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INTRODUCTION 
rom the automotive sector, objectionable amounts 

of unburned hydrocarbon (uHC), carbon monoxide 

(CO) and nitrogen oxide (NOx) are being emitted 

into the atmosphere by internal combustion engines 

operating on fossil fuels with attendant air pollutants 

posing a serious threat to the very survival of life in the 

world as a result of the deterioration of the environment 

(Hu et al., 2009). Instinctively, emission standards, which 

are requirements that set specific limits to the amount of 

pollutants that can be released into the atmosphere, are 

constantly reviewed to counter the negative 

consequences of the obnoxious emissions on human 

health. Hence, to catch up with these emissions 

standards, stakeholders in the automotive industry are 

currently opting for alternative fuels (Bhandari et al.,  
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2005; A. Kowalewicz & Wojtyniak, 2005; Semin, 2008) to tackle the negative 

resultant effects of air pollution on human health and environment.  
In retrospect, extensive research studies have been carried out to determine 

alternative fuels that are best suited for both spark ignition (SI) and compression 

ignition engines and other applications. For spark-ignition engines, biogas and 

syngas (Crookes, 2006; Huang & Crookes, 1998; Rakopoulos et al., 2008; Shah et 

al., 2010) have been studied and proved to enhance performance and reduce 

emissions under appropriate operating conditions; while compression ignition 

engines, seed-oil biofuels (Crookes, 2006; Fan et al., 2011; Gogoi & Baruah, 2011; 

Mittelbach et al., 1988; Müllerová et al., 2011; Ramadhas et al., 2005) have been 

examined and found to give similar performance and emissions when compared 

with conventional diesel fuel, particularly when blended with diesel fuel or 

emulsified with ethanol or water. Alternative fuels are usually cleaner fuels when 

combusted compared to conventional fuels such as gasoline and diesel fuel. With 

the introduction of alternative fuels, fuel shortage is reduced as alternative fuels 

supplemented fossil fuels and reduced harmful exhaust emissions ( a Kowalewicz 

& Wojtyniak,  

For this research, the natural gas fields were simulated by the addition of CO2 at 

10%, 20%, 30%, and 40% to pure natural gas, and tested in a single-cylinder 

sparkignition direct injection (DI) compressed natural gas (CNG) engine. 

Generally, the outcomes of the research indicate that the engine performance 

was affected as the CO2 proportions in the mixture were increased at all the 

injection timings. The brake torque (BT) decreased with the increase in the CO2 

proportions in the mixture. The brake specific fuel consumption (BSFC) and brake 

thermal efficiency (BTE) decreased and increased correspondingly with the 

increase in CO2 proportion. Furthermore, it was observed that the 1800CA BTDC 

injection timing yielded better performance than the 3000CA BTDC injection 

timing for engine speeds up to 3000rpm due to better volumetric efficiency. 

Conversely, for engine speeds above 3000rpm, 3000CA BTDC injection timing 

offered better performance than 1800CA BTDC injection timing due to better fuel-

air mixing, which is indicative of the complete combustion process.   

 

Keywords:  Gas engine, injection timing, CNG-CO2, compressed natural gas, engine 

performance. 
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2005; Semin, 2008). Alternative fuels have been categorized into synthetic 

gasoline, alcohol, and gaseous fuels (Thring, 1983). Among all, natural gas is 

probably the most widely employed alternative fuel due to its availability 

throughout the world. Natural gas is among the fast-growing component of the 

world's primary energy consumption most especially in the transportation sector 

as vehicles are retrofitted to use natural gas as a source of fuel is on the increase. 

This increasing trend of natural gas use is due to its availability, abundance and 

adaptability to the gasoline and diesel engines. However, in the past, most of 

these natural gas fields were uneconomically valuable due to the presence of large 

quantities of carbon dioxide (CO2) (from 25% to 89%). So as the demand for energy 

is growing rapidly, these resources have become very valuable. However, direct 

utilization of the undeveloped natural gas may only be feasible after capturing the 

CO2 content as pointed out in many research studies (Azmi et al., 2010; Jamal Mat 

Rosid et al., 2011; Salako, 2005; Shimekit & Mukhtar, 2012).  

