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Abstract 
Sometimes, raw natural gas from gas reserves is not directly harness able due to 

high CO2 contents ranging from 25 to 89%. For instance, in Malaysia over 13 

Tscf of hydrocarbon gas remains undeveloped in high CO2 fields with the 

individual field CO2 content ranging from 28% to 87%. Capturing the CO2 is often 

capital intensive and commercially unviable. This paper underscores part of the 

outcomes of a study carried out on a facility at Universiti Teknologi PETRONAS, 

Malaysia. It investigates the effect of high CO2 content-natural gas, as automotive 

fuel, on exhaust emissions in an internal combustion engine at 180OCA and 

300OCA BTDC injection timings. For this experimentation, the natural gas fields 

were simulated by adding CO2 at 10%, 20%, 30%, and 40% to pure natural gas, 

and tested in a single-cylinder spark-ignition direct injection (DI) compressed 

natural gas (CNG) engine. The tests were carried out at a varying engine speed 

to study the effect of injection timings on emission characteristics of the engine. 

Experimental results show that generally, the presence of high carbon dioxide 

content in the natural gas reduces the heating value of the mixture when compared 

with pure natural gas but however could be enhanced with injection timing of 

180OCA BTDC particularly for 20% CO2 proportion in the mixture. There was a 
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reduction in the NOX and CO emissions but an increase in the unburnt 

hydrocarbons (THC).  

 

Keywords: free-piston engine, CNG-CO2, compressed natural gas, engine 

performance. 

 

 

Introduction 
The automotive sector largely contributes 

to the global air pollution resulting in the 

deterioration of the environment. 

Undesirable amounts of unburned 

hydrocarbon (uHC), carbon monoxide 

(CO) and nitrogen oxide (NOx) are being 

emitted into the atmosphere by internal 

combustion engines running on fossil 

fuels with the attendant pollutants posing 

a serious threat to the very survival of life 

in the world [1]. Responsively, stringent 

emission standards are continually 

legislated from time to time to regulate 

environmental pollution. Emission 

standards are requirements that set 

specific limits to the amount of pollutants 

that can be released into atmosphere. 

Hence, to meet these emissions standards, 

alternative fuels are currently being used 

[2-6] to tackle the negative resultant 

effects of air pollution on health and 

environment generated by all sectors.  

For these reasons, the search for 

alternative fuels for internal combustion 

engines with a view to improve the 

engine fuel economy and reduce harmful 

exhaust emissions keeps rising [1]. 

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 also reduced harmful exhaust 

emissions [4, 5]. Alternative fuels have 

been categorized into synthetic gasoline, 

alcohols, and gaseous fuels [7]. Among 

all, natural gas is probably the most 

widely used alternative fuel due to its 

availability throughout the world.  

Experimental studies have been 

conducted on engines using simulated 

biogas (natural gas and carbon dioxide) 

[8, 9, 10] at different compression ratios, 

engine speeds and equivalent ratios with 

different composition of carbon dioxide 

up to 40% addition in the mixture [8]. 

There was a significant improvement in 

the performance and reduction in 

emissions of hydrocarbons (HC) 

particularly with lean mixtures when the 

methane concentration in the mixture was 

enhanced [10]. It was discovered that the 

flame temperature of diesel (1723OC) 

was high enough to initiate dissociation 

of CO2 in the mixture into CO and O2 

when a fumigated dual fuel engine was 

used to simulate biogas operated engine 

[9]. With less than 30% of CO2 in the 

mixture, the engine performance proved 
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better with lower brake specific fuel consumption (bsfc) and diesel flow rates. This 

was due to the presence of dissociated CO which accelerated the burning rate of the 

mixture, and the increase in O2 concentration which enhanced the combustion of 

unburned carbon particles and reduced the ignition delay. However, with more than 

30% of CO2 in the mixture, CO2 remained undissociated and therefore acted as inert 

gas which reduced the burning velocity of the mixture and thus resulting in an 

incomplete combustion. However, the operating condition of biogas or natural 

gascarbon dioxide can be optimised [11] and a fast-burning engine design could 

improve performance [8]. This study therefore explores the feasibility of using the raw 

natural gas with its high CO2 content in IC engines directly and examines the effect of 

high CO2 content natural gas on engine emissions.  

