
vol., 

% 
A/F 

Heat utilised/lost in 

BP, 

% 

CL, 

% 

EG, 

% 

UN, 

% 

1 

10 

30 

100 

1808 8.09 14.67 2.78 2.79 14.37 30.34 1.45 0.52 72.03 20.92 14.37 18.38 15.42 51.83 

2 1597 12.69 23.02 3.85 4.37 19.51 28.13 1.48 0.38 75.62 19.01 19.51 24.16 15.57 40.76 

3 1429 13.57 24.63 3.69 4.68 20.33 26.11 1.36 0.37 78.44 19.2 20.33 28.94 15.64 35.09 

4 1172 10.37 18.83 2.31 3.58 13.87 23.97 1.25 0.54 87.78 19.17 13.87 29.74 14.51 41.89 

5 

50 

1810 8.06 14.62 2.77 2.78 15.63 23.3 1.33 0.48 55.26 17.52 15.63 32.23 14.03 38.11 

6 1609 8.96 16.27 2.74 3.09 16.71 23.11 1.23 0.45 61.66 18.79 16.71 30.64 14.83 37.82 

7 1397 9.11 16.54 2.42 3.14 17.12 22.14 1.06 0.44 68.05 20.89 17.12 33.76 15.92 33.2 

8 1231 10.06 18.25 2.35 3.47 18.01 21.98 0.98 0.42 76.64 22.43 18.01 32.26 15.99 33.74 

9 

25 

100 

1816 7.04 12.78 2.43 2.43 12.74 29.71 1.43 0.59 70.22 20.77 12.74 26.61 18.42 42.22 

10 1607 12.58 22.83 3.84 4.34 18.84 28.16 1.53 0.4 75.23 18.41 18.84 25.26 16.17 39.74 

11 1420 14.56 26.42 3.93 5.02 22.67 26.06 1.3 0.33 78.78 20.05 22.67 25.22 15.93 36.17 

12 1220 14.67 26.63 3.4 5.06 20.25 23.85 1.26 0.37 83.92 18.93 20.25 28.82 14.74 36.19 

13 

50 

1812 8.18 14.85 2.82 2.82 16.01 23.28 1.32 0.47 55.15 17.64 16.01 29.94 14.56 39.49 

14 1602 9.33 16.93 2.84 3.22 16.78 22.8 1.27 0.45 61.11 17.96 16.78 29.46 14.69 39.08 

15 1399 9.31 16.9 2.48 3.21 17.52 22.28 1.06 0.43 68.36 21.02 17.52 32.82 16.4 33.26 

16 1220 10.41 18.9 2.41 3.59 18.48 21.55 0.98 0.41 75.84 21.99 18.48 30.62 15.7 35.2 

17 

20 

100 

1815 5.61 10.18 1.94 1.93 10.08 30.29 1.44 0.74 71.63 21.03 10.08 24.58 19.52 45.83 

18 1638 11.77 21.37 3.66 4.06 19.22 28.39 1.43 0.39 74.39 19.85 19.22 26.81 18.77 35.2 

19 1435 12.95 23.51 3.53 4.47 20.7 26.32 1.28 0.36 78.74 20.56 20.7 29.07 18.48 31.75 

20 1196 13.59 24.66 3.09 4.68 18.38 23.83 1.26 0.41 85.54 18.91 18.38 29.57 16.08 35.97 

21 

50 

1808 7.54 13.69 2.59 2.6 15.43 22.65 1.26 0.49 53.78 17.98 15.43 30.12 15.13 39.33 

22 1598 8.38 15.21 2.55 2.89 14.92 22.3 1.28 0.5 59.9 17.42 14.92 28.11 14.79 42.18 

23 1408 8.83 16.02 2.36 3.04 16.71 21.85 1.06 0.45 66.61 20.61 16.71 31.49 16.44 35.36 

24 1215 10.13 18.39 2.34 3.49 17.91 21.36 0.98 0.42 75.48 21.8 17.91 31.64 16.77 33.69 
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Sr. 

