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1. Title of the thesis and abstract 

Title: 

“Experimental Studies on Biogas Enrichment and Comparative Performance 

Evaluation of Spark Ignition Engine with Enriched Biogas as Fuel” 

Abstract: 

The continuous increase in demand for traditional fuels like petrol, diesel, and natural gas, as 

well as their rising prices and negative environmental impact, have prompted the exploration 

of renewable energy sources. The use of biogas technology is a welcome step towards this 

direction. Biogas can be generated by anaerobic digestion from biomass. It is renewable in 

nature and available everywhere. The biogas generated by anaerobic digestion contains CH4, 

CO2, and traces of other gases like H2S, water vapour, etc. Before being used as fuel for 

industrial or vehicular applications, it is necessary to enrich 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.   
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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 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, 

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 
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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.  

 

2. Introduction 

The energy demand is continually increasing due to population growth, technological 

advancement, industrialisation, and lifestyle improvements. World’s all countries are facing 

huge challenges in supplying and utilising economical and clean energy. As a result, there is 

significant pressure on the scientific community to invest more funds in research and 

development for the introduction of cleaner and greener fuels, which can be obtained from 

renewable energy sources or organic waste material. The use of renewable energy sources 

like solar, wind, and biomass for power generation and transportation has advanced 

significantly. However, there is still a lot of scope for energy extraction from various sources. 

Biogas as a biofuel might offer a sustainable solution to the fossil fuel scarcity by replacing 

use of fossil fuel in transportation and agriculture sector. It will reduce greenhouse gas 

emissions, resulting in a pollution-free environment. Because of India's tropical geography 

and large cattle population of over 300 million, biogas is one of the best alternatives with a 

promising future. When biomass resources are used through bio-methanation route, they can 

provide clean fuel biogas and digested slurry as good quality compost.   

 

3. A brief description of the state of the art of research topic 

Renewable sources of energy, such as biomass and biogas, solar, and wind generate 14% of 

total global energy need [1]. The biogas can be produced from various biomass like animal 

waste, food wastes, sewage sludge, agricultural residue, forest residue, industrial wastes, etc. 
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by anaerobic digestion. Now, biogas is not only utilized for cooking and lighting purpose 

but also as vehicular fuel and power generation applications [2]. 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 [3]. 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 [4]. Biogas production has enormous potential in Asia, 

Europe, and the rest of the world [5]. 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 [6].  In 

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

of micro-living organisms into bio-degradable material without the presence of oxygen. This 

includes several biochemical processes such as hydrolysis, acetogenesis, and 

methanogenesis. CH4, CO2 and H2S are the main constituents of biogas. 

The biogas 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 

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 [7, 8].  

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 [9]. 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. 

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 [10]. It can be directly utilized 
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as fuel for a boiler, internal combustion engine, or supplied to the natural gas grid under 

suitable circumstances. 

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

Physical Absorption/Water scrubbing, (ii) Chemical Absorption, (iii) Pressure Swing 

Adsorption, and (iv) Membrane Separation [11]. Cryogenic separation, Biological upgrading 

technologies, and in-situ methane enrichment are also being used in recent years for this 

purpose [12,13].  

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 [14]. 

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

characteristics as CNG [15]. The fuel conversion kit suitable for bio-CNG is virtually the 

same as used for CNG. 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, UK, and the USA were the leading producers of biogas as vehicular fuel 

in 2016 [16]. An estimated 500 plants worldwide generate biogas and upgrade it to natural 

gas quality fuel to generate around 50 petajoules (PJ) annually [16]. Subramanian et al. 

compared automobile spark ignition engine performance using CNG and bio-CNG, it 

showed that their power output, specific fuel consumption and thermal efficiency were 

nearly the same [17]. 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 the fuels have no significant difference [18,17]. 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 [19]. Bio-CNG has great potential in the near future to 

become one of the most sustainable, economical, and environmentally suitable vehicular fuel 

[20]. In Germany, Sweden, Italy, England, Switzerland, France, Austria, and Netherlands, 

bio-CNG is commonly used as fuel for vehicle [21]. By using 73% of bio-methane in CNG 

vehicles, Sweden was a leader in 2015 [22]. 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 [23]. Germany also has a goal of using 100% bio-CNG 

as a vehicle fuel derived primarily from municipal waste by 2021[17]. 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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Porpatham et al. [24] modified a single cylinder diesel engine to operate as a biogas operated 

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

various equivalence ratios. They found 10% higher power output with a compression ratio 

of 15:1 than with a compression ratio of 9.3:1. 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 rise in compression ratio. As the 

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

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

Amit Jhalani et al. [25] investigated the comparative performance of a single cylinder SI 

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

moisture and H2S. They observed that scrubbing of moisture had a greater impact on 

performance of the engine as compare to the H2S removal.  

Saket Verma et al. [26] were studied the effect of 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 were experimented. Exergy analysis based on 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, 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. 

