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INTRODUCTION

Due the environmental challenges, new fu-
els for internal combustion (IC) engines are still 
being developed. A lot of studies are focused on 
renewable fuels such as biodiesel, selected alco-
hols (ethanol, methanol) as well as plant oils and 
their mixtures with n-hexane [13]. Additionally, 
selected ethers, including ethyl tert-butyl ether 
[7] and diethyl ether, are considered as possible 
fuels for diesel engines [6, 8]. Thus, gaseous fu-
els such a liquid natural gas (LNG) as well as a 
compressed natural gas (CNG) are considered 

as another alternative fuel for diesel engines. It 
should be pointed out that the octane number of 
natural gas (110/130) is higher than for regular 
gasoline (95/98) [9]. For this reason, CNG is ap-
plied mainly for the urban vehicles equipped with 
spark ignition engines. However, lower price of 
CNG encourages searching for other possibilities 
i.e. application of this gaseous fuel also for die-
sel engines. It is known that the physicochemi-
cal properties of CNG are not the best for diesels. 
As mentioned above, CNG has a gaseous form 
and cetane number near to zero. Additionally, 
the auto-ignition temperature of CNG is about 
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ABSTRACT
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as particulate matter (PM), was evaluated. The obtained results confirmed that the EGR system is effective in the 
reduction of the NOx formation for all tested fuel mixtures. Nevertheless, it was found that the addition of CNG 
combusted in the diesel engine generates more harmful pollutants in comparison with diesel fuel. However, in 
some cases the concentration of NOx as well as PM was comparable or lower. It suggests that the combustion of 
CNG in diesels allows achieving environmental benefits. In this case, further optimization of the engine fuel sup-
ply system is necessary.
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3 times higher, in comparison with regular die-
sel fuel [10]. These selected factors promote the 
knocking phenomenon, which can even destroy 
the engine [5, 12]. The application of CNG as a 
fuel for diesels is limited due to technical barri-
ers. In particular, CNG cannot be delivered into 
the combustion chamber by the conventional fuel 
supply system of diesel engines. However, it can 
be combusted in the diesel engine equipped with 
a dual fuel system. In such engines, the homo-
geneous natural gas-air mixture is formed in the 
engine intake manifold or intake channels and, 
during the compression stroke, it is ignited by 
the diesel fuel dose injected into the combustion 
chamber. The examples of these technologies are 
well-known and were presented in numerous pa-
pers [2, 18]. On the other hand, there are many 
problems related with the emissions of harm-
ful gases from dual-fuel diesels, which should 
be still investigated. They are mainly caused by 
the complexity of the mixture formation and the 
process of combustion that is much more diffi-
cult to control in comparison with the combustion 
of regular diesel fuel in a standard diesel engine. 
The impact of the EGR ratio on the emissions of 
harmful gases such as nitrogen oxides (NOx) and 
particulate matter (PM) should be additionally in-
vestigated. For a dual fuel mixture consisting of 
diesel oil and natural gas, the emission of NOx 
increases along with the share of natural gas in 
the dual fuel mixture [11]. Limited control over 
the combustion of the dual fuel mixture leads to 
a higher temperature of the flame front and con-
sequently, correspondingly higher NOx emission. 
Hence, if second fuel is applied (e.g. natural gas 
provided into the intake channel), which modi-
fies the mechanism of combustion, the use of 
EGR must be carefully examined and properly 
controlled. 

COMBUSTION IN DUAL FUELLING DIESEL 
ENGINE

The combustion process of a dual fuel mix-
ture depends on the engine design features such 
as the compression ratio [3], the shape of the com-
bustion chamber [16] and the ways how fuels are 
fed to the engine [26]. Usually, a homogeneous 
mixture (e.g. natural gas/air mixture) is formed 
outside the cylinders and ignited by the directly 
injected diesel fuel. In that case, the combustion 
process could be controlled by many adjustment 

parameters, strictly optimized for the engine load 
and speed:
•• injection timing of diesel fuel,
•• injection pressure of diesel fuel, 
•• number of diesel fuel injections per cycle,
•• amount of diesel fuel injected per cycle (diesel 

fuel-air mixture composition),
•• amount of natural gas supplied per cycle (nat-

ural gas-air mixture composition),
•• amount of intake air, its temperature and 

pressure,
•• rate and temperature of EGR.

