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Compressed natural gas (CNG) is a popular alternative fuel because of its more 

environmentally friendly properties than fossil fuels , including applications in diesel engines. 

However, supplying too much compressed natural gas fuel causes poor engine performance 

and emissions due to a decrease in the air-fuel ratio on the dual-fuel engine. The addition of 

air using electric superchargers was done to return the air-fuel ratio to ideal conditions. 

Lambda value (λ) was variation under low load (1.52 to 2.71), medium load (1.18 to 2.17), and 

high load (0.94 to 2.17) on a CNG-diesel dual fuel engine. The addition of pure air in each load 

can increase combustion stability in certain lambda, which was indicated by an increase in 

thermal efficiency, heat release rate, and a decrease in ignition delay, combustion duration, 

hydrocarbon, and carbon monoxide emissions. 

Keywords: CNG, Engine performance; Emission; Air fuel ratio; Thermal efficiency 

1. Introduction 

Anxiety about global warming gets special 

attention in every country, especially Indonesia. 

One of the biggest sources of increasing world 

temperature was exhaust gas from an internal 

combustion engine [1]. Also, it has impact on the 

greenhouse effect, emissions were also harmful to 

human health [2], and the environment [3], 

especially nitrogen oxide (NOx), hydrocarbon 

(HC), carbon monoxide (CO), and sulfur oxide 

(SOx) gases [4]. Thus, strict regulation was needed 

on exhaust gases produced by an internal 

combustion engine. 

The diesel engine was one of the internal 

combustion engine (ICE) that produce very high 

nitrogen oxide (NOx) and particulate matter (PM) 

emissions [5]–[10]. Various efforts have been 

made by automotive researchers to reduce NOx 

and PM emissions on diesel engines, such as 

exhaust gas recirculation (EGR) [11], [12], direct 

water injection [13] and dual fuel systems [14]–

[18]. Currently, dual fuel system technology in a 

diesel engine was more developed, because it was 

more effective in reducing NOx and particulate 

matter emissions, while also reducing fossil fuel 

consumption by substituting alternative fuels. An 

alternative fuel that was widely used in dual fuel 

systems was natural gas [19], [20]. The reason for 

utilizing natural gas was its availability which was 

quite large, especially in Indonesia [21]–[23]. 
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One of the natural gases that can be applied to 

a diesel dual fuel (DDF) engine was compressed 

natural gas (CNG) [24]–[29]. The reason was CNG 

has an octane number and self-ignition 

temperature was high [6], [30], therefore it can 

withstand cylinder temperature and pressures 

were high in the combustion chamber [16], [18]. 

The advantage of using CNG as the main fuel in a 

CI engine with dual fuel systems was that it can 

reduce NOx and PM emissions significantly [16], 

[18], [31]–[33].  

However, the use of CNG on DDF engines has 

caused a reduction in the performance of the 

engine, especially thermal efficiency, and a 

significant increase in emissions of HC and CO 

[18], [29], [33], [34]. This was due to the fuel 

mixture that was too rich in CNG-DDF engine 

when compared to a standard diesel engine. The 

CNG as the main fuel injected through the inlet 

can reduce the amount of combustion air so that it 

will reduce the air fuel ratio (AFR) and volumetric 

efficiency significantly. Ehsan et al. [35] described 

that the inclusion of CNG through the inlet causes 

a decrease in AFR, and then affects the decrease in 

engine power and thermal efficiency. 

Cheenkachorn et al. [36], said that after CNG was 

supplied to the engine that operated with dual 

fuel, CNG replaced some of the pure air entering 

and caused a reduction in volumetric efficiency. 

Imran et al. [37] explained that the value of 

volumetric efficiency on a DDF engine was lower 

than standard diesel because some of the 

incoming air has been substituted by CNG. 

Tarabet et al. [38] also explained that DDF engine 

has a higher equivalent ratio compared to a diesel 

engine. This was influenced by CNG which was 

supplied at the suction stroke and then mixed 

with air to replace some of the incoming air. Kalsi 

et al. [39] concluded in their study that the flow 

rate of air decreases with increasing substitution 

of CNG fuel because the CNG fuel replaces the 

amount of air available. 

The problem that occurred in the dual-fuel 

diesel engine described above, was also 

encountered by the author in previous work. This 

research was conducted to determine the 

characterization of the performance of the DDF 

engine through variations in the pressure of CNG 

injection [24]. Then this study was continued by 

Kurniawan et al. [40] and Silva et al. [41], by 

optimizing the injection timing of CNG and pilot. 

The results of the study also found that there was 

a reduction in engine performance, especially in 

thermal efficiency and AFR when compared to a 

standard diesel engine. 

Based on the research described above it can be 

concluded that the combustion air on a CNG-DDF 

engine was significantly reduced because some of 

the air was substituted by CNG that enters 

through the air inlet. As it was known that 

combustion air was needed for the combustion 

process in the combustion chamber [6], and when 

the amount of air entering the cylinder become 

reduced, then the mixture of CNG-diesel with 

oxygen was less and allows the production of less 

ignition sources, thereby reducing the combustion 

performance. Also, a decrease in the airflow rate 

causes the air-fuel mixture to be richer and allows 

incomplete combustion, so that much fuel does 

not burn. Non-combustible fuel will produce HC 

emissions and also the tendency to form higher 

CO emissions on CNG-DDF engines [18], [42], 

[43]. 