The CO2 capture and storage (CCS) technique is therefore seen as an option for 

utilizing these undeveloped natural resources. Typically, natural gas contains 

about 0.57% CO2 by volume (Kalam & Masjuki, 2011). So, obtaining the natural gas 

for direct utilisation from the high CO2 content natural gas fields requires that a 

large amount of CO2 be reduced to the barest minimum in the natural gas 

composition. However, high cost, advanced technology and processes, corrosion 

and high energy demand are the challenges associated with this separation 

technique (Saiful, 1996a; Salako, 2005). The cost may be as low as $5-15/tCO2 for 

onshore and offshore sites, respectively (United States Congressional Budget 

Office, “CO2 Capture & Storage,” 2006). Moreover, the cost of CO2 Capture and 

Storage (CCS) in power plants ranged from $30 -  

$90/tonnes per CO2 or even more, depending on technology, CO2 purity and site 

(United States  

Congressional Budget Office, “CO2 Capture & Storage,” 2006). Also, Folger (Folger, 

2010) in his study put the range of CO2 capture at $20-$95/tonne per CO2 net 

captured for fossil fuel power plants; $5-$70/tonne per CO2 net captured for 

hydrogen and ammonia production, or natural gas processing plant; and $30-

$145/tonne per CO2 net captured for all other industrial processes.  

In fact, the cost of separating CO2 from natural gas wells depends on the CO2 

concentration in the natural gas and on well locations. This study, therefore, 

investigates the viability of directly utilising the raw natural gas with its high CO2 

content in internal combustion engines and examines the effect of high CO2 
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content natural gas on engine performance at 180OCA and 300OCA BTDC injection 

timings.  

 

EXPERIMENTAL SETUP   

The experimental work was conducted on a single-cylinder, four-stroke spark-

ignition directinjection CNG engine having a displacement volume of 399.25 cm3, a 

compression ratio of 14:1, and an Eddy current dynamometer coupled to it. The 

CO2 used in the experiment had a purity of 99%. The schematics diagram of the 

experimental setup is shown in Figure 1. The operation of the engine used for the 

experimental work was managed and controlled by a PC-based data acquisition 

and control system. The in-cylinder pressure was measured using a water-cooled 

Kistler piezoelectric pressure transducer. The fuel injection system was designed 

to accommodate two fuels (CNG and CO2) employing high injection pressure 

domain. The CNG and CO2 were supplied through different gas inlets at 18bar 

injection pressure. The flow rate of carbon dioxide was controlled using a CO2 

digital mass flow meter with an accuracy of ±1.0% of the full scale and a needle 

valve. The amount of the injected CO2 was varied by adjusting the needle valve 

which in turn controlled the flow rate.  

 

RESULTS AND DISCUSSION  

Effects of CO2 Proportion on Engine Performance at 1800CA BTDC   

The effects of CO2 proportion in the mixture of CNG-CO2 at 1800CA BTDC injection 

timing are shown in Figures 2 - 5. Figure 2 represents the engine brake torque 

plotted against the engine speeds for various CO2 proportions in the mixture and 

at constant injection duration. In general, it is noted that the torque curves for all 

the cases increased to the maximum value at about 3000rpm and then started to 

decrease as the engine speeds increased. From the graph, it is observed that when 

the CO2 proportion in the mixture was increased, the torque curves decreased for 

all the operating speeds with the maximum torque achieved occurring at 

3000rpm. Furthermore, at 10% and 20% CO2 proportions in the mixture, the engine 

can run at all the operating engine speeds while at 30% and 40% CO2 proportions, 

it can go up to 3000rpm operating engine speed before it became unstable. At all 

engine operating speeds and injection timing of 1800CA BTDC, the torque was 

found to decrease with increased CO2 proportion in the mixture signifying a 

reduction in the heating value of the mixture when the CO2 content in the mixture 

was increased.  
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Figure 1: The schematic diagram of the experimental setup  

 

This, thus, reduces the burning velocity and consequently affects the engine 

output. However, it is observed that the decrease in torque from pure CNG is 

noted to be insignificant when the CO2 addition to the mixture ranges from 10 – 

20% compared to other torque values as the CO2 proportion in the mixture was 

increased. This may be that the added CO2 proportion within the range of 10% - 20% 

dissociated into CO and O atoms as claimed by (Saiful, 1996b) that the dissociated 

gases aided combustion and hastened mixture reaction. At 1500rpm and 1800CA 

BTDC injection timing, the drop in BT from pure CNG observed at 10% and 20% CO2 

proportion in the mixture were 1.14% and 5.57% respectively while it was 21.48% and 

35.49% for 30% and 40% CO2 proportion in the mixture respectively. With the 

increase in the engine speed, the torque continued to decrease due to the 

decrease in the volumetric efficiency and friction. At 4000rpm, the drop in BT from 
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pure CNG was noted to be 1.01% and 8.42% at 10% CO2 and 20% CO2 respectively; and 

23.18% and 30.57% for 30% and 40% CO2 proportions respectively. The maximum 

torque value occurred at 3000rpm and its values for 10%, 20%, 30% and 40% CO2 

proportions were 30Nm, 28.44Nm, 25.57Nm and 21.25Nm respectively.  