The complexity of the combustion control 
process of a dual fuel mixture in a diesel engine, 
particularly the ignition of a homogeneous mix-
ture by a diesel fuel pilot dose and its results were 
examined and widely described in literature. Be-
cause of its significance, many researchers stud-
ied the effects of injection timing on the engine 
performance and its exhaust emissions [21]. For 
this type of fuelling, it is crucial to reduce the heat 
release rate and, consequently, maintain the in-
cylinder pressure rise rate (dp/da) under the die-
sel knock limit [20]. Selim [27] investigated a Ri-
cardo diesel engine powered with the mixtures of 
diesel fuel and CNG. The author confirmed that 
the increase of the EGR ratio reduces the pres-
sure rise rate. However, 5% EGR ratio should not 
be exceeded because the engine efficiency was 
reduced. Additionally, Tomita et al. [23] investi-
gated the impact of EGR on the emission charac-
teristics and efficiency of diesel engine powered 
with CNG and diesel fuel. The authors performed 
several tests on a single cylinder engine that en-
abled the observation of dual fuel combustion. 
They observed that the luminous intensity and 
flame decreased with the increasing EGR rate. 
Furthermore, the ignition delay became lon-
ger (EGR); hence, it influenced the self-ignition 
mechanism, crucial for the flame propagation and 
its results. Tomita et al. concluded that the reduc-
tion of the nitrogen oxides emission is possible 
for the selected EGR ratio as well as for proper 
setting of the diesel fuel injection timing. Similar 
problems were investigated by Carluci et al. [4]. 
In particular, the effect of multiple fuel injection 
on the combustion of the CNG-diesel fuel mix-
tures was examined. The results confirmed that 
for small additions of CNG in the fuel mixture 
i.e. up to 30% by energy content, a lower emis-
sion of soot and oxides was achieved. However, 
the emissions of unburned hydrocarbons from the 
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tested engine was higher. On the other hand, Oga-
wa et al. [17] stated that high EGR rate applied in 
a dual fuel compressed ignition (CI) engine does 
not improve the engine performance at part loads 
but EGR, combined with pre-heating of the intake 
air, can slightly increase the thermal efficiency of 
the engine and reduce the emissions of unburned 
hydrocarbons, NOx and CO. An innovative three 
stage combustion strategy known as PREMIER 
(PREmixed Mixture Ignition in the End-gas Re-
gion) of CNG-diesel fuel mixture was examined 
by Azimov et al. [1]. In this system, the combus-
tion is divided into three stages: the first – rapid 
combustion of diesel fuel and the entrainment of 
the natural gas mixture in the diesel fuel spray; 
the second – mild combustion with flame propa-
gation of the natural gas mixture; and the third – 
rapid combustion. The system examined by Azi-
mov allowed increasing the engine efficiency 
even by 25%, in comparison with the traditional 
combustion process. Moreover, lower emissions 
of unburned hydrocarbons and carbon monoxide 
was reported. However, the emissions of nitrogen 
oxides was higher. 

A very promising dual-fuel strategy that yields 
good results, especially for the low and medium 
loads, is the Reactivity Controlled Compression 
Ignition (RCCI) concept, utilizing premixed gas-
oline or natural gas. The concept involves a direct 
injection of diesel fuel to stratify both the equiv-
alence ratio and fuel reactivity, thus allowing 
greater control over the timing and duration of the 
heat release. The details of the RCCI system were 
reported in numerous papers [15, 19, 24]. RCCI 
is a low-temperature combustion strategy that 
utilizes early diesel fuel injection necessary for 
creating a reactivity gradient leading to a staged 
auto-ignition, in particular from the highest reac-
tivity region to the lowest. The simulations utiliz-
ing both early and late direct injection of diesel 
fuel showed that at high load, the RCCI process 
is very sensitive to the EGR ratio. For the RCCI 
concept and all of the above-mentioned combus-
tion strategies realized with the use of two fuels 
in a CI engine, the injection parameters and the 
EGR rate are crucial for the engine performance 
and exhaust emissions.

In the case of the NOx and PM emissions, the 
relationship between the fuel proportions, the 
EGR rate and the engine exhaust emissions is 
very interesting from the practical point of view. 
The possibility of reducing the two hazardous 
exhaust emission components by controlling the 

proportion of fuels and the EGR ratio along with 
adapting the injection timing of the pilot diesel 
fuel dose could reduce the application of very 
complex aftertreatment systems commonly used 
in the vehicles equipped with CI engines. 

Creation of different dual fuelling concepts of 
a diesel engine and the development of efficient 
dual fuel systems is possible owing to new tech-
nologies of engine control, especially the devel-
opment of the common rail system and gas injec-
tion systems. New technologies, including strict 
control of the EGR rate, enable a modification of 
the complex process of dual fuel mixture combus-
tion to ensure high engine performance together 
with an acceptable base NOx and PM emissions 
as well as smooth engine operation. Taking this 
into account, the impact of the EGR rate on the 
emissions of harmful gases from diesel engine 
should be still investigated. This time, the neces-
sary studies were carried out on the AVL research 
engine powered with the mixtures of diesel fuel 
and CNG.