No. 
CR IA % OT 

N, 

rpm 

Load, 

kg 

T, 

N.m 

BP, 

kW 

BMEP, 

bar 

BTHE, 

% 

ma, 

kg/h 

mf, 

kg/h 

BSFC, 

kg/kWh 
vol., 

% 
A/F 

Heat utilised/lost in 

BP, 

% 

CL, 

% 

EG, 

% 

UN, 

% 

25 

8 

30 

100 

1813 10.14 18.41 3.49 3.5 16.08 29.6 1.63 0.47 70.09 18.16 16.08 21.56 14.57 47.79 

26 1618 13.58 24.65 4.18 4.68 17.9 27.75 1.75 0.42 73.64 15.86 17.9 25.64 15.14 41.32 

27 1407 14.55 26.41 3.89 5.02 18.83 25.41 1.55 0.4 77.52 16.39 18.83 30.31 15.91 34.95 

28 1216 14.09 25.56 3.26 4.86 16.95 23.69 1.44 0.44 83.64 16.45 16.95 29.72 15.49 37.83 

29 

50 

1804 8.59 15.58 2.94 2.96 15.12 22.3 1.46 0.5 53.07 15.27 15.12 31.43 14.53 38.92 

30 1597 9.85 17.87 2.99 3.4 15.67 21.76 1.43 0.48 58.49 15.21 15.67 31.61 14.51 38.21 

31 1410 10.57 19.19 2.83 3.65 17.71 21.47 1.2 0.42 65.38 17.89 17.71 35.14 16.15 31 

32 1206 11.33 20.57 2.6 3.91 17.71 20.9 1.1 0.42 74.41 19 17.71 34.74 16.08 31.47 

33 

25 

100 

1803 10.86 19.7 3.72 3.74 16.61 29.43 1.68 0.45 70.08 17.52 16.61 28.04 17.98 37.37 

34 1608 14.1 25.59 4.31 4.86 19.23 27.19 1.68 0.39 72.6 16.19 19.23 29.66 17.32 33.79 

35 1405 14.99 27.21 4 5.17 19.25 25.43 1.56 0.39 77.7 16.3 19.25 29.93 16.9 33.92 

36 1216 14.4 26.13 3.33 4.96 17.95 24.02 1.39 0.42 84.81 17.28 17.95 29.22 16.74 36.09 

37 

50 

1806 8.74 15.86 3 3.01 15.1 22.66 1.49 0.5 53.86 15.21 15.1 31.86 14.95 38.09 

38 1611 10.13 18.39 3.1 3.49 16.27 22.13 1.43 0.46 58.98 15.48 16.27 31.4 15.06 37.26 

39 1401 10.79 19.58 2.87 3.72 17.23 21.71 1.25 0.44 66.53 17.37 17.23 33.94 16.03 32.79 

40 1207 11.78 21.38 2.7 4.06 18.1 21.27 1.12 0.41 75.65 18.99 18.1 34.4 16.47 31.03 

41 

20 

100 

1802 10.65 19.32 3.65 3.67 16.38 29.38 1.67 0.46 69.99 17.59 16.38 28.07 18.55 37 

42 1620 13.88 25.19 4.27 4.79 18.31 27.45 1.75 0.41 72.75 15.69 18.31 27.72 17.32 36.64 

43 1414 14.37 26.08 3.86 4.96 18.57 25.4 1.56 0.4 77.13 16.29 18.57 30.91 17.28 33.24 

44 1218 13.71 24.88 3.17 4.73 16.64 23.81 1.43 0.45 83.92 16.65 16.64 29.25 16.63 37.48 

45 

50 

1804 8.42 15.28 2.89 2.9 14.62 22.7 1.48 0.51 54.01 15.34 14.62 31.21 15.42 38.74 

46 1606 9.78 17.75 2.98 3.37 15.65 22.08 1.43 0.48 59.01 15.44 15.65 31.41 15.54 37.4 

47 1400 10.26 18.62 2.73 3.54 16.78 21.78 1.22 0.45 66.77 17.85 16.78 34.34 17.03 31.85 

48 1209 11.37 20.64 2.61 3.92 17.35 21.43 1.13 0.43 76.08 18.96 17.35 34.4 17.02 31.24 
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Sr. 

