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INTRODUCTION

Fast-paced global industrialization and equal-
ly fast-growing automotive industry mean that the 

demand for fossil fuels is constantly growing. Ac-
cording to the IEA report [1], global energy de-
mand will double by 2050 compared to the situ-
ation at the beginning of the 21st century. On the 
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ABSTRACT
HCNG is a fuel, which as a mixture of hydrogen (H₂) and compressed natural gas (CNG), combines the advan-
tages of both gases. The addition of hydrogen shortens the combustion time, increases the flammability range and 
enables greater exhaust gas recirculation (EGR) while maintaining cyclic stability and low NOx emissions. Typical 
ratios are 10–30% hydrogen and 70-90% methane, although the composition depends on the application. Hydro-
gen acts as a catalyst, improving the properties of the mixture. The Wobbe index allows to assess the impact of 
the gas composition on the engine behavior. HCNG combines the safety advantage of slow-burning CNG with the 
efficiency and burning rate of hydrogen, offering better combustion and emissions than each gas separately. The 
challenge in the use of HCNG is the need to introduce small modifications in the internal combustion engine due 
to the differences in self-ignition temperatures. The self-ignition of CNG and hydrogen requires a higher tempera-
ture than diesel (approx. 500 K), which forces the initiation of combustion by diesel injection. As a result, HCNG 
can be used in most classic diesel engines. This fuel has a higher energy volumetric storage density than pure 
hydrogen, which reduces the need to transport large amounts of fuel. Disadvantages include the lack of appropri-
ate infrastructure, fuel and vehicle standards and the need for additional safeguards. The aim of the study was to 
check the emission levels of a single-cylinder diesel engine powered by HCNG compared to conventional fuel. It 
has been shown that the use of HCNG effectively reduces CO emissions due to the lack of carbon in hydrogen and 
its high combustion rate, which intensifies the process and improves its efficiency. The higher hydrogen content 
further stabilizes methane combustion and increases the homogeneity of the mixture. HCNG also reduces hydro-
carbon (HC) emissions, compensating for the ignition delay and slow speed of the CNG flame. At higher engine 
loads, these effects are more visible, leading to more efficient combustion. Particulate matter (PM) emissions are 
reduced due to the homogeneous mixture resulting from the high diffusivity of hydrogen. PM reduction is more 
visible at lower loads. Higher combustion temperatures in HCNG promote the formation of NOx, which results 
from the intensification of combustion by hydrogen and excess oxygen, according to the Zeldovich mechanism. By 
analyzing emissions, the authors showed the great potential of using HCNG in a diesel engine. At the same time, 
the main challenges that should be faced in order to popularize this solution were indicated.
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one hand, the use of renewable energy sources 
will increase very strongly until then, but on the 
other hand, the use of fossil fuels (oil, natural gas, 
coal) will continue to be at a high level [2, 3]. This 
is therefore a global problem, as these types of fu-
els are non-renewable fuels, resulting in a nega-
tive impact on the environment. Referring this 
problem directly to internal combustion engines, 
which boost the main branches of industry i.e. au-
tomotive and transport industry, it is necessary to 
look at the use of diesel for the above-mentioned 
purposes. Undoubtedly, diesel is the most com-
monly used petroleum-based fuel, and its con-
sumption is constantly growing worldwide [4]. 
The popularity of compression ignition engines 
over gasoline engines can be explained by the 
fact that they have higher thermal efficiency, bet-
ter reliability and durability. They are also engines 
that consume less fuel, with reduced emissions of 
carbon dioxide and unburned hydrocarbons [5, 6]. 
However, diesel engines have some significant 
disadvantages – they emit toxic nitrogen oxides 
(NOx) [7] and very harmful particulate matter 
(PM)/soot, which is mainly due to burning hetero-
geneous mixtures [8,9]. Although carbon dioxide 
emissions from compression ignition engines are 
lower than those from ignition engines, they do 
occur. This is important due to the fact that CO2 
is one of the greenhouse gases, so it is included 
in the emission regulation standards. In 2020, the 
European Union set the average CO2 emissions 
of new vehicles (cars) at a maximum of 95 g/km, 
with this level to be reduced by 55% by 2030. By 
2024, the average emission level for new vans is 
147 g CO₂/km according to the older NEDC stan-
dard, while from 2030 to 2034 an emission reduc-
tion of 50% is required to the level of 90.6 g CO₂/
km [10, 11]. The American EPA for passenger car 
models produced in 2023-2026 sets itself the goal 
of a gradual reduction of emissions – in 2026 the 
maximum allowed emission is to be about 161 g 
of CO₂ per mile (approx. 100 g CO₂/km). In or-
der to meet the emission requirements, vehicle 
manufacturers were forced to use solutions such 
as, for example, particulate matter filters or selec-
tive catalytic reduction systems. These systems ef-
fectively reduce the emission levels of particulate 
matter and nitrogen oxides. The use of precious 
metals in the construction of this type of systems 
makes these solutions expensive.

Therefore, it is necessary to look for alter-
native solutions allowing, as a result, to meet 
increasingly stringent emission standards. A 

revolutionary solution was supposed to be a wide-
spread transition to electric vehicles powered by 
batteries and fuel cells [12, 13]. It was to be a 
direct alternative to classic solutions. The popu-
larity of this solution is growing, but in the short 
term these vehicles will not be able to compete 
with vehicles equipped with internal combustion 
engines [14, 15]. This is due to problems related 
primarily to the range and load capacity of these 
vehicles. The problem is also the infrastructure, 
which is still developing and at a different pace 
depending on the country. Electric vehicles are 
still a more expensive option, despite the fact that 
many countries introduce subsidies for their pur-
chase. In addition to the above-mentioned prob-
lems, the emission aspect related to electric vehi-
cles should also be taken into account. Transport 
policy is often based on the erroneous assumption 
that battery electric vehicles are “zero-emission” 
vehicles. The analysis of their life cycle indicates 
that they do not lead to a significant reduction in 
CO2 emissions, taking into account the energy that 
is necessary for the production of batteries and the 
use of vehicles [16]. In addition, the impact of 
extraction of materials needed for the production 
of batteries on health and the environment is very 
significant – the extraction of lithium and cobalt, 
i.e. the key raw materials used for the production 
of lithium-ion batteries, requires a large amount 
of water and energy. There are also humanitarian 
problems, concerning, for example, the acquisi-
tion of the above-mentioned raw materials by chil-
dren, which is a sad everyday reality, for example, 
in the Democratic Republic of the Congo. Prob-
lems with the use of electric vehicles are therefore 
of a different nature. Taking its applicability into 
account, it should be remembered that in order to 
replace light commercial vehicles with electric ve-
hicles, the available battery capacity must increase 
more than a hundredfold compared to 2021 [17], 
which seems unattainable at the moment.