 

EXPERIMENTAL SETUP AND PROCEDURES  

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

direct injection CNG engine having displacement volume of 399.25mm, 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) employed 

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.  

  

Figure 1: The schematic diagram of the experimental setup  



152  africanscholarpublications@gmail.com                                                                               

 2022 

 

All tests and measurements were carried out with the injection timing set at 180 and 

300oCA BTDC while varying the speed. At full throttle (WOT) condition, engine 

parameters such as injection timing, ignition timing and air-fuel ratio were controlled 

by an engine control unit (ECU), which was connected to ECU Remote Interface (ERI) 

installed in a PC.  

 

RESULTS AND DISCUSSION  

Effect of CO2 Proportion on Engine Exhaust Emissions at 180oCA BTDC  

The engine emission characteristics at 180OCA BTDC injection timing for various 

CO2 proportions in the mixture and at various engine speeds are presented in Figures 

2 – 5. Figure 2 shows the plot of the NOx emission values against engine speed for 

various CO2 proportions in the mixture. NOx emission is known to be dependent on 

the maximum temperature inside the combustion chamber. For all the cases, it was 

established that the NOx emission increased as the engine speed was increased until 

about 3000 rpm; thereafter NOx emission started to decrease as the engine speed was 

further increased above 3000 rpm to 4000 rpm. Generally, the NOx emissions 

increased as the CO2 proportion in the mixture was increased. From the plot, it can be 

noted that the maximum NOx emission which occurred at 3000 rpm engine speed with 

20% CO2 proportion in the mixture, is 2240.10 ppm. It was expected that with the 

presence of CO2 in the mixture of CNG-CO2, the combustion temperature should 

decrease and consequently reduce the NOx emission. But rather the NOx emissions 

increased as the 10% and 20% CO2 proportions were added to the pure CNG. 

However, at 30% and 40% CO2 proportions in the mixture, the NOx emissions started 

to decrease from the maximum value. At 3000 rpm, the NOx emission values at 10% 

and 20% CO2 proportions in the mixture were 36.78% and 42.21% from the pure CNG 

emission value respectively. The explanation to the increase in the NOx emission is 

that the added CO2 to the pure CNG dissociated at about 20% into CO and O atom 

because of the flame temperature of the fuel is high to initiate dissociation. Thus, 

increased the combustion enthalpy to aid and hasten the combustion process while for 

more than 20% (i.e., 30% and 40% CO2), the CO2 therefore acted as an inert diluent 

which thus reduced the combustion temperature of the mixture and consequently 

reduced the NOx emission. This result is in tune with the result obtained by [12] which 

had the NOx increased at 20% N2 addition to the natural gas and later reduced at 40% 

N2 addition. 
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Figure 2: The effect of various CO2   Figure 3: The effect of various CO2 

proportions on the emission of NOX                proportions on the emission of THC 

 

Figure 3 shows the THC emissions for various CO2 proportions in the mixture at 

180OCA BTDC injection timing. It can be noted that as the engine speed was 

increased, the THC emissions also increased to about 3000 rpm for all the cases; and 

a further increase in the engine speed to 4000 rpm led to the decrease of the pure CNG 

while CNG-CO2 mixture continued to increase. The increase in the THC emissions 

could be due to the carbon fraction in the fuel while the continuous increase could be 

due to the decrease in the combustion temperature. Also, it can be observed that the 

THC emission value for the pure CNG was higher than the THC emission values for 

all the mixtures up till about 3000 rpm and thereafter became lower as the engine speed 

was increased to 4000 rpm. The emissions were lower due to the increase in the 

combustion temperature up till about 3000 rpm engine speed and higher due to the 

insufficient time available for the mixture preparation for the engine speed above 3000 

rpm. At 3000 rpm and 180OCA BTDC injection timing, the THC emission values for 

10% and 20% CO2 proportions in the mixture were 2632.35 and 2592.19 ppm 

respectively lower than 3041.90 ppm for the pure CNG. This finding showed that THC 

emissions below 3000 rpm engine speed had no significant variation when compared 

with the pure CNG. While at 4000 rpm the THC emission value for the pure CNG was 

2248.08 ppm lower than 2759.38 and 3575.73 ppm for the same CO2 proportions in 

the mixture.  