No. 
CR IA % OT 

N, 

rpm 

Load, 

kg 

T, 

N.m 

BP, 

kW 

BMEP, 

bar 

BTHE, 

% 

ma, 

kg/h 

mf, 

kg/h 

BSFC, 

kg/kWh 
vol., 

% 
A/F 

Heat utilised/lost in 

BP, 

% 

CL, 

% 

EG, 

% 

UN, 

% 

49 

6 

30 

100 

1804 8.8 15.96 3.02 3.03 13.23 29.18 1.71 0.57 69.43 17.06 13.23 20.66 14.67 51.44 

50 1605 12.07 21.9 3.68 4.16 15.34 27.42 1.8 0.49 73.33 15.23 15.34 26.91 16.49 41.26 

51 1409 12.58 22.83 3.37 4.34 15.99 25.36 1.58 0.47 77.27 16.05 15.99 28.82 17.15 38.05 

52 1223 11.92 21.63 2.77 4.11 14.74 24.15 1.41 0.51 84.79 17.13 14.74 30.14 17.4 37.73 

53 

50 

1815 5.83 10.58 2.01 2.01 9.99 21.97 1.51 0.75 51.97 14.55 9.99 30.9 15.25 43.86 

54 1619 7.17 13.01 2.21 2.47 11.41 21.79 1.45 0.66 57.78 15.03 11.41 32.3 15.84 40.45 

55 1410 8.37 15.18 2.24 2.88 13.67 21.43 1.23 0.55 65.25 17.42 13.67 34.47 17.36 34.5 

56 1218 9.66 17.53 2.24 3.33 14.58 21.14 1.15 0.51 74.49 18.38 14.58 33.9 17.23 34.29 

57 

25 

100 

1805 8.82 16.01 3.03 3.04 13.43 29.07 1.69 0.56 69.14 17.2 13.43 27.78 19.18 39.61 

58 1607 11.79 21.4 3.6 4.07 15.8 27.45 1.71 0.47 73.32 16.05 15.8 30.12 18.45 35.64 

59 1410 12.47 22.63 3.34 4.3 16.17 25.54 1.55 0.46 77.75 16.48 16.17 31.32 18.26 34.25 

60 1211 11.65 21.14 2.68 4.02 14.16 23.89 1.42 0.53 84.69 16.82 14.16 30.71 17.73 37.4 

61 

50 

1809 5.68 10.31 1.95 1.96 9.83 21.85 1.49 0.76 51.85 14.66 9.83 32.22 15.95 42 

62 1608 6.97 12.65 2.13 2.4 11.25 21.83 1.42 0.67 58.27 15.37 11.25 32.73 16.56 39.46 

63 1413 8.48 15.39 2.28 2.92 13.78 21.31 1.24 0.54 64.75 17.19 13.78 33.83 17.58 34.82 

64 1214 9.79 17.76 2.26 3.37 14.47 20.91 1.17 0.52 73.93 17.87 14.47 33.46 17.23 34.84 

65 

20 

100 

1807 8.16 14.81 2.8 2.81 12.36 29.2 1.7 0.61 69.37 17.18 12.36 29.97 19.9 37.76 

66 1607 11.59 21.04 3.54 4 15.35 27.1 1.73 0.49 72.39 15.66 15.35 30.62 18.51 35.52 

67 1415 12.42 22.55 3.34 4.28 15.86 25.43 1.58 0.47 77.15 16.1 15.86 32.43 18.34 33.37 