Overcoming this problem, some researchers 

added combustion air to CNG-diesel dual fuel CI 

engines, such as; Hassan et al. [44] comparing the 

characteristics of engine performances and 

emissions in the gasification-DDF engine, 

between adding combustion air using an air 

compressor with natural aspirated. The results 

obtained were increased thermal efficiency and 

then a decrease in brake-specific energy 

consumption (BSEC) and CO emission, but the 

emission of NOx slightly increased with the 

addition of combustion air. Abdelaal et al. [45] 

added pure oxygen to the cylinder of a natural 

gas-DDF engine. The results show that there was 

an increase in the pressure of the cylinder and a 

decrease in ignition delay. Too, with HC, CO, and 

smoke emissions there was a significant decrease, 

but the heat release rate (HRR) was still low and 

bad NOx emission. Nataraja et al. [46] analyzed 

the effect of using a turbocharger on engine 

performances of a DDF engine with RBOME 

biodiesel and producer gas fuels. They were 

concluding that the use of turbochargers can 

increase thermal efficiency, cylinder pressure, and 

HRR. A decrease in ignition delay better 

characterizes the burning performance. Emissions 

of CO, HC, and smoke have a low value, however, 

emissions of NOx increase due to engine 

temperature increases. Nayak and Swain [47], 
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analyzed the effect of adding a turbocharger on 

the emissions of a DDF engine. The results show 

that using a turbocharger can decrease the CO, 

HC, and smoke emissions in all engine loads. 

However, the emission of NOx had increased due 

to the increase in engine temperature. 

Based on the efforts made by researchers on a 

CNG-DDF engine, it was concluded that the 

addition of combustion air could improve engine 

performance, combustion processes, and reduce 

emissions. The addition of combustion air can use 

an air compressor, pure oxygen, turbocharger, or 

supercharger, where the aim was to increase the 

air-fuel ratio value of the engine itself. The 

addition of combustion air intensifies the amount 

of oxygen entering the cylinder and allows more 

oxygen to be mixed with fuel, especially CNG 

fuel, thus that more fuel burns and produces 

greater combustion. Likewise, forcing air into the 

cylinder can increase volumetric efficiency, thus 

the engine pressure and temperature rise. These 

will affect the speed of flame development in the 

combustion chamber [35]. Both of these 

parameters will affect the speed of flame that 

develops in the combustion chamber [45]. 

However, the combustion air requirements at 

each engine condition vary according to the 

amount of fuel in the cylinder. The amount of fuel 

consumed by the engine was affected by the load 

engine and its speed. Thus, it is necessary to 

optimize the addition of combustion air according 

to the engine load, to obtain a mixture of 

stoichiometric fuel and air. Previous research was 

not carried out optimization according to the 

needs of the engine so as to allow for excessive 

additions and consequently the mixture of fuel 

became poor. The poor mixture of fuel and air also 

affects the decrease in performance and increased 

exhaust emissions. 

Therefore, this research was carried out on a 

compression ignition engine, a four-stroke single 

cylinder, which has been modified into a CNG-

DDF engine. This research has been carried out 

with the addition of combustion air using an 

electrically controlled electric supercharger, in 

order to achieve ideal A/F values (stoichiometry) 

at each engine load so that there is an increase in 

the combustion process and a decrease in 

emissions of HC and CO on a CNG-DDF engine. 

The purpose of this research was to optimize the 

combustion air requirements in each engine load, 

so that the performance, combustion process, and 

emissions were better. The performance 

parameters analyzed include power, torque, 

brake mean effective pressure (BMEP) and 

specific fuel consumption (SFC), and CNG 

substitution, while combustion characteristics 

such as cylinder pressure, HRR, ignition delay 

(ID), and combustion duration (CD). Then, 

emissions of CO, HC, and PM were also analyzed 

in this study. 
 

2. Method 

2.1. Test Engine 

Tests were carried out on conventional diesel 

engine, a four-stroke single cylinder, and then 

modified into a CNG-DDF engine using an 

electric supercharger at intake manifold. The test 

engine specifications used are shown in Table 1 as 

follows [48]. 
 

Table 1. Specification of CNG-DDF engine 

Item Specification 

Type DI 800 CNG-diesel dual fuel engine 

Model Single cylinder, four stroke 

Bore x Stroke 82 mm x 78 mm 

Displacement 411 cc 

Maximum power 5.9 HP (4.4 KW) /2000 rpm 

Continuous power 4.8 HP (3.6 KW)/1500 rpm 

Compression Ratio 18:1 

Cooling system Hopper 

Lube capacity 1.8 liter 

Pilot injection timing 13° BTDC 

CNG injection timing 80° ATDC 

CNG injection duration 70° CA 

Valve timing Opening Closing 

Intake 30° BTDC 50° ABDC 

Exhaust 55° BBDC 35° ATDC 
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2.2. Fuels 

The fuels used in the test engine were diesel 

and CNG fuels. The properties of the two fuels can 

be seen in Table 2 [49]. The CNG fuel with a 

working pressure of 2 bar is injected near the port 

at the intake manifold, based on previous research 

[50]. The CNG timing injection of 80° ATDC at the 

suction step [51] and the CNG duration injection 

of 70° CA [52] was kept constant from the optimal 

value of previous studies, without injection 

settings. Diesel fuel was injected directly into the 

combustion chamber with a fuel pump pressure 

of 21.57 MPa and timing of diesel pilot injection of 

13° BTDC. 