Another approach to solving modern trans-
port problems is the use of alternative fuels. This 
is a very broad issue, because it can apply to both 
CI and SI engines, it can be an approach in which 
a completely new fuel is sought, but also one in 
which conventional fuel is co-fired with alterna-
tive fuel. Limiting this issue to compression igni-
tion engines, which are discussed in this article, 
one of the gaseous fuels that has been recognized 
as a substitute for classic fuel is CNG, i.e. com-
pressed natural gas. The main component of CNG 
is methane (CH), which has a simple structure 
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and a high hydrogen to carbon ratio, which pro-
motes lower carbon dioxide (CO₂) emissions dur-
ing combustion compared to diesel.

Moreover, CNG does not mix or dilute the 
lubricating oil and does not cause deposits in 
the combustion chamber, which consequently 
extends the service life of the piston rings [18]. 
CNG is introduced into the engine as a dual-fuel, 
which requires modification of the intake sys-
tem and diesel injection. Modern systems can 
use adaptive technologies to optimize operat-
ing parameters. CNG has a high octane number 
(110–120), which makes it resistant to self-igni-
tion, requiring the initiation of combustion by a 
small dose of diesel. The high octane number of 
methane is an additional advantage, allowing – 
by increasing the compression ratio – to increase 
the thermal efficiency or strengthen the ability to 
supercharge the engine [19]. The calorific value 
of CNG is about 50 MJ/kg, which makes it com-
petitive with diesel (43 MJ/kg). However, due to 
the lower energy density (by volume), it requires 
more space for fuel tanks, which limits its use in 
small cars, but is very beneficial for large vehi-
cles such as city buses. The combustion process 
depends on the proportions of CNG and diesel 
and on operating parameters such as injection 
pressure and ignition timing. According to re-
search conducted by S. Bari and S.N. Hossain 
[20], with diesel consumption of 20% or less, 
engine knock combustion occurred. Therefore, 
the engine should always run with diesel con-
sumption above 20%. Notwithstanding the above 
statement, CNG combustion generally emits less 
particulate matter (PM) and less soot than diesel, 
which reduces problems related to DPF pollution 
and the emission of carcinogens [21, 22]. This is 
due to the fact that diesel oil contains aromatic 
compounds that at high temperatures cause the 
polymerization of carbon and, consequently, the 
formation of soot – there are no such compounds 
in CNG, which reduces PM emissions. Com-
pressed natural gas, apart from its undoubted ad-
vantages, also has some disadvantages. The use 
of compressed gas can lead to increased emis-
sions of carbon monoxide (CO) and unburnt 
hydrocarbons (UHC). The thermal efficiency of 
the motor can be reduced using CNG. This fuel 
may also cause locally lean mixtures in the com-
bustion chamber, the formation of which results 
in the failure to sustain flame propagation. This 
results in the formation of flame extinction ar-
eas, increasing the aforementioned CO and UHC 

emissions. The slow burning rate resulting from 
low flame propagation velocities is also a prob-
lem. CNG has a poor ability to burn a lean mix-
ture, which results in incomplete combustion, a 
high underburning coefficient and large cyclic 
fluctuations when burning a lean mixture [23].

Another promising alternative fuel/energy 
carrier for transport is hydrogen. It is one of the 
most widespread chemical elements in the world. 
Unfortunately, it is most often found in combina-
tion with other elements, which does not facilitate 
its quick and cheap acquisition. The challenge is 
therefore the production of pure hydrogen. The 
demand for hydrogen is most often met on a 
global scale by the use of fossil fuels. There are 
several leading methods – hydrogen is mainly 
produced in the world in the following processes:
	• reforming natural gas (methane), about 47%;
	• by gasification of coal or coke, about 27%;
	• by partial oxidation of heavy hydrocarbons from 

petroleum (mainly in refineries), about 22%;
	• using an electrolysis process, mainly for the 

production of chlorine from sodium chloride, 
about 4% [24].

In relation to classic internal combustion en-
gines, this fuel is most often considered as an 
alternative that can be used in gasoline engines. 
However, it can also be used in compression ig-
nition engines. Compared to conventional fuels, 
the advantage of hydrogen is the lack of carbon. 
It is highly flammable, odorless and burns with 
a colorless flame. Hydrogen has almost three 
times the calorific value (120 MJ/kg) of diesel. 
Due to the low density, a large amount of H2 is 
required to produce the same amount of energy as 
these fuels, which can lead to storage problems. 
Therefore, taking into account the energy density 
per unit volume, conventional fuel has a higher 
calorific value. The most popular method of hy-
drogen storage is compression in high-pressure 
tanks [25]. The advantage of hydrogen is also that 
it has high flammability limits, so it can work on 
lean mixtures [26]. The speed of the hydrogen 
flame is much higher than the speed of the diesel 
flame. For hydrogen under stoichiometric condi-
tions, this speed is about 2.7 m/s, which is about 
10 times higher than for traditional hydrocarbon 
fuels such as gasoline or diesel. Although a higher 
flame speed may result in faster and fuller com-
bustion of the fuel, it does not necessarily trans-
late into higher thermal efficiency as it may result 
in the loss of some of the heat generated during 
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the combustion process before it is converted 
into useful work. Therefore, it should be assumed 
that a higher flame speed does not always mean a 
higher thermal efficiency in a hydrogen-powered 
diesel engine. Another problem should also be 
kept in mind – hydrogen-powered diesel engines 
emit more NOx due to higher temperatures in the 
cylinder [27]. Knock combustion resulting from a 
sharp increase in cylinder pressure when the air-
fuel mixture ignites unevenly may also be a prob-
lem. This is because hydrogen can ignite before 
the piston reaches the upper dead center (GMP). 
This is also facilitated by local zones with differ-
ent fuel concentrations. Due to the low hydrogen 
activation energy, different parts of the mixture 
may ignite simultaneously. However, this is due 
to many factors such as the swirl of the load or the 
shape of the combustion chamber. Hydrogen as 
a gas is characterized by high diffusivity, which 
allows for greater homogeneity of the fuel mix-
ture. This, in addition to the situation described 
above, translates into better, i.e. more homoge-
neous mixing with air, which generally improves 
the combustion condition. However, the high 
self-ignition temperature of H2 (depending on the 
pressure – over 800 K) means that this fuel in a 
classic internal combustion engine cannot work 
as the only fuel. Therefore, this gas must always 
cooperate with another fuel with a lower auto-
ignition temperature to act as a source of ignition.