Sangho Lee et al. [27] had performed performance and emission characteristics test on 11 L 

class six-cylinder natural gas engine by using the 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 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. 

 

4. Definition of the problem 

• Low cost biogas enrichment system with better performance is required to be design 

and develop. 

• 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 engine as a 

fuel requires some engine modifications.  
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• 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 

required to be selected for enriched biogas operation.   

 

5. Objectives and scope of the work 

Objectives of the work:  

Following are the objectives of research work. 

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

• To check the performance of the developed biogas enrichment system 

• To utilize the enriched biogas as 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.  

 

Scope of the work 

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 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 emits less 

pollutants. 

• Increasing opportunities of 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.  

 

6. Original contribution by the thesis 

The main contribution of the present work is as follows: 

• Identification of simple, low cost, and effective biogas enrichment system suitable for 

rural application through literature review.  

• Design and development of identified biogas enrichment/scrubbing system. 

• Performance of developed biogas enrichment/scrubbing system.  
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• Comparative performance and emission characteristics study on petrol engine using 

petrol, CNG, and enriched biogas as fuel.  

• Find out optimum engine parameters such as compression ratio and ignition advance to 

give better engine performance for enriched biogas.      

 

7. Methodology of research and results/discussion 

7.1 Methodology of research: 

In order to achieve objectives, the following methodology was adopted: 

• For water scrubbing based biogas enrichment system, a required water flow rate was 

calculated on the basis of biogas flow rate/generation rate.  

• Based on selected packing material and biogas and water flow rates, diameter and 

packed bed height of scrubber column was decided. 

• For chemical scrubbing based biogas enrichment system, the suitable chemicals such as 

Ca(OH)2, KOH, and NaOH were selected.  

• Fabrication of biogas enrichment system.  

• Experiments have been conducted to check performance of biogas enrichment system 

at various biogas supply pressure and various biogas flow rates using different water 

flow rates.  

• Integration of water scrubbing system with chemical scrubbing.  

• Experimentation on chemical scrubbing alone to check performance.  

• Utilization of enriched biogas as fuel in petrol engine using CNG conversion kit.  

• Comparative performance and emission characteristics study on variable speed petrol 

engine by varying compression ratio, ignition advance, throttle position, and load using 

petrol, CNG, and enriched biogas.     

FIGURE 1 shows water scrubber for biogas enrichment, while FIGURE 3 shows schematic 

arrangement of complete biogas enrichment system. In complete biogas enrichment system 

water scrubbing is integrated with chemical scrubbing for taking advantages of both the 

systems. FIGURE 2 shows research engine test set up on which experiment was performed. 

7.2 Results and discussion: 

7.2.1 Experimentation on biogas enrichment  

The experiments on biogas enrichment were performed at Satkaival Gaushala Trust biogas 

plant at Sarsa village, Dist. Anand, Gujarat, India. A floating drum type (KVIC) digester of 

85 m3 capacity uses cow dung as the feed material and produces biogas. The generated 
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biogas is available at constant pressure of 88 mm of water column (0.862 kPa). The average 

composition of generated biogas by percentage of volume was as follows:  

CH4 = 54.05%, CO2 = 44.15%, H2S = 2 ppm, Other gases = 1.8%.  

Siya Instruments make biogas analyzer which works on NDIR detectors was used to 

measures CH4, and CO2 content in % by volume with the accuracy of ± 1%. H2S content 

was measured in ppm at Sardar Patel Renewable Energy Research Institute (SRERI), 

Vallabh Vidyanagar by collecting sample. 

  

 
FIGURE 1 Photograph 

of water scrubber set up 

 
FIGURE 2 Photograph of engine test rig 
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FIGURE 3 Schematic arrangement of biogas enrichment system 



10 

 

Digester

Biogas out

  Gas

holder
Water
separator

Valve

Ca(OH)2

Gas flow
  meter

Compressor
Biogas in

Enriched

Biogas

KOHNaOH Silica gel

 
FIGURE 4 Schematic arrangement of chemical scrubbing system 

 

1. H2S removal from biogas:  

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 following chemical reactions:  

Fe2O3 + 3H2S = Fe2S3 + 3 H2O.  

2Fe2S3 + 3O2 = 2Fe2O3 + 6S. 

Iron chips of 2.1 kg was filled in the reaction chamber made from 20 litter PET bottle and 

the iron chips 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. 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, which is equivalent to 2.788 mg/m3. It was within 

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 removal of H2S.  

2. Water scrubbing for CO2 removal from biogas:   

The water scrubbing test setup consisted of 140 mm diameter Mild Steel (MS) pipe with the 

packed bed height of 2000 mm. The polypropylene pall rings were used as packing material 

for increasing a contact surface area between water and biogas. Two sieves, one at the top 

section and second at the bottom section of the column, ware fitted to hold the pall rings in 

the column. There was provision above the top of the packed column for water inlet pipe, 

water spray system, and gas outlet pipe. The packed column was equipped with water outlet 

pipe and gas inlet pipe at just below the bottom section of column. The flow rates of water 

were varied by providing a valve at inlet to the inlet pipe.  