 

2.3. Instrumentation and Data Acquisition 

The measuring instrument used in this test is a 

measuring cup function to determine the volume 

of diesel fuel. The gas flow meter functions to 

measure the mass flow rate of CNG fuel to the 

cylinder. The airflow meter functions to measure 

the mass flow rate of pure air to the cylinder. The 

gas analyzer functions to measure the level of 

exhaust emissions from dual fuel engines such as 

CO and HC emissions. Smoke opacity tester 

functions to measure the emission levels of 

particulate matter (PM) emissions. Digital current 

meter functions to get the value of the current and 

voltage generated from the loading engine.  

Pressure transducer sensor functions to 

determine the combustion pressure, combustion 

temperature, and HRR on a CNG-DDF engine. 

The encoder sensor is used to determine the crank 

angle (CA). TMR combustion analyzer functions 

as data acquisition to process input data from the 

pressure transducer and encoder sensor to 

determine the value of the cylinder pressure, 

combustion temperature, HRR, etc. The 

specifications of the measuring instrument is 

presented in Table 3.  
 

2.4. Analysis of Uncertainty 

In reducing errors in measurement it is 

necessary to analyze the uncertainty. 

Measurement error is caused by several factors 

such as human error, environmental conditions, 

the condition of the measuring instrument, and 

data collection methods [53]. Thus the analysis of 

uncertainty is required by using Eq. (1) [54], [55]:  

X̅ =
∑ X𝑚

𝑛
 (1) 

 

Table 2. Properties of fuels 

Fuel Properties  Diesel CNG 

Low heating value (MJ/kg) 42.8 48.6 

Cetane number 52.5 - 

Octane number - 130 

Auto-ignition temperature (°C) 316 650 

A/Fstoic (kg/kg) 14.69 17.2 

Carbon content (%) 87 75 

 

Table 3. The specifications of the measuring instrument 

Divice Type Property Sensibility 

Burette Meter Class A, DIN ISO 385 

standard 

1-25 ml ± 0.05 ml 

Pressure Transducer Sensor IEPE sensors 0-200 bar ± 1% 

Manometer & Flow Meter 

Different Pressure 

Manometer 0-999.900 CFM ± 0.3% FSO 

Data Acquisition TMR 150 8 channel, ± 10V s/d ± 200mV - 

Encoder Sensor S65 Series 50 ppr – 23040 ppr - 

Gas Analyzer Stargas 898 CO: 0-15 %vol 

CO2: 0-20 % vol 

HC: 0-30,000 ppm vol 

O2: 0-25.00 % vol 

NO×: 0-5,000 ppm vol 

Lambda: 0.5-2 

± 0.001 

± 0.01 

± 1 

± 0.01 

± 1 

± 0.001 

Smoke Opacity Meter NEOMOTECH CGO-600 0-100 % ± 0.01 
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Where, �̅�  is the average value of the 

measurement,  𝑛 is the number of repetitions of 

measurements, and  𝑋𝑚  is the measurement 

result. The standard deviation (𝑆𝐷)  uses the 

following Eq. (2): 

𝑆𝐷 =  √
∑ (𝑋𝑚 − 𝑋)̅̅ ̅2𝑛

𝑚=1

(𝑛 − 1)
 (2) 

Then the measurement the analysis of uncertainty 

(𝑈) can be calculated using the Eq. (3): 

𝑈 =  
𝑆𝐷

√𝑛
 (3) 

The results of the measurement the analysis of 

uncertainty are shown in Table 4.  

 

2.5. Parameters and Procedures of Test 

Tests were carried out with the experimental 

method on a CNG-DDF engine as shown in the 

test scheme in Figure 1. Before data collection, the 

engine was heated for ± 30 minutes. The engine 

speed was set constant during testing, which was 

1500 rpm. The test is done by varying the lambda 

value (λ) obtained from the calculation of the ratio 

between the A/Factual with the A/Fstoic. Technically 

in the field, a variation of this research was carried 

out by forcibly adding air using an electric 

supercharger attached to the intake manifold. 

Where the supercharger rotation can be varied by 

using the electric current flowing to the electric 

motor as the driver of the supercharger. Then 

from the intake air setting, it is then converted to 

a lambda value as one of the parameters in 

determining the quality of the fuel and air 

mixture.  

The engine load is calculated from the 

maximum engine power capacity of 5.9 HP (4.4 

kW) as shown in Table 1. In determining the 

engine load, it is calculated as follows Eq. (4)-(6). 

Each load is carried out variations on the 

parameter lambda value (λ), as shown in Table 5. 

The engine load uses a lamp with an increase of 

500 watts. The current and voltage values 

obtained from the digital multimeter are used to 

calculate the performance of engines such as 

power, BMEP, torque, SFC, and volumetric 

efficiency. 

The variations made are by varying the lambda 

value (λ) shown in Table 5 with the equation used 

as follows Eq. (7) [30]:  

λ =
𝐴/𝐹𝑎𝑐𝑡𝑢𝑎𝑙

𝐴/𝐹𝑠𝑡𝑜𝑖𝑐
 (7) 

The mass flow rate of fuel in a diesel dual-fuel 

engine at each engine load is described in Error! 

Reference source not found.. Then along with 

variations in lambda values at different engine 

loads, combustion performance data retrieval is 

also performed using a combustion analyzer, and 

emissions of CO, HC, and PM using a gas analyzer 

and smoke tester.
 