As it has been shown, both CNG and H2 have 
their advantages and disadvantages. Many re-
searchers have noticed this rule, which resulted in 
the concept of burning both gases as HCNG. This 
is due to the unique characteristics of hydrogen, 
which allows it to be used together with natural 
gas. Adding hydrogen to natural gas may shorten 
combustion time and increase flammability range. 
In addition, the introduction of hydrogen allows 
to extend the scope of exhaust gas recirculation 
(EGR), while maintaining cyclic stability and 
low emissions of NOx [28]. The behaviour in the 

engine of a mixture of hydrogen and compressed 
natural gas depends largely on the proportions of 
both gases. A special patented and proven case is 
a mixture called Hythane, in which the percent-
age of both components is specified in detail. A 
typical proportion is about 10–30% hydrogen and 
70–90% methane, although the exact composition 
may vary depending on the application and tech-
nology. Hydrogen acts as a catalyst, improving 
the properties of the mixture. The influence of the 
gas composition on the engine behavior can be 
characterized using the Wobbe index. If the Wob-
be index remains constant, a change in the gas 
composition will not lead to a noticeable change 
in the air-fuel ratio and combustion rate. HCNG 
combines the advantages of a safe, slow-burning 
fuel like CNG with an efficient, fast-burning fuel 
like hydrogen. Comparison of the properties of 
hydrogen, CNG and the mixture of both gases, 
i.e. HCNG is shown in Table 1.

The challenge facing the use of HCNG is to 
make minor modifications to the internal combus-
tion engine. This is due to the differences in self-
ignition temperatures, which for diesel is about 
500 K. This temperature is achieved by increas-
ing the air temperature and its compression during 
the compression stroke. The self-ignition temper-
ature of CNG and hydrogen is higher and cannot 
be achieved without appropriate engine modifica-
tions. The same is true for HCNG. Here, it was 
assumed that it was necessary to initiate combus-
tion with diesel fuel, which acts as a source of 
ignition of the HCNG mixture. The advantage of 
this approach, however, is the possibility of us-
ing HCNG in almost every classic diesel engine. 
HCNG has a higher energy storage density com-
pared to pure hydrogen, which allows less fuel to 
be transported in the vehicle. The disadvantage of 
the concept of using HCNG is the lack of appro-
priate infrastructure and standards for both fuel 
and vehicles using it. The use of gases also neces-
sitates the use of safety devices.

Table 1. Properties of hydrogen, CNG and HCNG [29]
Properties Hydrogen CNG HCNG

Flame speed (m/s) 236 42 120

Calorific value (MJ/kg) 142 55 92

Stoichiometric A/F ratio 34:1 17:1 23:1

Flammability limits (Vol%) 4-75 5-15 5-35.

Minimum ignition energy (mJ) 0.02 0.28 0.21

Auto ignition temperature (K) 858 813 825
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HCNG research was conducted at the Lords 
Institute of Engineering and Technology in India. 
The authors of the article [18] introduced 10 and 
20% mass shares of HCNG into the combustion 
chamber in the HCNG-diesel dual fuel mode. The 
experiments were carried out at three different in-
jection opening pressures, i.e. 200, 220 and 240 bar, 
at full load and calculated performance character-
istics. The effect of the injection working pressure 
(IOP) on emissions was measured and compared 
to the pure diesel mode. Injection pressure vari-
ability was evaluated to optimize performance and 
emission characteristics. Brake thermal efficiency 
(BTE) increased by 1.2% at 220 bar. Minimum 
BSFCs of 0.2302 kg/kWh, 0.2114 kg/kWh were 
recorded for 220 bar with a varying 20% HCNG 
ratio. It was noted that CO and UHC decreased 
as the injection pressure and HCNG content of 
the mixture changed. This was due to the lack of 
carbon in hydrogen and better atomization of fuel 
droplets. NOx emissions increased from 200 to 
220 bar of injection pressure, and maximum NOx 
values were observed at 220 bar with 20% HCNG 
with a 25% increase compared to pure diesel.

Similar results were obtained by Subrama-
nian [30], who carried out tests on a 6-cylinder 
high-power engine, optimized for operation on an 
18% HCNG additive. The initial HCNG engine 
performance was compared to CNG, and then the 
engine was subjected to a 100-hour HCNG en-
durance test. The results of the tests showed that 
HCNG resulted in a reduction of CO, THC and 
CH4 emissions by 39%, 25% and 25%, respec-
tively, while NOx emissions increased by 32% 
compared to CNG. The average engine power re-
mained at a similar level with HCNG at the end of 
the endurance test. After the endurance test, CO 
emissions increased, while THC, CH4, NOx and 
CO2 emissions decreased even more, remaining 
below Euro-IV standards. The author also proved 
that the conversion efficiency of the catalytic con-
verter was 95-97% at the end of the stress test.