(a) Water scrubbing at biogas generation pressure: 

Water from storage tank was supplied to scrubber by using a water pump from the top of the 

scrubber column. The water flow rate was varied by operating the valve manually. The water 
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flow rate was measured by measuring the time taken to collect a fixed volume of water at 

the outlet of the scrubber. 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 biogas generation pressure of 88 mm of the water column. The biogas flow rate 

at the inlet of the scrubber was measured by using gas flow meter. As the water flow rate 

was increased, the flow area available for biogas in scrubber column was decreased, 

therefore biogas flow rate was decreased with increase in water flow rate. The biogas flow 

rates at inlet to scrubber were 2.916 Nm3/h, 1.752 Nm3/h, and 0.960 Nm3/h, 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 packed bed column, water absorbs CO2 physically. 

Thus, at outlet of the scrubber biogas comes out with less volume of CO2 and more volume 

of CH4. It was observed that minimum biogas flow rate with maximum water flow rate could 

give maximum CO2 absorption and hence, maximum CH4 content in biogas at outlet. The 

result showed that when biogas flow rate of 0.96 Nm3/h with water flow rate of 2.60 m3/h, 

it could give biogas with maximum of 76% CH4 content with 40.64% CH4 rise efficiency. 

CO2, and other gas content was 11.8% and 12.2% respectively.    

(b) Water scrubbing at higher than biogas generation pressure: 

Solubility of CO2 in water increases with pressure, thus higher scrubbing pressure gives 

higher CH4 content in biogas. Biogas was first compressed and then supplied to water 

scrubber at following three pressures: p1 = 0.2 bar, p2 = 0.4 bar, and p3 = 0.6 bar. Flow rate 

of the biogas to the water scrubber was varied manually by controlling valve provided at 

outlet of compressor tank.  The following three biogas flow rates were taken:  

Qg1 = 0.864 Nm3/h, Qg2 = 1.068 Nm3/h, and Qg3 = 1.308 Nm3/h. 

The following three water flow rates were taken:  

         Q1 = 1.738 m3/h, Q2 = 2.126 m3/h, and Q3 = 2.772 m3/h.  

Considering three values of pressure, three values of biogas flow rates, and three values of 

water flow rates one third factorial design suggested to perform 9 experiments but total 14 

experiments were performed considering five additional points.  From the experiment, the 

following combination had given highest 83.05% CH4, 12.95% CO2, and 4% other gas content 

in biogas with 53.65% CH4 rise efficiency: 

     (1) Highest water flow rate, Q3 = 2.772 m3/h, 

      (2) Highest biogas supply pressure, p3 = 0.6 bar, and 

     (3) Lowest biogas flow rate, Qg1 = 0.864 Nm3/h. 

As water absorbs CO2 form the biogas, its pH reduces, thus change in the pH of water is a 
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function of absorption of CO2. When CO2 was absorbed in water, mild carbonic acid 

(H2CO3) was formed.  

                    H2O + CO2 = H2CO3 

(c) Water scrubbing integrated with chemical scrubbing: 

Water scrubbing is slow process and requires very large quantity of water or higher biogas 

supply pressure to obtain higher purity of CH4. Chemical scrubbing is fast process and give 

higher purity of CH4 but chemical regeneration is very difficult and energy intensive. In 

order to eliminate disadvantages of both the methods, combination of water scrubbing and 

chemical scrubbing was selected. Enriched biogas available from the water scrubber at the 

following combination was fed to chemical scrubber for further enrichment.   

Q3 = 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 to PET bottle to form reaction 

chamber. Enriched biogas coming from water scrubber was passed through the reaction 

chamber which further enriched biogas, hence CH4 content increase. During CO2 absorption 

following chemical reaction takes place:   

Ca(OH)2 + CO2 = CaCO3 + H2O 

It was observed 86.7 % CH4, 5.7% CO2, and 7.6% other gases content at the outlet of the 

Ca(OH)2 reaction chamber with 60.41% CH4 rise efficiency.  

Afterwards, removing Ca(OH)2 reaction chamber, KOH reaction chamber containing 20 

litters 1N solution connected to outlet of water scrubber. Enriched biogas coming from water 

scrubber was passed through the KOH solution which absorbs CO2. The following chemical 

reaction takes place during CO2 absorption:  

2KOH + CO2 = K2CO3+ H2O 

The scrubbing process has 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.  

Reaction chambers of Ca(OH)2 and KOH were arranged in series with water scrubber to 

obtained biogas with even more CH4 purity. The contents of other gases may be water 

vapour, oxygen, nitrogen, hydrogen, etc. For water vapour removal, 5 kg of silica gel (4 kg 

white + 1 kg blue) was filled in PET bottle, which formed bed height of 34 cm. Biogas 

coming from KOH reaction chamber was then passed through silica gel bed as shown in 

FIGURE 3. Silica gel bed adsorbed water vapour, thus water vapour content reduced 

considerably. The Complete scrubbing process (water + Ca(OH)2 + KOH + silica gel) has 

been given 95.15% CH4, 1.8% CO2, and 3.05% other gases content at the outlet with 76.04% 

CH4 rise efficiency. The content of the obtained enriched biogas confirms the BIS standard 
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IS 16087:2016, hence it can be compressed and filled to CNG cylinder, and can be used as 

automotive fuel.     