68 1204 11.14 20.22 2.55 3.84 13.19 23.92 1.45 0.57 85.28 16.49 13.19 30.78 17.88 38.16 

69 

50 

1811 5.26 9.55 1.81 1.81 9.06 21.84 1.5 0.83 51.76 14.56 9.06 33.26 16.02 41.67 

70 1615 6.4 11.61 1.96 2.21 10.44 21.68 1.41 0.72 57.63 15.38 10.44 35.36 16.73 37.47 

71 1408 7.72 14.01 2.07 2.66 12.6 21.01 1.23 0.6 64.05 17.08 12.6 38.22 17.71 31.47 

72 1208 9.26 16.81 2.13 3.19 12.81 20.72 1.24 0.59 73.64 16.64 12.81 31.86 16.57 38.76 
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TABLE 3 Result table for enriched biogas fueled engine  

Sr. 

No. 
CR IA % OT 

N, 

rpm 

Load, 

kg 

T, 

N.m 

BP, 

kW 

BMEP, 

bar 

BTHE, 

% 

ma, 

kg/h 

mf, 

kg/h 

BSFC, 

kg/kWh 
vol., 

% 
A/F 

Heat utilised/lost in 

BP, 

% 

CL, 

% 

EG, 

% 

UN, 

% 

1 

10 

30 

100 

1813 10.97 19.91 3.78 3.78 17.94 29.72 1.78 0.47 70.37 16.7 17.94 26.65 15.37 40.04 

2 1598 14.68 26.63 4.46 5.06 20.02 27.04 1.88 0.42 72.65 14.38 20.02 31.25 15.48 33.25 

3 1396 14.77 26.8 3.92 5.09 19.46 25.19 1.7 0.43 77.46 14.82 19.46 30.65 15.25 34.64 

4 1198 14.86 26.97 3.38 5.12 18.68 23.73 1.53 0.45 85.04 15.51 18.68 30.8 14.81 35.71 

5 

50 

1795 9.25 16.78 3.15 3.19 16.45 22.34 1.62 0.51 53.43 13.79 16.45 18.67 10.2 54.67 

6 1591 10.67 19.37 3.23 3.68 17.93 21.81 1.52 0.47 58.84 14.35 17.93 29.25 12.31 40.51 

7 1411 11.39 20.67 3.05 3.93 19.85 21.42 1.3 0.43 65.18 16.48 19.85 35.56 14.37 30.21 

8 1203 12.16 22.07 2.78 4.19 18.94 20.88 1.24 0.45 74.51 16.84 18.94 37.6 14.28 29.18 

9 

25 

100 

1802 12.14 22.03 4.16 4.19 19.73 29.46 1.78 0.43 70.18 16.55 19.73 30.16 17.52 32.59 

10 1605 14.93 27.1 4.55 5.15 21.37 27.54 1.8 0.4 73.66 15.3 21.37 30.95 17.17 30.5 

11 1412 15.78 28.64 4.23 5.44 21.94 25.46 1.63 0.38 77.39 15.62 21.94 33.51 17.13 27.42 

12 1205 15.49 28.11 3.55 5.34 20.25 23.64 1.48 0.42 84.21 15.97 20.25 33.23 16.34 30.18 

13 

50 

1804 9.43 17.12 3.23 3.25 17.29 22.18 1.58 0.49 52.79 14.04 17.29 32.52 14.34 35.85 

14 1611 10.84 19.67 3.32 3.74 18.69 21.86 1.5 0.45 58.26 14.57 18.69 34.34 14.85 32.12 

15 1406 11.46 20.81 3.06 3.95 20.06 21.36 1.29 0.42 65.21 16.56 20.06 36.7 16.04 27.2 

16 1204 12.57 22.82 2.88 4.34 19.76 20.81 1.23 0.43 74.2 16.92 19.76 36.43 15.57 28.24 

17 

20 

100 

1797 11.95 21.69 4.08 4.12 19.37 29.39 1.78 0.44 70.2 16.51 19.37 31.2 18.77 30.66 