The authors of the article [31] also conducted 
tests on the 6-cylinder engine. This engine used 
the concept of lean combustion. The choice of 
the engine was based on its popularity in urban 
transport. The study evaluated the concept of lean 
combustion for various HCNG mixtures, as well 
as CFD simulation of the combustion process. 
The aim of the study was to determine the opti-
mal mixture. The results showed that CNG pow-
ered engines are characterized by slow combus-
tion speed and poor lean combustion capability, 

which requires engine operation at a stoichiomet-
ric ratio, with relatively low thermal efficiency. 
The lean combustion capacity and the combus-
tion speed of the gas engine flame have been im-
proved by the addition of hydrogen i.e./ fuel with 
a higher combustion speed. The lean combustion 
HCNG engine has demonstrated a significant im-
provement in efficiency, reducing fuel consump-
tion and hydrocarbon emissions. When the share 
of hydrogen to coal in the HCNG fuel increased, 
it resulted in reducing emissions of carbon com-
pounds such as CO, CO2 and HC.

Zhou et al. [32] conducted experimental stud-
ies on combustion and emissions of a diesel en-
gine using diesel as a pilot fuel and methane, hy-
drogen and a mixture of methane and hydrogen 
(HCNG) as gaseous fuels at 1800 rpm-1. The ef-
fect of HCNG on the maximum values of mean 
useful pressure (BMEP) and heat generation was 
small at low and medium loads. At high load, high 
combustion temperature and a large amount of 
pilot fuel contributed to better combustion effi-
ciency for all types of gaseous fuels and increased 
the peak pressure in the cylinder. Hydrogen en-
richment of methane gradually increases the max-
imum pressure values in the cylinder. The addition 
of hydrogen to methane contributed to a propor-
tional reduction in CO/ CO2 /HC emissions with-
out adversely affecting NOx emissions. The au-
thors proved that in the case of particulate matter 
emissions, methane and hydrogen could suppress 
the emission of particulate matter. It was observed 
that the 30% share of hydrogen in methane best 
red6ces the emission of particulate matter.

Vadlamudi et al. [33] also studied the emis-
sion of an engine using HCNG. The engine intake 
manifold supplies hydrogen/CNG and hydrogen 
mixtures. In the case of dual and single fuel opera-
tion with diesel fuel, dual fuel operation produced 
higher cylinder pressure (73.39 bar) and showed 
better combustion. Due to the use of HCNG, high 
variability in ignition delay and combustion dura-
tion compared to pure diesel has been observed. 
Fuel enrichment with hydrogen reduced fuel con-
sumption. In dual fuel mode, a significant reduc-
tion in engine pollutants compared to diesel oil is 
observed. Hydrogen substitutes reduce THC and 
CO2 emissions by 30-35% and 3–4%, respectively. 
Working on dual fuel emitted less smoke (5–10%) 
than working on clean diesel. The authors proved 
that regardless of the injection pressure, emissions 
such as NOx, CO2 and smoke are better for all dual-
fuel engines than for conventional CI engines.



111

Advances in Science and Technology Research Journal 2025, 19(10) 106–122

The authors of this paper, seeing the potential 
of using HCNG, decided to carry out tests using 
a compression ignition engine, which were aimed 
at verifying the emission levels of basic harmful 
compounds. Unlike previous studies on HCNG, 
this research utilizes a single-cylinder engine 
with intake-port fuel admission, and examines 
a wider range of hydrogen fractions (up to 60% 
H2 by volume) to assess extreme cases. This ap-
proach provides new data on emissions behavior 
under these conditions.

MATERIALS AND METHODS

In order to verify the HCNG emission levels, 
it was first of all necessary to choose the method 
of supplying gaseous fuel to the tested engine. 
There are several basic methods in this regard. 
They have been described in an interesting way 
by Rueda-Vázquez et al. [25]. The authors em-
phasized that the advantage of using hydrogen is 
the possibility of using the same injection meth-
ods as in the case of CNG and LNG. These meth-
ods include the use of:
	• carburetor,
	• inlet manifold injection, 
	• inlet port injection,
	• direct injection.

The authors presented these methods in the 
diagram shown in Figure 1.

The simplest method is to use a carburetor - the 
fuel is mixed with the air by the carburetor before 
entering the intake duct. This method does not re-
quire a high fuel supply pressure, which is an ad-
vantage, but the presence of an air and H2 mixture 
in the intake manifold is associated with some dan-
ger. If the intake valve opens, the flame may spread 
through the intake manifold, causing backfire re-
sulting in engine damage [26]. Subsequent meth-
ods use hydrogen injection. When injected into the 
intake duct, the fuel supply pressure will be higher 
compared to the carburetor injection, because there 
is no increase in the velocity of the intake air and, 
consequently, the air pressure is not reduced. The 
injection point is located in this solution near the in-
take valve (approx. 10–15 mm). In the case of injec-
tion into the collector, the distance is much greater, 
usually between 100 and 200 mm [34]. However, 
it should be remembered that the number of injec-
tors in the indirect injection method should corre-
spond to the number of cylinders. This ensures the 
same amount of injected gas for each cylinder. In 
the direct injection method, hydrogen/CNG/HCNG 
directly enters the combustion chamber through 
direct injection, which can be carried out under 
high pressure (HPDI) or low pressure (LPDI) [26]. 
LPDI occurs near the lower dead center (BDC) at 
the end of the intake phase, while HPDI occurs af-
ter the compression phase. The advantage of this 
method is to minimize back ignition. Therefore, it 
is a relatively safe method. The disadvantage of the 
method is the high thermal stress of the injectors.

Figure 1. Schematic drawing of the different H2 (orange) and water (blue) injection techniques [25]
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The tests of the authors of the paper were car-
ried out on a engine brake stand. Thanks to the 
use of 1-cylinder SB 3.1 research engine, it was 
possible to determine the effect of the addition 
of hydrogen from CNG on the concentrations of 
toxic exhaust compounds emitted by the drive 
unit as a result of hydrogen co-firing with diesel 
fuel using a conventional injector with a 6-hole 
atomizer. Injection of gases took place into the in-
let channel (manifold).The test bench used at this 
stage consisted of several main parts:
	• test engine SB 3.1 with asynchronous gen-

erator brake AMK ASYN type DW13-170-4-
AOW (Figure 2),

	• the 4th generation common rail fuel supply 
system,

	• gaseous fuel supply system - hydrogen,
	• electronic control system of the test system.