MATERIALS AND METHODS

The experiment was focused on the modifica-
tion of the dual fuel combustion process of natu-
ral gas and diesel fuel through different rate of 
EGR in order to achieve the lowest possible base 
engine exhaust emissions, particularly NOx and 
PM, high thermal engine efficiency and a smooth 
engine operation. The test was carried out on the 
AVL research engine fitted with the EGR system. 
The fundamental technical details of the tested 
engine are listed in Table 1.

A schematic diagram of the test setup used in 
this study is shown in Figure 1. The test bench 
was equipped with the AVL i60 FT and the AVL 
Micro Soot Sensor, which were necessary for the 
measurement of harmful gases and soot particles, 

Table 1. Technical specification of the AVL 4502 
engine

Model AVL 5402
Fuel supply system Common Rail
Number of cylinders 1
Displacement [cm3] 511 
Bore / stroke [mm] 85.01 / 90.00
Cycle Four stroke
Compression ratio 17.5
Maximum power [kW] ca.16 
Maximum speed [rpm] 4200
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respectively. The concentrations of nitrogen ox-
ides, carbon monoxide and unburned hydrocar-
bons were measured in three repetitions. 

The CNG port injection system used in the 
experiment was equipped with a two-stage gas 
regulator with a water jacket and a gas port fuel 
injector. The gas injector was synchronized with 
the crankshaft position, so that the gas injection 
timing was optimized to reduce the loss of gas oc-
curring during the valve overlap. It is particularly 
important from the point of view of the hydrocar-
bon emissions and the overall engine efficiency. It 
should be pointed out that the mentioned problem 
of excessive hydrocarbon emissions due to valve 
overlap can be limited by gas injection directly 
to the combustion chamber. An example of such 
concept was presented by Majczak et al. [14].

The modification of the dual fuel combustion 
process by EGR was carried out for a constant en-
gine speed and constant thermal energy that would 
have been theoretically produced after burning of 
natural gas together with diesel fuel or diesel fuel 
only provided to the engine cylinder per cycle. 
Three different fuel mixtures of diesel fuel (DF) 
and natural gas were tested. These mixtures con-
tained 30, 50 and 70% of natural gas (by chemi-
cal energy) in the total fuel energy delivered into 
the combustion chamber. The aforementioned 

mixtures were denoted as CNG30, CNG50 and 
CNG70, respectively.

The substitution ratio of natural gas in the 
gas/diesel fuel mixture was defined as:

ENG =
QNG ∙ mNG

QNG ∙ mNG + QDO ∙ mDO
∙ 100% (1)

where:	 QNG – calorific value of natural gas
	 mNG – dose of natural gas
	 QDO –calorific value of diesel fuel
	 mDO – dose of diesel fuel

During the experiment, the boost pressure was 
kept constant (the research engine is equipped 
with boost pressure regulation) and a constant 
diesel fuel injection pressure was set in the rail. 
The fundamental settings of the engine, which 
were applied during the tests are listed in Table 2.

During the tests, the temperature of EGR sys-
tem was controlled and maintained at the same 
level. As mentioned above, this study evaluates the 
impact of the EGR ratio on the concentration of se-
lected harmful chemical compounds from the en-
gine fuelled with CNG and diesel fuel. Taking this 
into account, the EGR ratio was defined as follows:

EGR = ṁEGR
ṁa + ṁNG + ṁEGR

∙ 100% (2)

Fig. 1. Scheme of the test setup: 1) the AVL engine, 2) diesel fuel tank, 3) low pressure fuel pump, 
4) fuel filter, 5) high-pressure fuel pump, 6) common rail, 7) fuel pressure sensor, 8) diesel fuel in-
jector, 9) common rail controller, 10) crankshaft position and speed sensor, 11) CNG tank, 12) gas 

pressure reducer, 13) gas injector, 14) gas supply controller, 15) boost control system
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where:	 mEGR – EGR mass flow,
	 ma – air mass flow,
	 mNG – natural gas mass flow.

In order to carefully examine the impact of 
the exhaust gases recirculation on the combustion 
process of CNG – diesel fuel mixtures, a wide 
range (0–50%) of the EGR rates was applied. 