18 1611 14.95 27.13 4.58 5.15 21.72 27.51 1.78 0.39 73.3 15.45 21.72 31.15 18.08 29.05 

19 1420 15.57 28.26 4.2 5.37 21.52 25.32 1.65 0.39 76.54 15.34 21.52 33.62 17.38 27.49 

20 1197 15.48 28.1 3.52 5.34 19.83 23.62 1.5 0.43 84.73 15.75 19.83 32.5 16.5 31.16 

21 

50 

1807 7.8 14.15 2.68 2.69 15.93 22.37 1.42 0.53 53.14 15.75 15.93 31.09 14.95 38.04 

22 1618 8.71 15.81 2.68 3 17.01 22.03 1.33 0.5 58.44 16.56 17.01 33.09 15.75 34.15 

23 1415 8.83 16.02 2.37 3.04 18.23 21.54 1.1 0.46 65.35 19.58 18.23 37.07 17.66 27.04 

24 1210 9.66 17.53 2.22 3.33 18.76 20.9 1 0.45 74.16 20.9 18.76 37.1 17.9 26.24 
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Sr. 

No. 
CR IA % OT 

N, 

rpm 

Load, 

kg 

T, 

N.m 

BP, 

kW 

BMEP, 

bar 

BTHE, 

% 

ma, 

kg/h 

mf, 

kg/h 

BSFC, 

kg/kWh 
vol., 

% 
A/F 

Heat utilised/lost in 

BP, 

% 

CL, 

% 

EG, 

% 

UN, 

% 

25 

8 

30 

100 

1812 9.93 18.03 3.42 3.42 17 29.53 1.7 0.5 69.97 17.37 17 24.03 16.58 42.4 

26 1616 13.06 23.7 4.01 4.5 19.47 27.5 1.74 0.43 73.06 15.81 19.47 31.13 17.55 31.85 

27 1416 13.99 25.39 3.76 4.82 20.25 25.51 1.57 0.42 77.33 16.25 20.25 35.79 17.86 26.09 

28 1194 14.01 25.42 3.18 4.83 19.18 23.58 1.4 0.44 84.77 16.84 19.18 35.81 17.46 27.56 

29 

50 

1806 7.83 14.22 2.69 2.7 15.04 21.93 1.51 0.56 52.13 14.52 15.04 34.29 15.28 35.39 

30 1599 9.14 16.59 2.78 3.15 16.64 21.63 1.41 0.51 58.07 15.34 16.64 36.06 16.07 31.23 

31 1406 9.77 17.73 2.61 3.37 18.22 21.06 1.21 0.46 64.31 17.41 18.22 39.83 17.32 24.63 

32 1202 10.31 18.72 2.36 3.56 18.26 20.48 1.09 0.46 73.14 18.79 18.26 41.23 17.64 22.87 

33 

25 

100 

1806 9.98 18.11 3.43 3.44 17.02 29.4 1.7 0.5 69.87 17.29 17.02 31.51 19.79 31.67 

34 1606 13.03 23.65 3.98 4.49 19.65 27.64 1.71 0.43 73.89 16.17 19.65 33.32 18.83 28.21 

35 1418 13.82 25.08 3.72 4.76 20.83 25.74 1.51 0.41 77.92 17.05 20.83 36.61 19.17 23.39 

36 1208 14.37 26.09 3.3 4.96 20.65 23.64 1.35 0.41 84 17.51 20.65 37.54 18.5 23.31 

37 

50 

1804 7.72 14.02 2.65 2.66 15.11 21.96 1.48 0.56 52.25 14.83 15.11 36.59 16.06 32.24 

38 1599 9.02 16.37 2.74 3.11 16.42 21.73 1.41 0.51 58.33 15.41 16.42 35.22 16.41 31.96 

39 1396 9.57 17.37 2.54 3.3 17.58 21.21 1.22 0.48 65.22 17.38 17.58 37.9 17.56 26.95 