(d) Chemical scrubbing: 

The schematic arrangement of chemical scrubbing for biogas enrichment is shown in 

FIGURE 4. Chemical scrubbing does not require to increase biogas pressure because 

reaction can take place even at ambient pressure. Here, biogas generation pressure (88 mm 

of water) was not sufficient to overcome the resistance offered by reaction chambers. 

Therefore, raw biogas was first compressed to 0.2 bar pressure and then, supplied to reaction 

chamber filled with Ca(OH)2. Biogas outlet from Ca(OH)2 reaction chamber was passed to 

NaOH reaction chamber, and outlet from NaOH chamber was then passed to KOH reaction 

chamber. Enriched biogas coming from KOH reaction chamber was finally passed to silica 

gel bed (34 cm, 5 kg) for water vapour removal. The enriched biogas at outlet of silica gel 

bed chamber was analyzed, and observations were noted. This procedure 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 (0.864 Nm3/h, 0.672 Nm3/h, and 0.540 Nm3/h). Biogas 

enrichment with Ca(OH)2, NaOH, and KOH solutions at a concentration of 0.8 N 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 

was found to be at the highest level of 63.27% at a minimum biogas flow rate of 0.54 Nm3/h. 

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 was found to be at the highest level of 75.39% at a minimum biogas flow rate of 

0.54 Nm3/h. Therefore, it was observed that the CH4 absorption rate increase when the biogas 

flow rate was decrease. 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 to CNG 

cylinder, and can be used as automotive fuel.     

 

7.2.2 Engine performance and Emission characteristics  

Kirloskar make single cylinder, four stroke, Multi-fuel, VCR, research engine with open 

ECU for SI mode was used for experimentation. It is variable speed engine with speed range 

of 1200 – 1800 rpm and delivers 4.5 kW rated power at 1500 rpm in SI mode.  The engine 

is equipped with eddy current dynamometer with loading unit and data acquisition system. 

AVL 444N five gas analyzer (CO in % Vol., HC in ppm, CO2 in % Vol., O2 in % Vol., NO 
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in ppm) was used for emission measurement. The following were the engine test parameters:   

• Fuel used: (1) Petrol, (2) CNG, (3) Enriched biogas with 94.2% of CH4 

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

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

• Ignition advance: (1) 20o, (2) 25o, (3) 30o  

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

The engine performance and emission parameters evaluated were: (i) Brake power (kW), (ii) 

brake thermal efficiency (%), and (iii) brake specific fuel consumption (kg/kWh),  

(iv) Carbon monoxide (CO) emission, (v) Nitric Oxide (NO) emission, (vi) Hydro Carbon 

(HC) emission, and (vii) Carbon dioxide (CO2) emission.  

(a) Brake Power of the engine: 

FIGURE 5 shows variation of brake power of the engine with crank shaft speed at Ignition 

Advance (IA) 25o.  
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FIGURE 5 Variation of BP with engine speed at IA 25o 

The performance test results at 100% open throttle showed that the engine developed 

maximum power 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 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 case of CNG. This 

reduction in power developed might be due to variation in amount of fuel supply to the 

engine and variation in calorific value of fuel. 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, 
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4.65 kW at 1800 rpm and 3.79 kW at 1600 rpm respectively at compression ratio of 10. 

Similarly, the engine operated on enriched biogas at IA of 30o, 25o, and 20o were observed 

maximum brake power of 4.46 kW at 1600 rpm, 4.55 at 1600 rpm and 4.58 kW at 1600 rpm 

respectively at 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 compression ratio of 8. The comparison of 

brake power output at IA of 30o, 25o and 20o had showed that the maximum power producing 

capability of the engine corresponds at 25o IA for all three fuels. The comparison of brake 

power output at compression ratio of 10, 8, and 6 had showed that the maximum power 

producing capability of the engine corresponds at 10 compression ratio for petrol and 

enriched biogas. In CNG operations, the maximum power producing capability of the engine 

corresponds to compression ratio of 8.   

In case of 50% open throttle, the engine developed maximum power 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 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 case of CNG. At 50% open throttle, reduction 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 compression ratio of 10. Similarly, 

the engine operated on enriched biogas at IA of 30o, 25o, and 20o were observed maximum 

brake power of 3.23 kW at 1600 rpm, 3.32 at 1600 rpm and 2.68 kW at 1600 rpm respectively 

at 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 compression ratio of 8. The comparison of brake power 

output at IA of 30o, 25o and 20o had showed that the maximum power producing capability 

of the engine corresponds at 25o IA for all three fuels at 50% open throttle operation test 

also. The comparison of brake power output at compression ratio of 10, 8, and 6 had showed 

that the maximum power producing capability of the engine corresponds at 10 compression 

ratio for petrol and enriched biogas. In CNG operations, the maximum power producing 

capability of the engine corresponds to compression ratio of 8.   