In order to realize the Premixed Charge Com-
pression Ignition (PCCI) process, two doses of 
diesel fuel per cycle were applied. The first pilot 
dose was constant, regardless of the changing en-
ergy shares of both fuels (diesel fuel and natural 
gas) and the second dose depended on the natural 
gas substitution ratio. Both the injection timing 
and the quantity of the first pilot dose were se-
lected based on the preliminary studies to obtain 
the highest thermal efficiency and to reduce the 
maximum engine pressure with a view to mini-
mize the possibility of hammering. For all the 
examined conditions, the injection timing of two 

diesel fuel doses was the same (Table 2). All the 
results obtained for the EGR application were 
compared with the initial conditions (fueling with 
diesel fuel without EGR).

RESULTS AND DISCUSSION 

The results of the measurements related to 
the engine emission, particularly the volumetric 
share of NOx and PM in the exhaust gas for the 
three examined natural gas substitution ratios in 
the dual fuel mixture, were shown in Figure 2 and 
3, respectively. 

A very interesting phenomenon was observed 
during the tests focused on the nitrogen oxide 
emissions. As it can be seen in Figure 2, the low-
est concentration of NOx was detected for the 
CNG30 mixture, but it increased along with the 
natural gas ratio. It confirms that the CNG addi-
tion can reduce the formation of NOx, but it is 
possible only for an optimal CNG – diesel fuel 
ratio. Moreover, the experiment confirmed a very 
positive influence of EGR on the reduction of the 
NOX emission. It is known that the formation of 
NOx is very sensitive to the temperature inside 
the combustion chamber. EGR contributes to the 
reduction of the oxygen available for combus-
tion. The modification of the combustion process 
caused by EGR always leads to a reduction of 
the peak temperature of combustion and in this 
way, formation NO2 is accordingly limited. The 
addition of natural gas increases the overall heat 
capacity of the in-cylinder mixture and the mean 
temperature at the end of the compression stroke 

Table 2. Engine settings

Engine speed [rpm] 1200
Substitution ratio of natural gas in gas/diesel 
fuel mixture [%] 30; 50; 70

Common rail injection pressure [bar] 1000
Fuel energy provided per cycle [J] 1004
Mass of the first diesel fuel dose [mg] 1.5
Injection timing of the first dose [deg BTDC] 16
Injection timing of the second dose [deg BTDC] 1
Intake temperature of air-natural gas-EGR 
mixture [oC] 32

Valve overlap [deg] 80
Boost pressure [mbar] 250

Fig. 2. Impact of the EGR ratio on NOx concentration in the exhaust gas stream 
of the AVL research engine fuelled with DF-CNG mixtures
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and during the combustion process is reduced ac-
cordingly. Some reports suggest that greater in-
tensity of the heat release in the premixed com-
bustion stage of the dual fuel mixture increases 
the maximum combustion temperature, causing 
an increase in the emission of NOx [25].

In the case of diesel engines, the emissions of 
soot particles is considered as one of the most im-
portant environmental problems. For this reason, 
different technologies, such as particulate filters 
are more and more common, not only in diesels, 
but also in the vehicles equipped with gasoline di-
rect injection engines. Figure 3 confirms that the 
fuel mixtures containing CNG reduce the emis-
sion of particulate matter (PM) significantly.

The experiment confirmed that the increased 
content of CNG in the fuel mixture reduced the 
emissions of PM. Nevertheless, it was confirmed 
that the EGR system can promote the formation of 
PM. Figure 3 shows the relationship between the 
PM emissions and the EGR rate. It is noteworthy 
that the PM emissions rapidly increase along with 
the EGR rate in the dual fuel mixture containing the 
lowest amounts of natural gas (30% substitution 
ratio), similarly to diesel fuelling. For the higher 
natural gas substitution ratios (50% and 70%) the 
PM emissions are not affected by the EGR ratio. 

In this study, the concentration analysis of un-
burned hydrocarbons was divided into two kinds 
i.e.: methane (CH4) and total unburned hydrocar-
bons (THC). Dual fuel operation usually leads to 
a higher concentration of unburned hydrocarbons, 
mainly due to valve overlap causing a blow of the 
unburned gas-air mixture out of the cylinder. It is 
confirmed in Figure 4.

As it can be seen in Figure 4, the concentra-
tion of methane increases significantly with high-
er content of CNG in a fuel mixture. It should be 
pointed that CH4 is the main content of the CNG 
dosed into the inlet pipe. For this reason, a small 
part of CH4 is emitted into the air due to valve 
overlap at the end of exhaust and beginning of 
intake stroke. On the basis of the research results, 
it can be stated that the EGR rate does not have a 
significant impact on the methane concentration 
in the exhaust gas stream. However, it was found 
that above 40% of EGR rate, the concentration of 
methane slightly increases. 