40 1190 10.44 18.94 2.36 3.6 18.29 20.54 1.09 0.46 74.08 18.84 18.29 39.12 17.87 24.71 

41 

20 

100 

1801 10.97 19.91 3.76 3.78 16.87 29.54 1.88 0.5 70.4 15.71 16.87 0 15.01 68.12 

42 1569 13.87 25.16 4.13 4.78 19.3 27.07 1.81 0.44 74.07 14.96 19.3 28.47 17.6 34.63 

43 1423 14.19 25.75 3.84 4.89 20 25.45 1.62 0.42 76.79 15.71 20 31.65 18.25 30.09 

44 1226 14.38 26.1 3.35 4.96 19.52 23.87 1.45 0.43 83.58 16.46 19.52 32.72 17.94 29.81 

45 

50 

1806 7.37 13.37 2.53 2.54 13.78 21.88 1.55 0.61 52 14.11 13.78 31.54 14.41 40.28 

46 1598 9.06 16.44 2.75 3.12 15.81 21.99 1.47 0.53 59.07 14.96 15.81 30.8 15.22 38.18 

47 1401 10.05 18.23 2.67 3.46 17.38 21.33 1.3 0.49 65.35 16.41 17.38 34.98 16.31 31.34 

48 1204 11.03 20.01 2.52 3.8 19.03 20.82 1.12 0.44 74.25 18.59 19.03 38.36 19.18 23.43 
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Sr. 

No. 
CR IA % OT 

N, 

rpm 

Load, 

kg 

T, 

N.m 

BP, 

kW 

BMEP, 

bar 

BTHE, 

% 

ma, 

kg/h 

mf, 

kg/h 

BSFC, 

kg/kWh 
vol., 

% 
A/F 

Heat utilised/lost in 

BP, 

% 

CL, 

% 

EG, 

% 

UN, 

% 

49 

6 

30 

100 

1805 8.87 16.1 3.04 3.06 14.2 29.35 1.81 0.59 69.8 16.21 14.2 24.31 18.03 43.45 

50 1600 11.75 21.33 3.57 4.05 16.77 27.02 1.8 0.5 72.5 15.01 16.77 29.92 18.28 35.04 

51 1403 12.89 23.39 3.44 4.44 17.7 25.32 1.64 0.48 77.46 15.44 17.7 32.41 18.84 31.05 

52 1209 12.49 22.66 2.87 4.31 16.16 23.91 1.5 0.52 84.9 15.94 16.16 31.63 18.48 33.74 

53 

50 

1798 5.83 10.59 1.99 2.01 10.53 21.91 1.6 0.8 52.31 13.69 10.53 32.27 16.74 40.45 

54 1596 6.53 11.85 1.98 2.25 11.15 21.53 1.5 0.76 57.91 14.35 11.15 33.31 17.26 38.28 

55 1397 8.76 15.9 2.33 3.02 15.11 21.25 1.3 0.56 65.3 16.35 15.11 36.08 18.6 30.21 

56 1202 10 18.14 2.28 3.45 16.78 20.84 1.15 0.5 74.41 18.12 16.78 38.37 19.37 25.48 

57 

25 

100 

1804 8.55 15.52 2.93 2.95 14.07 29.23 1.76 0.6 69.56 16.61 14.07 30.48 21.12 34.33 

58 1608 11.85 21.51 3.62 4.09 17.38 27.56 1.76 0.49 73.57 15.66 17.38 29.76 20.07 32.79 

59 1408 12.89 23.4 3.45 4.44 17.66 25.49 1.65 0.48 77.72 15.45 17.66 30.97 19.34 32.04 

60 1208 12.17 22.08 2.79 4.2 15.63 23.79 1.51 0.54 84.53 15.75 15.63 31.67 18.56 34.14 