Table 4. The analysis of uncertainty 

Device Uncertainty (U) 

Burette Meters ± 0.509902 

Pressure Transducer Sensor ± 0.106066 

Manometer & Flow Meters Different Pressure ± 0.003741 

Gas Analyzer CO   : ± 0.000447 

CO2  : ± 0.333333 

HC   : ± 0.374166 

O2     : ± 0.050990 

NOx  : ± 0.005831 

Smoke Opacity Meter ± 0.037417 

 

𝐿𝑜𝑤 𝑙𝑜𝑎𝑑 =
𝐿𝑎𝑚𝑝 𝑙𝑜𝑎𝑑

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑤𝑒𝑟 𝑒𝑛𝑔𝑖𝑛𝑒 
𝑥 100% =

1000 𝑊𝑎𝑡𝑡

4400 𝑊𝑎𝑡𝑡 
𝑥100% = 22.72%     (4) 

 

𝑀𝑒𝑑𝑖𝑢𝑚 𝑙𝑜𝑎𝑑 =
𝐿𝑎𝑚𝑝 𝑙𝑜𝑎𝑑

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑤𝑒𝑟 𝑒𝑛𝑔𝑖𝑛𝑒 
𝑥 100% =

2500 𝑊𝑎𝑡𝑡

4400 𝑊𝑎𝑡𝑡 
𝑥100% = 56.81%  (5) 

 

𝐻𝑖𝑔ℎ 𝑙𝑜𝑎𝑑 =
𝐿𝑎𝑚𝑝 𝑙𝑜𝑎𝑑

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑤𝑒𝑟 𝑒𝑛𝑔𝑖𝑛𝑒 
𝑥 100% =

4000 𝑊𝑎𝑡𝑡

4400 𝑊𝑎𝑡𝑡 
𝑥100% = 90.90%         (6) 
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Figure 1. Experimental setup on CNG-DDF engine 

 

3. Results and Discussion 

The engine that uses dual fuels has a lower air-

fuel ratio (AFR) compared to a single-fuel engine 

[35]. The AFR was too low, illustrating that a dual-

fuel engine has a mixture that was too rich. A 

mixture that was too rich affects the combustion 

process which causes a reduce in performance and 

an increase in emissions of HC and CO [18]. Thus 

the optimum value of lambda (λ) was needed by 

adding combustion air to each engine load. 

Lambda value (λ) was calculated from Eq. (7). 

Then, for obtain the actual air-fuel ratio value was 

obtained by Eq. (8): 

𝐴/𝐹𝑎𝑐𝑡𝑢𝑎𝑙 =
�̇�𝑎𝑖𝑟

�̇�𝑑𝑢𝑎𝑙 𝑓𝑢𝑒𝑙

 (8) 

Where, the value of air-fuel ratio stoichiometry of 

dual-fuel and the equivalent ratio can be 

calculated using Eq. (9) [56] and Eq. (10) [30]. 

𝐴/𝐹𝑠𝑡𝑜𝑖𝑐 =
[α (𝑥𝑑 +

𝑦𝑑

4
) +  𝛽 (𝑥𝑔 +

𝑦𝑔

4
) 𝑀𝑊𝑎𝑖𝑟

α(𝑥𝑑𝑀𝑊𝐶 + 𝑦𝑑𝑀𝑊𝐻) +  β(𝑥𝑔𝑀𝑊𝐶 + 𝑦𝑔𝑀𝑊𝐻)
 (9) 

Ф =
𝐴/𝐹𝑠𝑡𝑜𝑖𝑐

𝐴/𝐹𝑎𝑐𝑡𝑢𝑎𝑙

 (10) 

Finally, the CNG substitution is how much 

diesel fuel is replaced by CNG fuel. The equation 

used to calculate CNG substitution is presented 

by Eq. (11): 

𝐶𝑁𝐺 𝑠𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑡𝑖𝑜𝑛 =
�̇�𝑑𝑖𝑒𝑠𝑒𝑙 𝑓𝑢𝑒𝑙

�̇�𝐶𝑁𝐺 𝑓𝑢𝑒𝑙 + �̇�𝑑𝑖𝑒𝑠𝑒𝑙 𝑓𝑢𝑒𝑙  
𝑥 100% (11) 

 

3.1. Engine Performances 

The effects of lambda on power, torque, and 

brake mean effective pressure (BMEP) under 

different engine loads was shown in Figure 2. The 

higher value of lambda was followed by an 

increase in power, torque, and BMEP. However, 

each engine load has an optimal lambda value. In 

low load, the optimal lambda value of 1.98 with 

the maximum power of 0.977 kW, a torque of 4.646 

N.m, and BMEP of 1.936 kg/cm2. In medium load, 

the optimal lambda value of 1.99 with maximum 

power of 2.281 kW, torque of 9.713 N.m, and 

BMEP of 3.936 kg/cm2. In high load, the optimal 

lambda value of 1.69 with the maximum power of 

3.036 kW, torque of 14.427 N.m and BMEP of 6.013 

kg/cm2. 