The above-mentioned problem of valve over-
lap also directly affects the measured concentra-
tion of the unburned hydrocarbons. It should be 
highlighted that THC contains not only unburned 
hydrocarbons but also raw methane which is the 
main component of CNG blown by open valves 
in to the exhaust pipe. 

As it can be seen in Figure 5, the concentra-
tion of THC significantly depends on the natural 
gas substitution ratio of the fuel mixture. The in-
crease in the THC concentration is proportional 
to the natural gas share and increases by approx. 
2000 ppm for each 20% increase in the natural gas 
substitution ratio of the mixture. The main contri-
bution to the concentration level is the emissions 
of methane, which indicates that its main source 
is the fresh charge flow from the intake to the out-
let during valve overlap and cylinder scavenging. 
The valve overlap in the AVL research engine was 
set to 80 deg (typical value of this type of engine) 
but as it turned out, it should have been modi-
fied and optimized for dual fuel operation. On the 

Fig. 3. An impact of the EGR ratio on the PM emission from the AVL 
research engine fuelled with the DF-CNG mixtures
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basis of the research results, it can be stated that 
the EGR rate does not have an impact on the con-
centration of THC in exhaust stream gases. 

In all three examined cases of the natural gas 
substitution ratio, it was observed that the non-
methane emission is rising and the increase is ap-
proximately directly proportional to the increase 
in the natural gas share in the fuel mixture.

The presence of natural gas in the air-fuel 
mixture caused an increase in the CO emission, 
but there were no significant differences between 
the emission of the engine fueled with the low-
est and the highest substitution ratios of natural 
gas in the mixture of fuels. Up to 35% EGR rate, 
there was no significant influence of EGR on 
the emission of CO for both diesel fuelling and 
dual fuelling. Figure 6 shows that an excessive 

amount of EGR caused a sharp increase in the 
CO emissions, which was a result of incomplete 
combustion. 

The formation of CO is associated with the 
oxygen availability in the combustion chamber. 
For higher EGR rates (more than 30–35%) the ex-
cess air coefficient λ dropped below 1.2–1.25 and, 
as a consequence, the CO concentration was ad-
equately higher. From this point of view, there is 
a limit of EGR rate set at the value close to 40%.

CONCLUSIONS

The results of the experiment confirmed that 
the influence of EGR on the combustion process, 
particularly the combustion of dual fuel mixtures, 

Fig. 4. Concentration of methane CH4 vs. EGR rate for the AVL engine 
powered with diesel fuel and CNG – diesel fuel mixtures

Fig. 5. Concentration of THC vs. EGR rate for the AVL engine pow-
ered with diesel fuel and CNG – diesel fuel mixtures
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is strong and depends on the EGR rate as well 
as on the natural gas substitution ratio of the fuel 
mixture. The experiment showed that EGR is a 
very effective way of controlling the concentra-
tion of NOx for different dual fuel mixture com-
positions. A very good effect of the NOx reduction 
with the use of EGR was observed for the dual 
fuel mixture containing up to 30% of compressed 
natural gas. On the basis of our experiences, it can 
be stated that in this case, the rate of heat release 
is high but the burning mixture is sufficiently di-
luted through the application of EGR. Because 
the amount of diesel fuel injected into a homoge-
neous mixture diluted through EGR is relatively 
large, the reduction of the charge temperature 
near the area of fuel injection could be significant 
and it could explain the drop of the NOx concen-
tration. In the case of higher substitution ratios, 
the combustion process generates more NOx for 
all EGR rates.

It was observed that the substitution ratio of 
natural gas in the mixture heavily affected the 
PM emissions. Nearly neutral influence of EGR 
on the emission of PM was observed for higher 
substitution ratios of compressed natural gas in 
the dual fuel mixture. In the case of dual fueling 
with the 30% compressed natural gas substitution 
ratio, the increase in the EGR rate caused a signif-
icant increase in the emission of PM, particularly 
for higher EGR rates.

Owing to the application of EGR, it was pos-
sible to effectively burn the dual fuel mixtures 
containing 70% of CNG. The maximum EGR 
rate in this case is estimated at 30–35%. A higher 
EGR rate reduced the amount of oxygen in the 
mixture and caused an increase in the emission 

of THC and CO, which should result in a drop of 
the engine thermal efficiency. The results of the 
described tests show that the addition of recircu-
lated exhaust gas provides better fuelling flexibil-
ity of CI engines and significantly contributes to 
solving the problem of reducing the engine ex-
haust emissions. 
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