61 

50 

1811 5.8 10.52 2 2 10.54 21.93 1.6 0.8 51.99 13.71 10.54 32.45 16.96 40.06 

62 1595 7.18 13.03 2.18 2.47 12.25 21.46 1.5 0.69 57.75 14.3 12.25 32.7 17.46 37.59 

63 1399 8.32 15.1 2.21 2.87 14.38 21.18 1.3 0.59 65.01 16.3 14.38 34.9 18.79 31.93 

64 1205 9.88 17.93 2.26 3.41 15.92 20.88 1.2 0.53 74.4 17.4 15.92 34.79 18.98 30.3 

65 

20 

100 

1806 7.66 13.89 2.63 2.64 12.47 29.38 1.78 0.68 69.84 16.51 12.47 28.04 21.5 37.99 

66 1605 11.4 20.69 3.48 3.93 16.41 27.5 1.79 0.51 73.54 15.36 16.41 28.33 20.17 35.1 

67 1415 12.34 22.39 3.32 4.25 16.99 25.42 1.65 0.5 77.13 15.41 16.99 29.87 19.64 33.51 

68 1206 11.18 20.28 2.56 3.85 14.43 23.88 1.5 0.59 85 15.92 14.43 30.83 19.25 35.5 

69 

50 

1804 5.37 9.74 1.84 1.85 9.83 21.78 1.58 0.86 51.84 13.79 9.83 32.8 17.48 39.88 

70 1606 6.66 12.09 2.03 2.3 11.45 21.39 1.5 0.74 57.18 14.26 11.45 31.2 17.8 39.56 

71 1405 8.08 14.66 2.16 2.79 14.02 21.27 1.3 0.6 64.98 16.36 14.02 34.26 19.27 32.46 

72 1207 9.15 16.61 2.1 3.16 14.78 20.76 1.2 0.57 73.82 17.3 14.78 33.16 19.27 32.8 

 



151 

 

Appendix – III 

Uncertainty Analysis 

 

1 Introduction  

The purpose of uncertainty analysis is to assess the inaccuracy and calibration of instruments 

used for experimental work, as well as the environmental conditions and experiment reading 

technique. Errors are generated during the experimental process. Measurement instruments 

with the least count and experimental procedures cause error and inaccuracy in the 

measuring parameters. The total error caused by instruments is the difference between the 

measured and actual value. It is quite difficult to eliminate the total error of the instruments. 

"Uncertainty Analysis" is the most effective method for reducing overall instrument error. 

The range of value in uncertainty analysis can be reached close to true value. Uncertainty 

analysis is required to show the reliability of the experiments. 

2 Sample calculation for uncertainty   

(i) Brake Power of the engine 

Uncertainty in engine Brake Power (BP) measurement is given by following equation:  

2 2

2 2( ) ( )
BP T N

BP BP
U U U

T N

    
      

    
 

 where UBP = uncertainty in BP in kW, 

             BP = brake power in kW,  

                           T = torque in N.m, 

                          N = crank shaft speed in rpm, 

                         UT = uncertainty in torque measurement in N.m, 

                         UN = uncertainty in crank shaft speed measurement in rpm.  

The partial derivatives are obtained as per following:  

                         BP = 
2

60,000

NT
 kW 

            
( ) 2

60,000

BP N BP

T T

 
   

 
, and  



Appendix – III Uncertainty Analysis 

152 

 

            
( ) 2

60,000

BP T BP

N N

 
   

 
 

Uncertainty of independent variables was found out by using accuracy of the measuring 

instrument used for the measurement of the respective variable. Uncertainty in load 

measurement was 0.01 kg or 0.01×9.81 N   0.1 N. Therefore, uncertainty in torque 

measurement, UT = 0.1 N.m. Uncertainty in engine crank shaft speed measurement was             

1 rpm. Therefore, UN = 1 rpm.  

Therefore, uncertainty of BP for reading No.1 of Petrol run engine (BP = 4.22 kW, T = 22.26 

N.m, and N = 1808 rpm) is calculated as per following:    

   
2 2

2 2
0.