The basic parameters of the test engine are 
presented in Table 2. The second part of the sta-
tion is a laboratory common rail fuel supply sys-
tem of the 4th generation (Figure 3). The pump, 
together with the drive system shown below, is a 
separate part of the station and is driven by an in-
dependent electric motor, ensuring smooth regu-
lation of the rotational speed. This type of pump 
is used in modern power supply systems for com-
pression ignition engines, enabling injection pres-
sures of 200 MPa. The third part of the station is 
the gaseous fuel supply system, in the case under 
consideration supplied to the intake manifold us-
ing a low-pressure mechanical flowmeter from 
Bronkhorst. Two flowmeters were used, allowing 
the flow of hydrogen (Figure 4).

Hydrogen and CNG were stored as com-
pressed gas at pressures of 150 and 200 bar re-
spectively in commercially available cylinders. 
The cylinders are equipped with indicators for 
reading the internal pressure and valves for pres-
sure reduction. In order to suppress the pressure 
fluctuations in the intake duct, which are particu-
larly common in 1-cylinder engines with a large 
displacement, flame retraction limiters for hydro-
gen and CNG are used at the inlet. In addition, 
along with the flame retraction limiter, a flame 
limiter is also used in the hydrogen supply line.

For the tests, an analyzer was used to measure 
the harmful components of SEMTECH DS flue 
gas (Figure 5). The most important parameters of 
the device are presented in Table 3 and the operat-
ing diagram is presented in Figure 6. The flue gas 
sample is taken by the exhaust gas mass intensity 

probe and delivered by a heated route that main-
tains a temperature of 191oC. The exhaust gases are 
filtered from particulate matter (in the case of CI 
engines) and the concentration of hydrocarbons 
in the fid analyzer (Flame Ionization Detector) is 
measured. Then the sample is cooled to 4oC and the 
concentration of nitrogen oxides and nitrogen di-
oxide is measured in the NDUV (Non-Dispersive 
Ultraviolet) analyzer, and the concentration of car-
bon monoxide and carbon dioxide is measured in 
the NDIR (non-dispersive infrared) analyzer. Ox-
ygen is measured with an electrochemical sensor.

RESULTS AND DISCUSSION

The tests consisted in performing engine load 
characteristics with simultaneous measurement 
of concentrations of toxic components of exhaust 
gases. During the preparation of load characteris-
tics for 10, 65 and 95 Nm and rotational speeds of 
1100 rpm, the content of basic harmful components 
in the flue gas, i.e.: CO, HC, NOx and concentra-
tions of PM, which are presented in the follow-
ing drawings, was recorded. Measurements of the 
concentration of SB 3.1 engine toxic compounds 
were made at selected engine operating points. The 
parameters that were changed were: the rotational 
speed of the engine crankshaft and the load, de-
termined by the fuel dose delivered to the engine 
cylinder. Measuring series for diesel fuel and die-
sel fuel with the addition of hydrogen from CNG 
were made for the same engine settings. The load 
was each time determined by the dose of fuel in-
jected into the engine combustion chamber; which 
was a variable parameter. The values of the setting 
parameters were adopted on the basis of the pre-
viously described research algorithm. The values 
of the injection parameters were adopted from the 
range of engine operation, in order to obtain the 
greatest possible similarity of the injection system 
operation to the actual conditions when the engine 
is powered. The tested hydrogen additive settings 
for conventional fuel are presented in Table 4.

In the tests, the concentrations of exhaust 
components were continuously recorded during 
60 seconds of engine operation at each point, 
which were repeated 10 times. The standard de-
viation for repeated measurements was within 5% 
of the mean for all reported values, indicating the 
trends are significant beyond experimental error. 
The following emission test results performed 
on the SB 3.1 engine are averaged values. The 
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performed experimental investigations on the 
SB 3.1 engine operating at 1100 rpm confirmed 
the strong impact of using hydrogen and CNG as 
co-fuels with diesel in reducing harmful exhaust 
emissions. The results demonstrate that increas-
ing the hydrogen content in the HCNG blend 
significantly influences emission characteristics 
across various engine loads (10, 65, and 95 Nm).

The relative reduction in CO emissions was 
the most prominent and consistent across all 
tested conditions. This effect becomes more no-
ticeable with increasing hydrogen doses, particu-
larly under low and medium load conditions. The 
DF+H60+CNG configuration reduced CO levels 
by approximately 25% at 10 Nm and around 15% 
at higher loads, compared to neat diesel fuel. This 
reduction is attributed to hydrogen’s role in en-
hancing combustion efficiency, due to its high 
flame speed, excellent diffusivity, and zero car-
bon content. These properties improve the uni-
formity of the air-fuel mixture and enable more 
complete oxidation of carbon compounds. Figure 
7 shows the relative differences in CO under load 
characteristics for n = 1100 rpm.

The use of hydrogen and CNG in the co-fir-
ing of diesel fuel has effectively reduced carbon 
monoxide (CO) emissions. Hydrogen, which is 
carbon-free, effectively intensified the combustion 
process – its addition to CNG raised the combus-
tion temperature, improving the entire process. Ef-
fective compensation with hydrogen, a relatively 
low speed of the compressed natural gas flame, 

Figure 2. Diagram of the test bench used in engine tests: 1 – SB 3.1 engine, 2 – diesel fuel tank, 3 – Low 
pressure pump, 4 – Fuel filter, 5 – High pressure pump, 6 – common rail, 7 – Fuel pressure sensor in the rail, 

8 – CR injector, 9 – CR controller, 10 – Crankshaft position sensor, 11 – H2 and CNG cylinders, 12 – Reducer 
with one-way valve, 13 – hydrogen and flammable gas supply system, 14 – computers recording the course of 

indicator tests, 15 – signal from the indicator pressure sensor

Table 2. Selected parameters of the SB3.1 test engine
Cylinder diameter 127 mm

Piston stroke 146 mm

Engine displacement 1.850 dm3

Torque 110 N·m at 1200 rpm

Compression ratio 15.75

Crank Ratio 0.263

Connecting rod length 277 mm

Intake valve opening angle 4° before GMP

Intake valve closing angle 57° after DMP

Exhaust valve opening angle 42° before DMP

Exhaust valve closing angle 24° after GMP
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Figure 3. 4th Generation common rail fuel supply system