  
Figure 2: The effect of various CO2 proportions on BT at 180oCA BTDC  

 

The effect of CO2 proportion in the mixture on brake power is illustrated in Figure 

3. For all the CO2 proportions in the mixture, the BP curves increased as the engine 

speed was increased and reached its peak point at 4000rpm engine speed. 

Moreover, as the CO2 proportion in the mixture was increased, the BP decreased 

at all engine speeds. For 10% and 20% CO2 proportions in the mixture, the decrease 

in BP from the pure CNG at 1500rpm was 1.44% and 5.05% respectively, while it was 

21.88% and 34.35% for 30% and 40% CO2 proportions respectively.  

At 3000rpm, the drop in BP from the pure CNG at 10% and 20% CO2 proportions in 

the mixture were 4.47% and 9.04% respectively; and 18.48% and 32.08% drop in the 

BP for 30% and 40% CO2 proportions. The BP peak point occurred at 4000rpm and 

the drop observed at 10% and 20% CO2 proportions were 1.26% and 8.12% 

respectively.  
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Figure 3: The effect of various CO2 proportions on BP at 1800CA BTDC  

 

  
Figure 4: The effect of various CO2 proportions on BSFC at 1800CA BTDC  

 

Figure 4 shows the BSFC plotted against the engine speed for various CO2 

proportions in the mixture. In general, the BSFC decreased with the increase in 

engine speed to about 3000rpm and then started to increase as the engine speeds 

were further increased up to 4000rpm. Also, when compared with the pure CNG, 

the BSFC was observed to decrease as the CO2 proportion in the mixture was 
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increased. For all the engine speeds, the BSFC dropped to the lowest value when 

the engine speed was about 3000rpm, which is the speed at which maximum 

engine torque was achieved. It can be noted from Figure 4 that with the addition 

of 20% CO2 proportion in the mixture at 3000rpm, the BSFC value dropped by 8.35% 

when compared with the pure CNG. However, with a further increase of CO2 

proportion in the mixture to 30% and 40%, the BSFC values lowered by 7.25% and 

2.37% from the pure CNG respectively. The explanation for this is that the CNG 

proportion in the mixture continued to decrease as the CO2 proportion introduced 

into the mixture was increased owing to the displacement of CNG by CO2. Due to 

this, the BSFC was reduced for the mixture of CNG-CO2 when compared to the pure 

CNG.  

  
Figure 5: The effect of various CO2 proportions on BTE at 1800CA BTDC  

 

Figure 5 showed the brake thermal efficiency (BTE) for the mixtures at all the 

engine speeds and constant injection duration. It is expected that the inverse of 

the BSFC plot produces the characteristics of the BTE plot. It was observed that 

the brake thermal efficiency values increased with the increase in the engine speed 

to about 3000rpm and thereafter started to decline as the engine speed was 

further increased. Furthermore, it can be observed from Figure 5 that the highest 

BTE occurred at 3000rpm and with a 20% CO2 proportion in the mixture. The 

explanation for this is that with a higher CO2 proportion above 20%, the heat of 
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combustion was absorbed by both the high specific heat capacity mixture and the 

cylinder wall; thus, this led to the decrease in the brake thermal efficiency while 

the increase could be possibly due to more oxygen availability from intake air and 

oxygen component of the CO2 dissociation.  

 

Effects of CO2 Proportion on Engine Performance at 3000CA BTDC   

Figures 6 – 9 show the effects of CO2 proportion in the mixture of CNG-CO2 on the 

engine performance parameters at 3000CA BTDC injection timing. Figure 6 

illustrates the engine brake torque versus the engine speeds for various CO2 

proportions in the mixture set at constant injection duration. It can be observed 

that the torque curves for all the cases increased to the maximum value at 

4000rpm. At all the operating engine speeds, CO2 proportions in the mixture 

ranging from 10% to 30% can be accommodated by the engine while 40% CO2 

proportions could only go up to 3000rpm operating engine speed before the 

engine became unstable. Also, it can be observed that at all operating engine 

speeds and injection timing of 3000CA BTDC, the torque was found to decrease 

with an increase in the CO2 proportion in the mixture. At 1500rpm and 3000CA 

BTDC injection timing, the drop in BT from pure CNG at 10% and 20% CO2 

proportions in the mixture were 0.61% and 6.66% respectively while it was 1.14% and 