4.22 4.22

22.26 1808
1 1BPU

   
      

   
 

        = 0.0191 kW 

Thus, the total BP of the engine can be expressed as: 

BP = 4.22 ± 0.0191 kW 

% Uncertainty in measurement of BP can be expressed as: 

% Uncertainty in BP = 100BPU

BP

 
 

 
 = 

0.0191

4.22
100

 
 

 
 

                                   = ± 0.4526 

(ii) Brake thermal efficiency  

Uncertainty in Brake Thermal efficiency (BTHE) of an engine is given by following 

equation:  

 

22

2 2( ) ( )
fBTHE BP m

f

BTHE BTHE
U U U

BP m

   
            

 

 where UBTHE = uncertainty in BTHE in %, 

           BTHE = brake thermal efficiency in %, 

                BP = brake power of the engine in kW, 

                mf = fuel consumption in kg/h, 

              UBP = uncertainty in brake power measurement in kW, 

               Umf = uncertainty in fuel consumption measurement in kg/h.    

The partial derivatives are obtained as per following:  

BTHE = 
3600

. .f

BP

m C V




 × 100 % 
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( ) 3600

. .f

BTHE BTHE

BP m C V BP

 
      

, and 

2

( ) 3600 3600

. . . .f f f f f

BTHE BP BP BTHE

m m C V m m C V m

   
         

 

Uncertainty in BP measurement, UBP = 0.0191 kW and uncertainty in fuel consumption 

measurement, Umf = 0.045 kg/h. Therefore, uncertainty in BP for reading No.1 of Petrol run 

engine (BTHE = 20.99%, BP = 4.22 kW, and mf = 1.64 kg/h) is calculated as per following:   

   
2 2

2220.99 20.99
0.0191 0.045

4.22 1.64
BTHEU

   
      

   
  

           = 0.5837% 

Thus, the total BTHE of the engine can be expressed as: 

BTHE = 20.99 ± 0.5837% 

% Uncertainty in measurement of BTHE can be expressed as: 

% Uncertainty in BTHE = 100BTHEU

BTHE

 
 

 
 = 

0.5837

20.99
100

 
 

 
 

                                        = ± 2.781 

(iii) Brake specific fuel consumption  

Uncertainty in Brake specific fuel consumption (BSFC) of an engine is given by following 

equation:  

 

2 2

2 2( ) ( )
fBSFC m BP

f

BSFC BSFC
U U U

m BP

    
           

 

where UBSFC = uncertainty in BSFC in %, 

           BTHE = brake specific fuel consumption in kg/kWh. 

The partial derivatives are obtained as per following:  

           BSFC = 
fm

BP
 kg/kWh 

          
( ) 1 f

f f f

mBSFC BSFC

m BP BP m m

 
       

, and 

          
 

( ) fmBSFC BSFC

BP BP BP BP

 
      

 

Uncertainty in fuel consumption measurement, Umf = 0.045 kg/h, and uncertainty in BP 



Appendix – III Uncertainty Analysis 

154 

 

measurement, UBP = 0.0191 kW. Therefore, uncertainty in BSFC for reading No.1 of Petrol 

run engine (BSFC = 0.39 kg/kWh, BP = 4.22 kW, and mf = 1.64 kg/h) is calculated as per 

following:   

   
2 2

2 20.39 0.39
0.045 0.0191

1.64 4.22
BSFCU

   
      

   
 

                                   = 0.0108 kg/kWh 

Thus, the total BSFC of the engine can be expressed as: 

BSFC = 0.39 ± 0.0108 kg/kWh 

% Uncertainty in measurement of BSFC can be expressed as: 

% Uncertainty in BSFC = 100BSFCU

BSFC

 
 

 
 = 

0.0108

0.39
100

 
 

 
 

                                        = ± 2.77 

 

 

 

 

 

 

 

 

 

 

 

 