Figure 4. View of Bronkhorst hydrogen flow meters

Figure 5. SEMTECH DS analyzer and flow meter for measuring exhaust gas mass flow rate
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which usually results in incomplete combustion 
and increased CO emissions, was also most likely 
important. Hydrogen is therefore a promoter of 
this chemical reaction and visibly increases the 
flammability of methane. This is especially evident 
when increasing the hydrogen content in HCNG. 
Another very important feature of hydrogen, 
which has an impact on reducing CO emissions, 
is its high diffusivity coefficient. This improves the 
homogeneity of the air-fuel mixture, contributing 
to its better combustion. Most likely, according 

to research conducted by Mansor MRS et al. [35] 
hydrogen can also accelerate some significant oxi-
dation reactions and improve methane combustion 
stability by increasing the concentration of OH, H, 
and O radicals, thereby reducing CO emissions.

Similar positive effects were observed using 
HCNG in relation to HC emissions (Figure 8). 
The improved combustion in lean and marginal 
zones of the chamber, where fuel particles may 
otherwise remain unburned due to wall and gap 
effects, was facilitated by the higher reactiv-
ity and diffusivity of hydrogen. As a result, the 
DF+H60+CNG mixture achieved a nearly 20% 
reduction in HC emissions at low load and ap-
proximately 15% at high load.

The positive effect in hydrocarbon emissions 
using HCNG results again from the fact of replac-
ing coal with hydrogen. A feature of the use of hy-
drogen in a classic combustion engine is, among 
other things, an increase in the H/C ratio, which 
noticeably reduces carbon-based emissions. Also, 

Table 3. Characteristics of the SEMTECH DS mobile fuel gas analyzer
Parameter Measurement method Accuracy

The concentration of compounds 
COHCNOx = (NO+NO2)CO2 O2

NDIR – non-dispersive (infrared), range 0–10%
FID – flame ionization, range 0–10.000 ppm
NDUV – non-dispersive (ultraviolet), range 0–3000 ppm
NDIR – non-dispersive (infrared), range 0–10%
electrochemical, range 0–20%

±3%
±2.5%
±3%
±3%
±1%

Exhaust gas flow mass flow rate
Tmax up to 700oC

±2.5%
±1%

3. Warm-up time 15 min by car -

4. Response time T90 < 1 s -

5. Supported diagnostic systems
SAE J1850 / SAE J1979 (LDV)
SAE J1708 / SAE J1587 (HDV)
CAN SAE J1939 / J2284 (HDV)

-

Figure 6. Diagram of the SEMTECH DS instrument with marked fuel gas flow and order of measurement 
of harmful compounds

Table 4. Setting parameters of SB 3.1 engine fueled by 
diesel fuel (DF) and hydrogen additive 

Item Designation Hydrogen dose 
[l/min] CNG dose [l/min]

1. DF - -
2. DF + H5 + CNG 5 10
3. DF + H20+ CNG 20 10
4. DF + H60+ CNG 60 10
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as in the case of CO, it is important to improve 
the burning rate of the gaseous fuel. Thus, hydro-
gen has a positive effect on higher ignition delay, 
lower flame velocity and lower CNG combus-
tion temperature. Its addition compensates for 
the above-mentioned effects. According to some 
researchers, the features of HCNG make this fuel 
better able to cope with the wall and gap effects. 
The wall effect in an internal combustion engine 
refers to the behaviour of the mixture of fuel 
and air near the walls of the combustion cham-
ber, such as the walls of the cylinder, valves or 
other internal surfaces of the engine. When the 
air-fuel mixture flows through the cylinder, due to 
the proximity of the wall surface (e.g. cylinder), 
some of the fuel and air molecules do not have 
enough energy to spread evenly and may settle on 
the walls. Similarly, in the case of the gap effect 
- when narrow spaces (gaps) are created between 
various engine elements, such as valves, piston - 
cylinder, or between the elements of the inlet and 
outlet system. Both phenomena have an adverse 
effect on hydrocarbon emissions. The use of hy-
drogen, hydrogen and CNG thanks to the higher 
flame speed allows to effectively reduce the nega-
tive impact of the above-mentioned phenomena.

Based on the analysis of the graph, a clear 
impact of engine load on hydrocarbon emissions 
can also be observed. Lower engine load levels 
did not result in a significant reduction in hydro-
carbon emissions. This is due to the combustion 
of lean mixtures. Increasing the ratio of fuel to 
air under increased load conditions allows for 

improved stability and combustion efficiency. 
As a result, combustion is complete, which has a 
positive effect on HC emissions. 

The authors also studied the emission of par-
ticulate matter (PM) using different ratios of hy-
drogen to carbon (Figure 9). PM emissions also 
decreased significantly, especially at higher loads. 
For example, PM levels dropped by more than 
30% in the DF+H60+CNG case at 95 Nm. This 
is due to the faster, more homogeneous combus-
tion process enabled by hydrogen, which sup-
ports soot-free oxidation. The presence of hydro-
gen promotes cleaner combustion by increasing 
the availability of radicals such as OH, H, and O, 
which accelerate oxidation reactions and prevent 
soot precursor formation.

A positive effect of PM emissions was ob-
served when co-firing HCNG with diesel. This 
is due to the effects described on the occasion of 
CO and HC – the mixture burns faster, is homo-
geneous and has a lower carbon ratio in favor of 
hydrogen. This is confirmed by other results in 
which the addition of hydrogen to CNG reduced 
the emission of both particulate matter and soot 
[36]. This is certainly also the result of the high 
degree of diffusivity of the water bottle, also re-
sulting in the formation of a homogeneous mix-
ture. The analysis of the chart leads to one more 
conclusion. For higher loads, the use of HCNG 
allowed to reduce PM emissions more signifi-
cantly than at lower loads.