This shows that supplying more air to the 

cylinder, can increase the amount of oxygen in the 

cylinder and then allow the mixture of the two 

fuels, especially CNG with oxygen. The amount of 

mixture of fuel and oxygen that allows more fuel
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Table 5. Variation of research parameters 

Engine load (%) Lambda variation Mass flow rate of fuel on dual fuel (kg/s) 

Low load 1.52 0.0001413 

1.56 0.0001383 

1.71 0.0001349 

1.98 0.0001320 

2.51 0.0001295 

2.71 0.0001252 

Medium load 1.18 0.0001727 

1.21 0.0001696 

1.32 0.0001648 

1.56 0.0001600 

1.99 0.0001574 

2.17 0.0001514 

High load 0.94 0.0002039 

0.99 0.0001943 

1.07 0.0001937 

1.29 0.0001855 

1.69 0.0001785 

1.86 0.0001709 
 

 

 
Figure 2. The influence of lambda on the power, torque, and BMEP under different loads 

 

to burn especially from burning CNG, thus that it 

produces a larger explosion and then affects the 

increase in engine power. An increase in torque 

and BMEP follows increased engine power 

because both were functions of power. However, 

when adding too much air causes a decrease in 

power, torque, and BMEP and this condition 

occurs in all engine loads. This was because the 

mixture of air and fuel was too poor, and this 

allows the stability of combustion to be worse, 

thus that combustion was not perfect and 

consequently a decrease in engine power.   

Figure 3 explains the effect of lambda values on 

thermal efficiency, SFCdual, SFCdiesel, and CNG 

substitution under different engine loads. The 

increase in lambda value resulted in an increase in
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Figure 3. The influence of lambda on (a) the thermal efficiency, (b) The CNG Substitution, (c) SFC dual, (d) SFC 

diesel under different loads 

 

thermal efficiency, dual SFC, SFC diesel and CNG 

substitution on a CNG-DDF engine. However, 

each engine load has a certain value as well as 

power, torque, and BMEP. In low load the optimal 

lambda value was obtained at 1.98 with the 

maximum thermal efficiency of 16.95%, a 

minimum SFCdual value of 0.449 kg/kW.h and 

minimum SFCdiesel of 0.1973 kg/kW.h. However, 

the maximum percentage energy substitution of 

CNG was 60.89% with lambda value of 2.71. In 

medium load optimal lambda value was obtained 

at 1.99 with the maximum thermal efficiency of 

28.34%, a minimum SFCdual value of 0.285 kg/kW.h 

and minimum SFCdiesel of 0.1379 kg/kW.h. 

However, the maximum percentage energy 

substitution of CNG was 50.51% at lambda 2.17. 

In high load the optimal lambda value was 

obtained at 1.69 with the maximum thermal 

efficiency of 38.60%, a minimum SFCdual value of 

0.211 kg/kW.h and minimum SFCdiesel of 0.114 

kg/kW.h. However, the maximum percentage 

energy substitution of CNG was 44.81% with 

lambda value of 1.86. 

The value of lambda raised has a positive 

impact on thermal efficiency, CNG, SFC dual and 

SFC diesel substitutions at each engine load. As 

explained earlier, that the addition of combustion 

air can increase oxygen from the environment into 

the cylinder so that the proportion of oxygen 

mixes with the fuel (diesel-CNG) is more and the 

combustion reaction is more stable, resulting in an 

increase in performance. Thus the engine was 

more effective in consuming pilot fuel, so it has a 

good impact on increasing thermal efficiency and 

CNG substitution and decreasing SFC on a CNG-

DDF engine, this phenomenon was also seen in 

previous studies [57], [58]. However, adding too 

much combustion air, the mixture of air and fuel 

was too thin and allows smaller combustion due 

to misfire that has formed. 

Figure 4 shows the effect of lambda on 

volumetric efficiency under different engine loads 

on a CNG-DDF engine. Increasing the lambda 
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value results in intensification in the value of 

volumetric efficiency at all engine loads. In low 

load with a lambda value of 2.71, it produces the 

maximum volumetric efficiency of 91.38%. In 

medium load with a lambda value of 2.17, it 

produces the maximum volumetric efficiency of 

88.42%. In high load with a lambda value of 1.86, 

it produces the maximum volumetric efficiency of 

85.46%. This proves that increasing the amount of 

pure air using an electric supercharger can lead to 

volumetric efficiency. With the increase in the 

quantity of pure air entering the cylinder resulting 

in an increase in the value of lambda in a CNG-

DDF engine, this phenomenon has also been 

shown in previous studies [38]. Increased 

volumetric efficiency has a positive impact on 

engine performance, this is characterized by an 

intensification in temperature and pressure of 

combustion on a CNG-DDF engine. Figure 4 also 

shows that increasing engine loads results in 

reduced volumetric efficiency. This is due to the 

increase in the quantity of diesel fuel cause 

controlled by the centrifugal governor so that the 

quantity of pure air entering the cylinder also goes 

down. Thus the volumetric efficiency is low, this 

phenomenon has also been shown in previous 

studies [37]. 

Figure 5 shows the effect of lambda on excess 

air under different loads on a CNG-DDF engine. 

The value of excess air increases by increasing the 

lambda value at all engine loads. This is due to the 

addition of the proportion of pure air that enters 

the cylinder thereby increasing the value of the 

excess air. Figure 5 also shows that the value of 

excess air decreases with increasing engine loads, 

this phenomenon is also seen in previous studies 

[38], [59]. This is because the amount of diesel fuel 

adds a lot to offset the engine load controlled by 

the centrifugal governor, so the lambda value 

decreases, thus the excess air in the cylinder 

becomes less, this is also explained by Tarabet et 

al. [38]. 
 