Figure 4 illustrates the CO emissions for various CO2 proportions in the mixture at 

180OCA BTDC injection timing. A decrease in the CO was observed as the engine 

speed was increased from 1500 rpm to 4000 rpm for the pure CNG. However, a 

different trend was observed for the CNG-CO2 mixture. As the engine speed was 

increased from 1500 rpm, the CO emission increased slightly till about 3000 rpm and 

thereafter showed a significant increase as the engine speed was increased above 3000 

rpm. It was also noted from the plot that the CO emissions decreased as the CO2 

proportion in the mixture was increased. At 1500 rpm and 180OCA BTDC injection 
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timing, 89.18% and 97.64% were the decrease in the CO emissions from the pure CNG 

for 10% and 20% CO2 proportions in the mixture respectively. At the same CO2 

proportions in the mixture and engine speed of 3000 rpm, 68.98% and 89.09% were 

observed to be the decrease in the CO emission from the pure CNG respectively. Also, 

at 4000 rpm engine speed and with the same CO2 proportions in the mixture, there 

were 10.12% and 67.08% decrease in the CO emission when compared with the pure 

CNG. The reason for the decrease was the completeness of combustion process and 

sufficiency of oxygen resulting from the CO2 dissociation and the reason for the 

increase was the poor combustion for the mixture resulting from timing for the engine 

speed above 300rpm.  

 

   
Figure 4: The ffect of various CO2   Figure 5: The ffect of various CO2 

proportion on the emission of CO        proportion on the emission of CO2 

 

The CO2 emissions are represented in Figure 5 for various CO2 proportions in the 

mixture at 180OCA BTDC injection timing. CO2 emissions were found to decrease for 

the CNG-CO2 mixtures and increase for the pure CNG as the engine speed was 

increased. For engine speeds from 1500 rpm to about 3000 rpm, the CO2 emission 

values for the mixtures were more than that of the pure CNG. It was observed that at 

1500 rpm, there were increases in the CO2 emission by 44% and 83% for the 10% and 

20% CO2 proportions in the mixture more than the CO2 emissions value for the pure 

CNG respectively up to about 3000 rpm engine speed. However above 3000 rpm 

engine speed, the CO2 emission value for the pure CNG was more than the CO2 

emission values for the mixtures by 23% and 53% for the same CO2 proportions in the 

mixture respectively. The reason for this was due to the increase in the volumetric 

efficiency and the dissociation of CO2 into CO and O atom which therefore aided and 

hastened the combustion process; these thus decreased with the increase in the engine 

speed up till about 3000 rpm. However, at engine speeds above 3000 rpm, the decrease 

in the CO2 emissions was due to the improper fuel-air mixing which resulted to poor 

combustion.  

 



155  africanscholarpublications@gmail.com                                                                               

 2022 

 

Effect of CO2 Proportion on Engine Exhaust Emissions at 300OCA BTDC  

The engine emission characteristics for various CO2 proportions in the mixture at 

300OCA BTDC injection timing are presented in Figures 6 – 9. The NOx emissions 

for various CO2 proportions in the mixture at 300OCA BTDC injection timing are 

illustrated in Figure 6. It was observed that the NOx emissions increased as the 

operating engine speed was increased from 1500 rpm to 4000 rpm. The NOx emissions 

also increased as the CO2 proportion in the mixture was increased. Furthermore, it was 

noted that the maximum NOx emission value occurred at 4000 rpm engine speed when 

10% CO2 proportion was used. At 1500 rpm, the NOx emission values at 10% and 

20% CO2 proportions were 30.02% and 50.42% higher than the pure CNG emission 

value respectively. However, as the engine speed was increased to 3000 rpm, the trend 

of the NOx emissions at 10% CO2 proportion was observed to change; higher than the 

emission value at 20% CO2 proportion though both emission values were still higher 

than the emission value of the pure CNG. Moreover, at 4000 rpm at which the peak 

NOx emission occurred, the values for the 10% and 20% CO2 proportions were 

1847.87 ppm and 1678.64 ppm as against 519.27 ppm and 1164.21 ppm NOx emission 

values obtained for the 180oCA BTDC injection timing respectively. The reason for 

the increase can be explained by the fact that there was enough time for the air-fuel 

mixture formation resulting in a higher combustion temperature and consequently 

higher NOx emissions.  