Mixing diesel, hydrogen and CNG as fu-
els in the engine resulted in an increase in NOx 

Figure 7. Relative difference of CO in load characteristic conditions for n = 1100 rpm
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emissions. The nature of this process can be 
explained by linking factors including com-
bustion characteristics, temperature and fuel 
composition. The emission results of NOx are 
shown in Figure 10. In contrast, NOₓ emissions 
increased with higher hydrogen content, particu-
larly under elevated engine loads. At 95 Nm, the 
DF+H60+CNG blend resulted in up to a 60% 
increase in NOₓ compared to pure diesel. This 
phenomenon is a result of increased combustion 
temperatures and excess oxygen availability in 
lean combustion environments.

As mentioned, hydrogen has a very high 
flame speed and burns at even higher tempera-
tures than diesel. At the same time, diesel fuel 
has a high energy content and burns at high tem-
peratures. Engines with CI operate at a high com-
pression ratio, which leads to elevated combus-
tion temperatures. The presence of hydrogen in 
the fuel mixture can significantly raise the peak 
combustion temperature. Although CNG burns 
cleaner than diesel, it can still contribute to higher 
combustion temperatures, especially when com-
bined with other fuels. The formation of NOx is 

Figure 8. Relative difference of HC in load characteristic conditions for n = 1100 rpm

Figure 9. Relative difference of PM in load characteristic conditions for n = 1100 rpm
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largely temperature-dependent and occurs mainly 
through the thermal mechanism of NOx, which 
involves the reaction of nitrogen and oxygen at 
high temperatures. Increased temperature in the 
combustion chamber (caused by the addition of 
hydrogen and the nature of diesel combustion) in-
creases the rate of formation of thermal NOx. In 
a diesel engine, especially with a mixture of hy-
drogen and CNG, there is usually excess oxygen 
during combustion. Excess oxygen allows the 
fuel to burn more completely, but it also provides 
a greater possibility of nitrogen reacting in the air 
with oxygen, creating NOx. Adding hydrogen and 
CNG to a fuel mixture can create a poorer com-
bustion environment, meaning there is more air 
(and thus more oxygen) relative to the amount of 
fuel. Poor mixtures usually burn warmer, which 
again promotes the formation of NOx.

In turn, the high diffusivity of hydrogen and 
its rapid ignition properties lead to a faster and 
warmer combustion process. CNG, on the other 
hand, has a lower flash point and can burn com-
pletely in the presence of sufficient oxygen, con-
tributing to higher combustion temperatures. Die-
sel fuel acts as the main source of ignition due 
to its self-ignition properties, ensuring complete 
combustion of the mixed fuel, but also contribut-
ing to high peak temperatures.

For example, lambda (λ) 1.6 indicates that 
the mixture is poor – the air to fuel ratio is 1.6 
times greater than the stoichiometric ratio. This 
means that there is much more air (oxygen) than 

needed to burn the fuel completely. The high re-
activity of hydrogen contributes significantly to 
the increase in peak combustion temperatures. 
CNG burns cleaner than diesel and has a higher 
combustion temperature. This usually results in 
a more complete combustion and a further in-
crease in the combustion temperature. With a 
lambda value of 1.6, there is 60% more air in the 
combustion chamber than is required stoichio-
metrically, which provides sufficient oxygen for 
complete combustion. Excess oxygen leads to 
more efficient and warmer combustion, which 
promotes the formation of NOx. Higher tempera-
tures accelerate the mechanism of thermal NOx 
formation, during which nitrogen in the air reacts 
with oxygen to form NOx. Thermal NOx is mainly 
formed by the reaction of nitrogen and oxygen 
at high temperatures. This is a critical process 
in combustion chemistry, particularly relevant 
in high-temperature combustion environments 
such as combustion engines. This is the domi-
nant mechanism of NOx production under con-
ditions of high temperature and oxygen excess. 
Thermal NOx refers to nitrogen oxides (NO and 
NO2) formed when N2 and O2 in combustion air 
react at high temperatures. The rate of formation 
of thermal NOx increases exponentially with tem-
perature. This describes the Arrhenius equation, 
which shows that the reaction rate increases with 
temperature. The basic reactions associated with 
the thermal formation of NOx are described by the 

Figure 10. Relative difference of NOx in load characteristic conditions for n = 1100 rpm
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Zeldovich mechanism, which includes three main 
stages (free radical propagation reaction):
Reaction1: Formation of Nitric Oxide (NO):

	 N2 + O → NO + N	 (1)

This reaction is endothermic and requires 
high temperatures to proceed efficiently.  Oxygen 
atoms (O) are produced from the dissociation of 
O2 at high temperatures. 
Reaction 2: Formation of nitric oxide (NO):

	 N + O2 → NO + N	 (2)

This reaction is exothermic and further propa-
gates the formation of NO by recycling oxygen 
atoms.
Reaction 3: Formation of nitrogen dioxide (NO2):

	 NO + O → NO2	 (3)

This reaction can convert NO to NO2 but it 
typically occurs at lower temperatures in the post-
combustion region.

In addition to the Zeldovich mechanism, sever-
al supplementary radical reactions also play a criti-
cal role in emissions dynamics with HCNG blends:

	 H₂ + O → OH + H	 (4)

Generates highly reactive OH radicals, essen-
tial for oxidizing CO and HC.

	 H + O₂ → OH + O	 (5)

Produces further oxidizing species, enhanc-
ing combustion efficiency.

	 CO + OH → CO₂ + H 	 (6)

Facilitates oxidation of CO into CO₂.

	 RH + OH → R• + H₂O	 (7)

Initiates hydrocarbon oxidation by hydrogen 
abstraction. These chain-propagating reactions 
are significantly accelerated by hydrogen’s pres-
ence, supporting complete combustion and reduc-
ing CO, HC, and PM emissions. 