3.2. The Combustion Characteristics 

3.2.1. The Cylinder Pressure and HRR 

Figure 6 displays the effect of lambda on 

cylinder pressure and HRR under low load. The 

optimal lambda value was obtained at 1.98 by 

producing cylinder pressure of 45.67 bar and HRR 

of 55.07 kJ/m3/°CA. This phenomenon was also 

shown in previous studies [57], [59]. The addition 

of air supply from the outside, allows an increase 

in volumetric efficiency, thus as to produce a high 

temperature of combustion and influence the 

increase in cylinder pressure. This increase has a 

positive effect on HRR value, this can be seen in 

Figure 6, where the increase in heat rate follows the 

trend of cylinder pressure. 

 

 
Figure 4. The influence of lambda on the volumetric efficiency under different loads 
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Figure 5. The influence of lambda on the excess air under different loads 

 

 
Figure 6. The influence of lambda on the cylinder pressure and heat release rate under low load 

 

Besides that, the addition of combustion air to 

the cylinder can reduce the specific heat capacity 

value of charge (air-CNG mixture) and have an 

effect on increasing the pressure and temperature 

at the end of the compression step. This results in 

an increase in cylinder pressure and HRR. 

However, with the addition of too much 

combustion air, cylinder pressure tends to 

decrease followed by the HRR. This was because 

the air and fuel mixture was poor, thus that there 

was a misfire from the combustion process 

because of the excess air, allowing a decrease in 

the temperature of the cylinder and then having 

an impact on the decrease in cylinder pressure and 

HRR. 

Figure 7 shows the effect of lambda on cylinder 

pressure and HRR at medium load. In Figure 7 it 

can be seen that the trend of increasing cylinder 

pressure and HRR were the same as a low load. 

However, the cylinder pressure and HRR values 
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were higher than the low load. It was caused by 

an intensified temperature of combustion because 

the additional load requires more fuel to maintain 

engine working conditions at constant rotation 

and results in maximum combustion with 

cylinder pressure of 54.83 bar and HRR of 84.72 

kJ/m3/°CA at optimal lambda value of 1.99. This 

proves that increasing the combustion air supply, 

allows more oxygen to enter the cylinder, thus 

increasing the oxygen partial pressure. This 

increase will affect the increase in temperature 

and cylinder pressure during the compression 

step. An increase in temperature and cylinder 

pressure will facilitate the evaporation of pilot fuel 

and interact with oxygen faster, and allow faster 

reaction rates so that the uncontrolled combustion 

from diesel fuel was greater. This increase has a 

large impact on the diffusion combustion of CNG 

fuel, and then it will produce a higher heat release 

rate, this was also explained by Sarkar et al. [57]; 

Zheng et al. [59]. However, when the pure air 

were too much, the mixture of air and fuel 

becomes poorer, and the excess air causes 

incomplete combustion so that the temperature of 

combustion and pressure cylinder decrease. 

Figure 8 displays the effect of lambda on 

cylinder pressure and HRR under high load. The 

consequence of adding engine load was to 

increase diesel fuel in the combustion chamber. 

Adding too much fuel produces a rich mixture, 

thus affecting the combustion performance of the 

CNG-DDF engine. Efforts to add combustion air 

can reduce the rich mixture so that more oxygen 

fills in the cylinder chamber and then makes the 

fuel and air mixture more ideal. In Figure 8 it can 

be seen that forcing the air environment into the 

cylinder it can affect the increase in the cylinder 

pressure and HRR. The optimal lambda value of 

1.69 by producing a cylinder pressure of 63.40 bar 

and an HRR of 109.11 kJ/m3/°CA, this 

phenomenon is also shown in previous studies 

[57], [59]. As also explained in Figure 6 and Figure 

7, the addition of oxygen can increase the partial 

pressure in the cylinder so that it can increase the 

temperature and pressure of the cylinder during 

the compression step. Coupled with high load 

where the temperature and combustion pressure 

were very high. With the addition of combustion 

air and then mixing with a large amount of fuel in 

that situation, it was possible to produce 

premixed, and diffusion combustions were very 

large from both fuels, especially CNG. Thus more 

energy was generated, which was indicated by an 

intensification of in-cylinder pressure and HRR. 

Figure 8 also shows that with a lambda of 1.99 

there was a decrease in cylinder pressure and heat 

release rate, due to too much external air supply 

so that the mixture of air and fuel returns to poor 

and combustion becomes incomplete. 

 

 
Figure 7. The influence of lambda on the cylinder pressure and heat release rate under medium load 
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Figure 8. The influence of lambda on the cylinder pressure and heat release rate under high load 

 

3.2.2. The Temperature of Combustion 

Figure 9 shows the temperature of combustion 

of the crank angle function with lambda variations 

under low load. The temperature of combustion 

seems to increase along with increasing the 

lambda value. The maximum combustion 

temperature is 1049 K with a lambda value of 1.98 

under low load. This is due to the maximum 

combustion so as to produce high temperatures, 

this is indicated by an increase in combustion 

pressure and HRR, this is also explained by 

Tomita et al. [60]; Zheng et al. [59]. However, the 

lambda value is too high resulting in a decrease in 

the temperature of combustion under low load. 