 

  
Figure 4: The ffect of various CO2   Figure 5: The ffect of various CO2 

proportion on the emission of NOX         proportion on the emission ofTHC 

 

Figure 7 shows the THC emissions for various CO2 proportions in the mixture at 

300OCA BTDC injection timing. It can be noted that as the engine speed was 

increased, the THC emissions were observed to decrease for all the cases. Moreover, 

the THC emissions for the 10% and 20% CO2 proportions in the mixture were 

observed to be lower than the THC emission value for the pure CNG. The lowest THC 
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emission value occurred at 4000 rpm engine speed when 10% CO2 proportion was 

added to the CNG and was 2096.37 ppm. It was observed that the THC emission values 

at 4000 rpm engine speed and 300OCA BTDC injection timing for 10% and 20% CO2 

proportions in the mixture were lower than their corresponding emission values at 

180OCA BTDC injection timing by 24.03% and 40.23% respectively. The reason for 

the decrease in the THC emissions was due to better combustion resulting from the 

homogenous mixing of the fuel and air.  

Figure 8 illustrates the CO emissions for various CO2 proportions in the mixture at 

300OCA BTDC injection timing. It was observed that as the engine speed was 

increased from 1500 rpm to 3000 rpm engine speed, the CO emissions decreased and 

thereafter became stable as the engine speed was further increased to 4000 rpm. It was 

also noted from the plot that the CO emissions decreased as the CO2 proportion in the 

mixture was increased. This finding showed that CO emission at all operating engine 

speeds has significant variation when compared with the pure CNG for 10% and 20% 

CO2 proportions. The reason for this was due to the increase in the combustion 

temperature and better mixture formation. 

 

 
Figure 8: The effect of various CO2   Figure 8: The effect of various CO2 

proportion on the emission of CO             proportion on the emission of THC  

 

Figure 9 represents the CO2 emission for various CO2 proportions in the mixture at 

300OCA BTDC injection timing. For the CNG-CO2 mixtures, the CO2 emission was 

found to decrease and increase as the engine speed was increased. As for the pure 

CNG, the CO2 emission decreased as the engine speed was increased. For all the 

operating engine speeds, the CO2 emission values for the mixtures at 10% and 20% 

CO2 proportions were found to be more than the CO2 emission value for the pure CNG. 

It was observed that at 4000 rpm and 300OCA BTDC injection timing, the CO2 

emission at 10% and 20% CO2 proportions were 44% and 52% more than the CO2 

emission values for the pure CNG respectively. However, at 180OCA BTDC injection 
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timing and the same engine speed for the same proportions of CO2, the emissions were 

observed to be 33% and 58% lower than the emissions for the pure CNG respectively. 

The increase in the CO2 emissions can be explained by the fact that the better mixture 

formation resulted in faster combustion rate. Generally, it can be concluded that there 

were reductions in some of the emissions such as CO and THC emissions at all the 

operating engine speeds when compared with the pure CNG; CO2 and the NOx 

emissions were observed to increase at all engine speeds.  

 

CONCLUSION  

In this paper, the experimental emission results obtained from the performance of a DI 

CNG engine fuelled with NG-CO2 mixture at various CO2 proportions are presented. 

The engine was operated at different injection timings (180 and 300OCA BTDC) and 

varying speed ranging from 1500 rpm to 4000 rpm. The findings of the experiment 

show that there were significant reduction in the emissions of CO and NOx while THC 

was on the increase when the mixture was about 20% CO2 proportion. The abatement 

of emission of a DI CNG engine could be enhanced with injection timing of 180OCA 

BTDC particularly for 20% CO2 proportion in the mixture. By and large, it can be 

concluded that there were reductions in some of the emissions such as CO and THC 

emissions at all the operating engine speeds when compared with the pure CNG; CO2 

and the NOx emissions were observed to increase at all engine speeds.  
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