It has been observed that 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 
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engine run on CNG and enriched biogas, it developed maximum power in speed range of 

1500 – 1600 rpm at respective compression ratio, ignition advance, and throttle position.   

(b) Brake thermal efficiency of the engine: 

FIGURE 6 shows variation of Brake Thermal Efficiency (BTHE) with brake power of the 

engine at Ignition Advance (IA) 25o for 100% open throttle operation.  
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FIGURE 6 Variation of BTHE with BP at IA 25o for 100% open throttle 

The results of performance test at 100% open throttle operation reveled that the maximum 

brake thermal efficiency obtained 22.67% at 3.93 kW output and 21.94% at 4.23 kW output 

for CNG and enriched biogas operation respectively at compression ratio of 10 and 25o IA, 

while in case of petrol operation 23.53% at 3.45 kW output was obtained at compression 

ratio of 10 and 30o IA. Maximum brake thermal efficiency 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 compression ratio of 10. Maximum brake thermal efficiency obtained in case of engine 

running on CNG at 30o, 25o and 20o of IA were found as 20.33%, 22.67% and 20.7% 

respectively at compression ratio of 10. The observed maximum brake thermal efficiency of 

the engine running on enriched biogas at 30o, 25o and 20o of IA were as 20.02%, 21.94% 

and 21.72% respectively at compression ratio of 10. Further, the maximum brake thermal 

efficiency was achieved at ignition advance of 25o for CNG and enriched biogas operation, 

while in case of petrol operation it was at 30o IA. The observed maximum brake thermal 

efficiency of the engine running on petrol at compression ratio of 10, 8, and 6 were as 
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23.53%, 23.28% and 19.2% respectively at 30o IA. Maximum brake thermal efficiency 

obtained in case of engine running on CNG at compression ratio of 10, 8, and 6 were found 

as 22.67%, 19.25% and 16.17% respectively at 25o IA. Similarly, the maximum brake 

thermal efficiency obtained in case of engine running on enriched biogas at compression 

ratio of 10, 8, and 6 were found as 21.94%, 20.83% and 17.66% respectively at 25o IA. 

Further, the maximum brake thermal efficiency was achieved at compression ratio of 10 for 

all the three fuel.  
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FIGURE 7 Variation of BTHE with BP at IA 25o for 50% open throttle 

FIGURE 7 shows variation of Brake Thermal Efficiency (BTHE) with brake power of the 

engine at Ignition Advance (IA) 25o for 50% open throttle operation.  

The performance test at 50% open throttle operation showed that the maximum brake 

thermal efficiencies 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 compression ratio of 10 and 25o IA. Maximum brake thermal efficiency obtained in case 

of engine running on petrol at 30o, 25o and 20o of IA were found as 22.15% at compression 

ratio of 8, 23.94% at compression ratio of 10, and 23.79% at compression ratio of 10 

respectively. Maximum brake thermal efficiency obtained in 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 

compression ratio of 10. The observed maximum brake thermal efficiency of the engine 

running on enriched biogas at 30o, 25o and 20o of IA were as 19.85%, 20.06% and 18.76% 
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respectively at compression ratio of 10. Further, the maximum brake thermal efficiency was 

achieved at ignition advance of 25o for all the three fuels. The observed maximum brake 

thermal efficiency of the engine running on petrol at compression ratio of 10, 8, and 6 were 

as 23.94%, 22.43% and 17.85% respectively at 25o IA. Maximum brake thermal efficiency 

obtained in case of engine running on CNG at compression ratio of 10, 8, and 6 were found 

as 18.48%, 18.1% and 14.47% respectively at 25o IA. Similarly, the maximum brake thermal 

efficiency obtained in case of engine running on enriched biogas at compression ratio of 10, 

8, and 6 were found as 20.06%, 18.29% and 15.92% respectively at 25o IA. Further, the 

maximum brake thermal efficiency was achieved at compression ratio of 10 for all the three 

fuel.  