This is due to a mixture of air and fuel that is too 

poor so combustion becomes incomplete and 

results in poor combustion quality. Thereby 
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impact on the reduction in the temperature of 

combustion. Zheng et al. [59] explained that the 

decrease in temperature was caused by a decrease 
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that the mixture becomes too poor. 

Figure 10 shows the temperature of combustion 

of the crank angle function with lambda variations 

under medium load. The temperature of 

combustion value is higher under medium load 

compared to low load. This increase was caused 

by the increase in the quantity of diesel fuel by the 

governor to offset the engine load so that the 

combustion of premixed diesel fuel was greater. 

Then the intensity and speed of the combustion 

rate produced by combustion diffusion are faster. 
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burned more so that the temperature of 

combustion increases.  
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lambda values that are too high occur in the 

temperature of combustion decreases, this is 

affected by a decrease in combustion quality 

because the fuel-air mixture is too poor and does 

not mix homogeneously. 

Figure 11 shows the temperature of combustion 

of the crank angle function with lambda variations 

under high load. The temperature of combustion 
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premixed from pilot fuel is greater and results in 

a faster combustion intensity and rate of 

combustion. This condition will cause the 

quantity of CNG and diesel fuel to burn more, 

thereby increasing the temperature of 

combustion. The combustion temperature is also 

seen to increase with increasing lambda values as 

in medium and low loads. The maximum 

combustion temperature is 2167 K with a lambda 

value of 1.69 under high load. This proves that by 

increasing the quantity of pure air supply to the 

cylinder, the amount of fuel (CNG-diesel) and 

oxygen are  mixed more so that it produces 

maximum combustion and has an effect on rising
 

 
Figure 9. The influence of lambda on the temperature of combustion under low load 

 

 
Figure 10. The influence of lambda on the temperature of combustion under medium load 
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combustion temperatures, this phenomenon was 

also shown in previous studies [60]. Then also, 

increasing the quantity of pure air entering the 

cylinder can increase the volumetric efficiency 

value and affect the quality of combustion as 

shown in Figure 4. However, if the lambda value is 

too high causing a decrease in temperature, this is 

due to a decrease in the amount of charge in the 

cylinder as explained by Zheng et al. [59]. 

 

3.2.3. The Ignition Delay (ID) and Combustion 

Duration 

Figure 12 shows the effect of lambda on the 

ignition delay and the combustion duration under 

different loads. Ignition delay is influenced by 

temperature of combustion, this is also descrided 

by Sarkar et al. [57]. An increase in lambda value 

causes a decrease in ID and the combustion 

duration at all loads. The minimum ignition delay 

value of 12° CA and minimum combustion 

duration of 20° CA occurs in high load conditions 

with a lambda value of 1.69. This phenomenon is 

also shown in the research of Sarkar et al. [57] that 

ignition delay and combustion duration increase 

when the equivalent value of the ratio increases in 

all engine loads, this means that when the lambda 

value decreases, ID and duration of combustion 

also increase are longer. 

Besides that, the addition of combustion air 

causes an increase in volumetric efficiency, 

because more air was supplied to the cylinder 

chamber and causes the temperature and cylinder 

pressure to rise. The increase in temperature and 

cylinder pressure accelerates the chemical delay 

process in the ignition delay period so that it 

accelerates the initial combustion in the 

combustion chamber. Then also, the rise in 

temperature and cylinder pressure also 

accelerates the rate of combustion so that the time 

needed to burn fuel is less and thus will shorten 

the duration of combustion. However, if too much 

air was added, the mixture of fuel and air becomes 

poor, resulting in incomplete combustion, which 

affects the ID and combustion duration. J. B. 

Heywood [6] and S. R. Turn [30] explain that if the 

equivalent ratio value is below 1, then the air-fuel 

ratio (AFR) includes a poor or excess air mixture. 

From the variation of the lambda (λ) value that 

was carried out, it was found that the lambda 

value was below the value of 2 which indicates 

that too much air is supplied to the cylinder. 

 

 
Figure 11. The influence of lambda on the temperature of combustion under high load 
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Figure 12. The influence of lambda on the ID and combustion duration under different loads 

 

3.3. Emissions 

3.3.1. Carbon Monoxide (CO) Emissions 

In CNG-DDF engine has high CO emission 

values compared to a standard diesel engine. This 

increase was dominated by CNG fuels that were 

not completely burned, as has been explained by 

previous studies[61], [62]. Figure 13 shows the 

influence of lambda on CO emissions with 

different engine load variations. With the value of 

lambda raised, it can reduce CO emission, and this 

case occurs at all different loads, this phenomenon 

was also shown by Sarkar et al. [46] in their 

research. The minimum CO emission value of 

0.1641 g/kW.h with optimal lambda value of 1.69 

under high load. More added air causes AFR to be 

poor, and more supplied oxygen so CO formation 

can be reduced, especially low load. Then also 

affected by a significant increase in temperature 

by raising the value of lambda so that CO 

emissions emit easily oxidize, as described by 

Sarkar et al. [57]. Where in the medium and high 

loads the temperature of combustion is above 

1500 K so that it will make it easier for CO 

molecules to form CO2 with the chemical reaction 

𝐶𝑂 + (
1

2
) 𝑂2 → 𝐶𝑂2 [57], and if the lambda value is 

high, the availability of O2 reacts more with CO 

molecules. This will reduce CO emissions with 

more air. 