5.57% for 1800CA BTDC injection timing respectively. For 4000rpm engine speed 

and 3000CA BTDC injection timing, the torque continued to decrease due to the 

decrease in the volumetric efficiency and friction as the engine speeds was 

increasing. At 4000rpm and 3000CA BTDC injection timing, the maximum brake 

torque values were 27.34Nm and 25.34Nm at 10% and 20% CO2 proportions in the 

mixture while at 1800CA BTDC, the values were 26.05Nm. For 10% and 20% CO2 

proportions in the mixture, the BP values at 4000rpm were 11.52kW and 10.65kW 

respectively and 24.12Nm at the same CO2 proportions respectively. For engine 

speeds below 4000rpm and at 1800CA BTDC injection timing, better engine 

performance was observed than at 3000CA  

BTDC injection timing for various CO2 proportions in the mixture. This could be due 

to better volumetric efficiency at 1800CA BTDC injection timing at these engine 

speeds. Furthermore, for engine speed at 4000rpm, better engine performance 

was equally observed to occur at 3000CA BTDC injection timing than at 1800CA 

BTDC injection timing for various CO2 proportions in the mixture. The reason for 

this could be due to the sufficient time available for the mixture preparation at 

high speeds.  
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Figure 6: The effect of various CO2 proportions on BT at 3000CA BTDC  

Figure 7 shows the BP versus the engine speed for various CO2 proportions 

in the mixture at 3000CA BTDC injection timing. It can be seen from the figure that 

for all the CO2 proportions in the mixture, the BP curves increased as the engine 

speed was increased and reached its peak point at 4000rpm engine speed. 

Moreover, as the CO2 proportion in the mixture was increased, the BP decreased 

at all engine speeds. The BP at 3000CA BTDC injection timing showed higher values 

compared with the 1800CA BTDC injection timing. For 10% and 20% the BP values at 

4000 rpm are 11.52 kW and 10.65 kW, respectively, while at the same proportion of 

CO2 in the mixture and 1800CA BTDC, the BP obtained are 10.94kW and 10.18 kW, 

respectively.  

 

  
Figure 7: The effect of various CO2 proportions on BP at 3000CA BTDC  
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Figure 8 shows the BSFC plotted against the engine speed for various CO2 

proportions in the mixture at 3000CA BTDC injection timing. For all the cases of CO2 

proportions in the mixture, the BSFC decreased with the increase in the engine 

speed to about 3000rpm and then started to increase as the engine speed was 

further increased up to 4000rpm. The BSFC was also observed to decrease as the 

CO2 proportions in the mixture were increased. The lowest value for the BSFC 

occurred at an engine speed of 3000rpm when the CO2 proportion in the mixture 

was 20% though close to that of 10% CO2 proportion in the mixture. At 3000CA and 

1800CA BTDC injection timings, the BSFC values at 3000rpm were 240.69g/kWh 

and 238.46g/kWh respectively for a 20% CO2 proportion in the mixture. From the 

findings, it was established that 1800CA BTDC injection timing produced better 

engine performance than 3000CA BTDC injection timing at 3000rpm.   

Figure 9 illustrates the BTE for various CO2 proportions in the mixture and at all the 

engine speeds. It was observed that the BTE values increased as the engine speed 

was increased to about 3000rpm and then started to decrease as the engine speed 

was further increased. At 20% CO2 proportion in the mixture, the highest BTE 

occurred at 3000rpm with values of 28.93% and 30.18% for 3000CA and 1800CA 

BTDC injection timings.  

 

  
Figure 8: The effect of various CO2 proportions on BSFC at 3000CA BTDC  
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Figure 9: The effect of various CO2 proportions on BTE at 3000CA BTDC  

 

CONCLUSION  

Generally, it can be concluded that the engine performance was affected as the 

CO2 proportions in the mixture were increased at all the injection timings. The BT 

decreased with the increase in the CO2 proportions in the mixture. The BSFC and 

BTE decreased and increased respectively as the CO2 proportion was increased. 

Moreover, it was noted that the 1800CA BTDC injection timing produced better 

performance than the 3000CA BTDC injection timing for engine speeds up to 

3000rpm owing to better volumetric efficiency. However, for engine speeds 

above 3000rpm, 3000CA BTDC injection timing gave better performance than 

1800CA BTDC injection timing owing to better fuel-air mixing, thus completing the 

combustion process.  
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