(c) Brake specific fuel consumption of the engine: 

FIGURE 8 shows variation of Brake Specific Fuel Consumption (BSFC) with brake power 

of the engine at Ignition Advance (IA) 25o for 100% open throttle operation. It is clear from 

FIGURE 8 and 9 that the brake specific fuel consumption on enriched biogas is 

comparatively high at all working brake loads and parameters of the engine in comparison 

to that of petrol and CNG. This fact is due to less calorific value of enriched biogas compared 

to petrol and CNG.   
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FIGURE 8 Variation of BSFC with BP at IA 25o for 100% open throttle  

The engine operation at 100% open throttle on petrol at 30o IA observed maximum brake 

specific fuel consumption of 0.5 kg/kWh at brake power of 2.78 kW and compression ratio 
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of 6, a minimum brake specific fuel consumption of 0.35 kg/kWh at brake power of 3.45 

kW and compression ratio of 10. At 25o IA observed maximum brake specific fuel 

consumption of 0.58 kg/kWh at brake power of 2.99 kW and compression ratio of 6, a 

minimum brake specific fuel consumption of 0.35 kg/kWh at brake power of 4.05 kW and 

compression ratio of 10. Similarly, at 20o IA observed maximum brake specific fuel 

consumption of 0.66 kg/kWh at brake power of 2.54 kW and compression ratio of 6, a 

minimum brake specific fuel consumption of 0.35 kg/kWh at brake power of 3.4 kW and 

compression ratio of 10. 
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FIGURE 9 Variation of BSFC with BP at IA 25o for 50% open throttle 

The observed brake specific fuel consumption of the engine operated with CNG at 100% 

open throttle and at 30o IA were 0.51 kg/kWh as maximum at 2.77 kW of brake power and 

compression ratio of 6, and 0.37 kg/kWh as minimum at 3.69 kW of brake power and 

compression ratio of 10. At 25o IA were 0.53 kg/kWh as maximum at 2.68 kW of brake 

power and compression ratio of 6, and 0.33 kg/kWh as minimum at 3.93 kW of brake power 

and compression ratio of 10. Similarly, at 20o IA were 0.57 kg/kWh as maximum at 2.55 

kW of brake power and compression ratio of 6, and 0.36 kg/kWh as minimum at 3.53 kW 

of brake power and compression ratio of 10. 

The brake specific fuel consumption of the engine run with enriched biogas and 100% open 

throttle at an IA of 30o was found 0.52 kg/kWh as maximum at 2.87 kW of brake power and 

compression ratio of 6, and 0.42 kg/kWh as minimum at 4.46 kW of brake power and 
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compression ratio of 10. At an IA of 25o was found 0.54 kg/kWh as maximum at 2.79 kW 

of brake power and compression ratio of 6, and 0.38 kg/kWh as minimum at 4.23 kW of 

brake power and compression ratio of 10. Similarly, at an IA of 20o was found 0.59 kg/kWh 

as maximum at 2.56 kW of brake power and compression ratio of 6, and 0.39 kg/kWh as 

minimum at 4.58 kW of brake power and compression ratio of 10. 

FIGURE 9 shows variation of Brake Specific Fuel Consumption (BSFC) with brake power 

of the engine at Ignition Advance (IA) 25o for 50% open throttle operation.  

The engine operation at 50% open throttle on petrol at 30o IA observed maximum brake 

specific fuel consumption of 0.51 kg/kWh at brake power of 2.95 kW and compression ratio 

of 6, a minimum brake specific fuel consumption of 0.37 kg/kWh at brake power of 3.12 

kW and compression ratio of 8. At 25o IA observed maximum brake specific fuel 

consumption of 0.51 kg/kWh at brake power of 3.03 kW and compression ratio of 6, a 

minimum brake specific fuel consumption of 0.37 kg/kWh at brake power of 3.44 kW and 

compression ratio of 8. Similarly, at 20o IA observed maximum brake specific fuel 

consumption of 0.55 kg/kWh at brake power of 2.98 kW and compression ratio of 6, a 

minimum brake specific fuel consumption of 0.34 kg/kWh at brake power of 2.34 kW and 

compression ratio of 10. 

The observed brake specific fuel consumption of the engine operated with CNG at 50% open 

throttle and at 30o IA were 0.75 kg/kWh as maximum at 2.01 kW of brake power and 

compression ratio of 6, and 0.42 kg/kWh as minimum at 2.83 kW of brake power and 

compression ratio of 8. At 25o IA were 0.76 kg/kWh as maximum at 1.95 kW of brake power 

and compression ratio of 6, and 0.41 kg/kWh as minimum at 2.7 kW of brake power and 

compression ratio of 8. Similarly, at 20o IA were 0.83 kg/kWh as maximum at 1.81 kW of 

brake power and compression ratio of 6, and 0.42 kg/kWh as minimum at 2.34 kW of brake 

power and compression ratio of 10. 

The brake specific fuel consumption of the engine run with enriched biogas and 50% open 

throttle at an IA of 30o was found 0.76 kg/kWh as maximum at 1.98 kW of brake power and 

compression ratio of 6, and 0.43 kg/kWh as minimum at 3.05 kW of brake power and 

compression ratio of 10. At an IA of 25o was found 0.8 kg/kWh as maximum at 2 kW of 

brake power and compression ratio of 6, and 0.42 kg/kWh as minimum at 3.06 kW of brake 

power and compression ratio of 10. Similarly, at an IA of 20o was found 0.86 kg/kWh as 

maximum at 1.84 kW of brake power and compression ratio of 6, and 0.44 kg/kWh as 

minimum at 2.52 kW of brake power and compression ratio of 8. 
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7.2.3 Emission characteristics 

(a) Carbon monoxide (CO) emission: 

CO emission as a function of engine crank shaft speed at 25o IA is shown in FIGURE 10.  
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FIGURE 10 Variation of CO emission with crank shaft speed at IA 25o 

In general, the formation of CO is due to incomplete combustion of fuel. The major causes 

of more CO emissions are low temperature of the air fuel mixture, a lack of oxidants, and a 

proper time duration for burning. The experimental results revealed that only minor 

variations in CO emission was found for the experimented three fuels and engine parameters. 