In high loads, it can be seen the effect of adding 

combustion air to the reduction of CO emission, 

even though at this load there was an increase in 

the supply of diesel fuel. Increasing the supply of 

diesel fuel can be balanced with the addition of 

pure air, and the AFR was still above 

stoichiometry so that CO emission produced can 

still be reduced. Then also at high load the 

temperature and pressure combustion increase, 

due to the increase in volumetric efficiency, as a 

result, the air supply was very much, so the 

temperature of the mixture of air and fuel 

becomes higher and allows the CNG fuel to be 

easily oxidized with oxygen. 

 

3.3.2. Hydrocarbon (HC) Emissions 

Figure 14 shows the effect of lambda on HC 

emissions under different loads. Previous 

research [61], explained that HC emissions 

produced on a CNG-DDF engine were 80% of 

CNG fuel that was not burned, especially under 

low load. With the use of dual fuels it produces a 

richer mixture of air and fuel, so that part of the 

already formed fire was easily extinguished, 

especially low load. This was caused by cooling 

the cylinder walls due to CNG temperatures that 

were too low which accumulate a lot in the area. 

 

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

SOI of Pilot 130 BTDC

CNG IT 800 ATDC

CNG ID 700 CA

 Ignition delay (Low load)

 Ignition del. (Medium load)

 Ignition del. (High load)

 Combustion duration (Low load)

 Combustion duration (Medium load)

 Combustion duration (High load)

Lambda

Ig
n

it
io

n
 d

el
ay

 (
0
C

A
)

18

19

20

21

22

23

24

25

26

27

28

29

30

 C
o
m

b
u
st

io
n
 d

u
ra

ti
o
n
 (

0
C

A
)

http://journal.ummgl.ac.id/index.php/AutomotiveExperiences/index


© Dori Yuvenda, et al.  

Automotive Experiences  522 
 

 
Figure 13. The influence of lambda on the CO emission under different loads 

 

 
Figure 14. The influence of lambda on the HC emission under different loads 

 

3.3.3. Particulate matter (PM) emission 

In CNG-DDF engine has lower PM emission 

than a standard diesel engine, as described in 

previous studies [16]–[18], [44]. However, if the 

engine load was increased, particulate matter 

emission will increase. The reason was that the 

amount of diesel fuel was added automatically by 

the centrifugal governor to compensate for the 

engine load, and allows the formation of more 

dominant PM emission.  

Figure 15 shows the effect of lambda on PM 

emissions under different loads. Different engine 

loads have the same trend, where PM emissions 

decrease with an increasing value of lambda. The 

lowest PM emission was obtained under a low 

load of 0.0024 g/kW.h with the optimal lambda 

value of 1.98. This shows that the addition of pure 

air can compensate for the addition of diesel fuel 

so that more diesel fuel mixes with air and allows 

it to burn more perfectly. 
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Figure 15. The influence of lambda on the PM emission under different loads

 

4. Conclusion 

The effect of air-fuel ratio on performance, 

combustion performance. and emissions on a 

CNG-DDF engine has been tested experimentally 

so the conclusions can be drawn as follows: 

a. Addition of combustion air on a CNG-DDF 

engine was needed to improve engine 

performance and reduce emissions on the 

engine. Each engine load has the optimum 

lambda value so that the ideal air-fuel ratio 

was obtained, resulting in better combustion. 

b. In low load, the optimum lambda value of 1.98 

with better performances and lower emissions, 

where maximum engine power of 0.977 kW, 

minimum SFC of 0.449 kg/kW.h, thermal 

efficiency of 16.95%, and the minimum value 

for HC emission of 0.1256 g/kW.h, CO 

emission of 0.5743 g/kW.h, and PM emission of 

0.0024 g/kW.h. Performances and emissions 

improvements were indicated by an increase in 

cylinder pressure of 5.29% and HRR of 25.10% 

with a decrease in the ID of 18.18% and 

combustion duration of 6.89%. 

c. In medium load, the optimum lambda value of 

1.99 with better engine performances and 

lower emissions, where maximum engine 

power of 2.281 kW, minimum SFC of 0.285 

kg/kW.h, thermal efficiency is 28.34%, and the 

minimum value for HC emission of 0.0754 

g/kW.h, CO emission of 0.4102 g/kW.h, and 

PM emission of 0.0030 g/kW.h. Performances 

and emissions improvements were indicated 

by an increase in cylinder pressure of 1.48% 

and HRR of 15.39% with a decrease in the ID of 

15.78% and combustion duration of 11.11%. 

d. In high load, the optimum lambda value of 1.69 

with better engine performance and lower 

emissions, where maximum engine power of 

3.036 kW, minimum SFC of 0.211 kg/kW.h,  

thermal efficiency of 38.60%, and the minimum 

value for HC emission of 0.0395 g/kW.h, CO 

emission of 0.1641 g/kW.h, and PM emission of 

0.0048 g/kW.h. Performances and emissions 

improvements were indicated by an increase in 

cylinder pressure of 3.76% and HRR of 8.93% 

with a decrease in the ID of 20% and 

combustion duration of 13.04%. 

e. The volumetric efficiency and air excess values 

increase by increasing the lambda value in the 

CNG-DDF engine at all engine loads so as to 

improve engine performance and reduce 

emissions. 

This research contributes to improving 

performance and reducing emissions in internal 

combustion engines using dual fuels, especially 

CNG and diesel fuels through the addition of 

combustion air using a forced air system. 
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