However, the trade-off with increased NOₓ 
emissions suggests a need for optimization strate-
gies such as:
	• Exhaust gas recirculation (EGR) to lower peak 

combustion temperatures.
	• After-treatment systems like selective cata-

lytic reduction (SCR).
	• Lambda control to dynamically adjust air-fuel 

ratios depending on operating conditions

The effect of higher pressure in the combustion 
chamber, which also leads to higher combustion 
temperatures, should also be considered. This is be-
cause the temperature in the combustion chamber is 
directly proportional to the pressure (described by 
the law of perfect gas). Higher pressures improve 
the efficiency of the combustion process, ensuring 
a more complete combustion of the fuel mixture. 
While this improves output power, it also results in 
higher peak temperatures. At higher pressures, fuel 
and air mix more thoroughly, leading to more ef-
ficient combustion. This thorough mixing ensures 
the complete combustion of more fuel, which again 
leads to higher combustion temperatures.

Higher engine torque requires more power, 
which is achieved by injecting more fuel into the 
combustion chamber. As more fuel is burned, the 
combustion temperature increases, which contrib-
utes to increased NOx formation. As the load and 
torque of the engine increase, so does the pressure 
and temperature in the combustion chamber. Higher 
combustion temperatures and pressures lead to more 
intense thermal NOx formation, as the NOx formation 
rate is very temperature sensitive. At higher loads, 
the motor operates at higher pressures and tempera-
tures to meet the increased power demand. Under 
these conditions, combustion efficiency improves, 
but the disadvantage is the increase in thermal NOx 
production as a result of elevated temperatures.

The characteristics of fast hydrogen combus-
tion and the high energy content of diesel fuel 
result in efficient but high-temperature combus-
tion processes. Several strategies can be used to 
mitigate the increase in NOx emissions:
	• Exhaust gas recirculation (EGR): Returns some 

of the exhaust gas back to the combustion 
chamber, lowering the peak combustion temper-
atures and thus reducing the formation of NOx.

	• Selective catalytic reduction (SCR): Uses a 
catalyst to convert NOx in the exhaust gas to 
nitrogen and water.

	• Lean NOx traps (LNTs): absorb NOx in poor 
conditions and release it in rich conditions 
where it can be reduced to nitrogen.

	• Combustion Time and Fuel Injection Strate-
gies: Optimizing the timing and method of 
fuel injection can help control combustion 
temperatures and reduce NOx formation.

By understanding these factors and using ap-
propriate strategies, it is possible to manage and 
minimize the increase in NOx emissions from en-
gines using a mixture of diesel, hydrogen and CNG.
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CONCLUSIONS 

Studies have shown the positive impact of us-
ing hydrogen from CNG, referred to as HCNG, 
when co-firing diesel in a diesel engine. This ef-
fect results from the association of the unfavor-
able properties of CNG with the unique proper-
ties of hydrogen. The use of hydrogen shortens 
the burning time due to the high speed of the 
flame. The range of flammability of the fuel mix-
ture increases. Hydrogen as a gas is character-
ized by high diffusivity which makes it possible 
to achieve greater homogeneity of the fuel mix-
ture. It also has a higher auto-ignition tempera-
ture than CNG, which also leads to better com-
bustion. HCNG thus combines the advantages of 
a safe, slow-burning fuel like CNG with an ef-
ficient, fast-burning fuel like hydrogen. With this 
concept, CNG acts as the primary energy carrier 
and stabilizer of the combustion process. Faster 
and more complete combustion of hydrogen and 
CNG also increases the thermal efficiency of the 
engine. Setting parameters of the SB 3.1 engine 
fueled by diesel fuel and hydrogen addition. Sche-
matic diagram of the results that visually supports 
the emission mechanisms is shown on Figure 11.

The authors showed that the use of HCNG 
can mitigate harmful emissions from CI engines, 

including CO, CH, PM. NOx emission looked less 
favorable. Key learning points:

Co-firing diesel with HCNG (a mixture of 
hydrogen and CNG) effectively reduces CO 
emissions. Hydrogen, thanks to the lack of car-
bon and high combustion rate, intensifies the 
combustion process, improving its efficiency 
and reducing CO emissions. Its high diffusivity 
unifies the fuel mixture and also promotes chem-
ical reactions, increasing the stability of methane 
combustion. Higher hydrogen content in HCNG 
further enhances these effects, improving com-
bustion and reducing CO.

The positive effect of HCNG on hydrocarbon 
emissions results from replacing coal with hydro-
gen, which increases the H/C ratio and reduces 
carbon-related emissions. Hydrogen improves the 
combustion rate and compensates for effects such 
as ignition delay or low speed of the CNG flame. 
Thanks to this, HCNG more effectively reduces 
the negative impact of wall and gap phenomena 
that cause uneven combustion at the walls and in 
the engine gaps. At higher engine loads, combus-
tion stability increased, leading to more efficient 
combustion and further reduction of HC emis-
sions. At low loads, these effects are less visible 
due to the combustion of lean mixtures.

Co-combustion of HCNG with diesel effec-
tively reduces PM emissions. This is due to faster 

Figure 11. Schematic diagram that visually supports the emission mechanisms
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and more homogeneous combustion and a reduc-
tion in the carbon ratio in favor of hydrogen. Hy-
drogen, thanks to its high diffusivity, promotes 
the formation of a homogeneous mixture, which 
reduces PM and soot emissions. PM emission re-
ductions have been shown to be more noticeable 
at lower engine loads than at higher ones.

The presence of hydrogen and CNG in the 
diesel fuel mixture in the diesel engine raises the 
combustion temperature, which promotes the for-
mation of NOx. Hydrogen, thanks to its high flame 
speed and faster ignition, intensifies the combus-
tion process, increasing peak temperatures. CNG 
burns cleaner than diesel, but it also increases the 
combustion temperature. Excess oxygen in the 
lean mixture (e.g. at λ = 1.6) ensures full combus-
tion, but also intensifies the formation of thermal 
NOx as a result of the reaction of nitrogen with 
oxygen at high temperatures, according to the 
Zeldovich mechanism. Higher temperatures and 
excess oxygen accelerate this process, making it 
dominant in HCNG diesel engines.
	• HCNG is a promising transitional fuel blend 

for reducing carbon-based emissions.
	• Emissions can be tuned through hydrogen 

dosing, offering flexibility for meeting differ-
ent regulatory targets.

	• With proper after-treatment technologies, the 
adverse effect on NOₓ can be mitigated.
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