It has been observed that CO emission was slightly higher when engine run on petrol 

compared to CNG and enriched biogas run engine for respective operating parameters. In 

most of the cases, CO emission was increase with decrease in compression ratio of the engine 

for all the three experimented fuels. At lower compression ratio, temperature of the air fuel 

mixture at the end of compression stroke would be less and more dilution of fresh charge 

with CO2. These are resulted in to higher CO emission. 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 compression ratio of 10, 8, and 6 respectively, the observed minimum CO emission 

was 0.03%, 0.03%, and 0.04% for compression ratio of 10, 8, and 6 respectively. Similarly, 

the observed maximum CO emission was 0.08% and 0.07% for throttle position of 100% 

open and 50% open respectively, the observed minimum CO emission was 0.04% and 0.03% 

for throttle position of 100% open and 50% open respectively.  
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The observed maximum CO emission for the engine tun on CNG was 0.07%, 0.08%, and 

0.08% for IA of 30o, 25o, and 20o respectively, the observed minimum CO emission was 

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 compression ratio of 10, 8, and 6 

respectively, the observed minimum CO emission was 0.02%, 0.01%, and 0.01% for 

compression ratio of 10, 8, and 6 respectively. Similarly, the observed maximum CO 

emission was 0.06% and 0.07% for throttle position of 100% open and 50% open 

respectively, the observed minimum CO emission was 0.01% and 0.02% for throttle position 

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 compression ratio of 

10, 8, and 6 respectively, the observed minimum CO emission was 0.02%, 0.01%, and 0.01% 

for compression ratio of 10, 8, and 6 respectively. Similarly, the observed maximum CO 

emission was 0.07% and 0.08% for throttle position of 100% open and 50% open 

respectively, the observed minimum CO emission was 0.01% for throttle position of 100% 

open and 50% open. 

In case of petrol run engine, CO emission observed was slightly less at 50% open throttle 

than 100% open throttle. While in 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 the fact that lower the 

combustion duration at IA 20o.  

 (b) Nitric Oxide (NO) emission: 

NO emission as a function of engine crank shaft speed at 25o IA is depicted in FIGURE 11. 

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 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 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 speed range of 1500 – 1600 rpm. 
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It was observed that NO emission was increase with increase in compression ratio of the 

engine for all the three experimented fuels and test conditions. At higher compression ratio, 

combustion temperature would be higher, which causes more NO formation. It has been 

found that 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 has 

caused more NO emission compared to CNG run engine for respective test conditions.  
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FIGURE 11 Variation of NO emission with crank shaft speed at IA 25o 

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 compression ratio of 

10, 8, and 6 respectively, the observed minimum NO emission was 1086 ppm, 925 ppm, and 

311 ppm for compression ratio of 10, 8, and 6 respectively. Similarly, the observed 

maximum NO emission was 2282 ppm and 3029 ppm for throttle position of 100% open and 

50% open respectively, the observed minimum NO emission was 165 ppm and 311 ppm for 

throttle position 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 compression ratio of 

10, 8, and 6 respectively, the observed minimum NO emission was 328 ppm, 434 ppm, and 

134 ppm for compression ratio of 10, 8, and 6 respectively. Similarly, the observed 
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maximum NO emission was 1784 ppm and 1073 ppm for throttle position of 100% open and 

50% open respectively, the observed minimum NO emission was 135 ppm and 134 ppm for 

throttle position of 100% open and 50% open respectively. 

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 compression ratio of 10, 8, and 6 respectively, the observed minimum NO emission 

was 315 ppm, 400 ppm, and 87 ppm for 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 case of petrol run engine, NO emission observed was higher at 50% open throttle 

compared to 100% open throttle. While in 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 increase with increase in ignition advance (IA) for three 

experimented fuels at respective engine test conditions. It was due the fact that higher value 

of IA would result into longer combustion duration and thus, more NO formation.  

(c) Hydro Carbon (HC) emission: 

 FIGURE 12 depicted variation of HC emission with engine crank shaft speed at IA 25o. 
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FIGURE 12 Variation of HC emission with crank shaft speed at IA 25o 
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In spark ignition engine, 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 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 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 was found 

for the experimented three fuels and engine parameters. It has been found that 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 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 at the engine [15]. The HC emission was slightly increase 

with increase in 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 increase in the combustion rate [25].  

The observed maximum HC emission for 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 compression ratio of 10, 8, and 6 

respectively, the observed minimum HC emission was 48 ppm, 43 ppm, and 20 ppm for 

compression ratio of 10, 8, and 6 respectively. Similarly, the observed maximum HC 

emission was 74 ppm and 81 ppm for throttle position of 100% open and 50% open 

respectively, the observed minimum HC emission was 20 ppm and 25 ppm for throttle 

position 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 compression ratio of 10, 8, and 6 

respectively, the observed minimum HC emission was 48 ppm, 42 ppm, and 39 ppm for 

compression ratio of 10, 8, and 6 respectively. Similarly, the observed maximum HC 
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emission was 83 ppm and 75 ppm for throttle position of 100% open and 50% open 

respectively, the observed minimum HC emission was 40 ppm and 39 ppm for throttle 

position 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 compression ratio 

of 10, 8, and 6 respectively, the observed minimum HC emission was 45 ppm, 36 ppm, and 

21 ppm for compression ratio of 10, 8, and 6 respectively. Similarly, the observed maximum 

HC emission was 96 ppm and 76 ppm for throttle position of 100% open and 50% open 

respectively, the observed minimum HC emission was 32 ppm and 21 ppm for throttle 

position 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.  

(d) Carbon dioxide (CO2) emission: 

FIGURE 13 depicted variation of CO2 emission with engine crank shaft speed at IA 25o. 
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FIGURE 13 Variation of CO2 emission with crank shaft speed at IA 25o 

The main source of CO2 formation is complete combustion of carbon in presence of oxygen. 

The CO2 emission was increase initially with the increase in engine speed from 1200 to 1500 

rpm. Afterwards, the CO2 emission was decrease 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.  
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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 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 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 compression ratio of 10, 8, and 6 respectively, the 

observed minimum CO2 emission was 5.4%, 5.1%, and 5.5% for compression ratio of 10, 8, 

and 6 respectively. Similarly, the observed maximum CO2 emission was 9.1% and 9.7% for 

throttle position of 100% open and 50% open respectively, the observed minimum CO2 

emission was 5.1% and 5.5% for throttle position 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 compression ratio of 10, 8, and 6 respectively, the observed 

minimum CO2 emission was 2.8%, 3.9%, and 3.6% for compression ratio of 10, 8, and 6 

respectively. Similarly, the observed maximum CO2 emission was 7.8% and 8.1% for 

throttle position of 100% open and 50% open respectively, the observed minimum CO2 

emission was 2.8% and 3.3% for throttle position 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 compression ratio of 10, 8, and 6 

respectively, the observed minimum CO2 emission was 3.6%, 3.5%, and 2.6% for 

compression ratio of 10, 8, and 6 respectively. Similarly, the observed maximum CO2 

emission was 8.7% and 7.9% for throttle position of 100% open and 50% open respectively, 

the observed minimum CO2 emission was 2.8% and 2.6% for throttle position 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. No much variation in CO2 emission was observed for 

three experimented values of IA.    
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8. Achievements with respect to objectives 

Sr. 

No. 

 

Objectives 

 

Achievements 

1 To design and develop efficient 

low-cost biogas enrichment system.  

Design and fabricated column type packed 

bed water scrubber. Also, it has been 

integrated with chemical scrubber for better 

performance.   

2 To check the performance of the 

developed biogas enrichment 

system 

The performance of water scrubber, water 

scrubber integrated with chemical scrubber, 

and chemical scrubber has been checked.  

3 To utilize the enriched biogas as 

alternative primary fuel in a four-

stroke petrol engine. 

A four-stroke petrol engine has been operated 

with compressed enriched biogas by using 

CNG conversion kit.  

4 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.  

The performance and emission 

characteristics of the engine fuelled with 

enriched biogas have been studied and 

compared the same with petrol and CNG 

operations.   

 

9. Conclusion 

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/I. C. 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 tested at biogas generation pressure, the test resulted into the 

highest CH4 content of 76.0% in biogas at 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 into 

increased absorption of CO2 with high flow rate of water. More is the contact of water 

with the biogas; 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 I. C. engines or for process heating purposes. 

• The water scrubber was also tested at three biogas supply pressures 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 highest biogas supply pressure of 0.6 bar, lowest biogas 
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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 water scrubber was then passed through the 

chemical scrubber. It was made up of series arrangement of two reaction chambers 

containing each chamber with 20 L 1 N solution of Ca(OH)2 and KOH, and third 

chamber containing 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 to CNG cylinder, 

and can be used as automotive fuel. 

• Raw biogas was passed through three separate reaction chambers arranged in series 

containing 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 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 stationary 4.5 kW research engine run on spark ignition mode 

indicated that the engine can run on enriched biogas as fuel with 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 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 the 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 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 compression ratio of 10 for all the three fuels. Hence, parameters 

compression ratio of 10, 25o IA and 100% open throttle are considered as optimum 

operating parameters.     
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• 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 had 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 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 

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, the 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. 
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