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DECARBONIZATION OF AUTOMOTIVE VEHICLE BY CONVERTING DIESEL 
AND GASOLINE ENGINES TO GAS ONES

Purpose. Justification of a rational strategy for reducing carbon dioxide (CO2) emissions from the exhaust gases of 
automotive internal combustion engines operating on gaseous fuels (natural gas → natural gas–hydrogen blends → 
hydrogen).

Methodology. The scientific study is based on experimental investigations of CO2 emissions and other harmful 
exhaust gas constituents from internal combustion engines under laboratory conditions, mathematical modeling of 
in-cylinder combustion processes, and the calculation of harmful emissions during vehicle operation.

Findings. The use of engines operating on natural gas reduces CO2 emissions by a factor of 1.5‒2 and significantly 
decreases emissions of NOx, CO, and CH. Natural gas may serve as an intermediate fuel in the transition toward hy-
drogen energy systems. A substantial reduction in CO2, NOx, CO, and CH emissions can be achieved by enriching 
natural gas with hydrogen (up to 10 % H₂). These findings are confirmed by experimental studies of automotive en-
gines conducted under WLTP and ESC driving cycles.

Originality. A relationship between carbon dioxide emissions and the hydrogen-to-carbon ratio (H/C) of the fuel 
has been established. Quantitative results of CO2 emissions from exhaust gases were obtained for internal combustion 
engines operating on natural gas and on natural gas–hydrogen blends as fuels.

Practical value. A pathway for the substantial reduction of CO2 emissions has been identified through an increase 
in the hydrogen-to-carbon ratio (H/C) of the fuel. The addition of hydrogen (H₂) to the fuel lowers the ignition en-
ergy required for reliable ignition of the primary hydrocarbon fuel, thereby enabling the elimination of multi-spark 
high-energy ignition systems in gaseous-fueled engines.
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Introduction. The development of global energy sys-
tems is closely associated with the fuels used in power 
and energy installations. In the earliest steam engines, 
hard coal was employed for water heating and steam 
generation, corresponding to the use of fuels composed 
of nearly 100 % carbon (C). With the advent of internal 
combustion engines, petroleum-based fuels and gaseous 
fuels (CnHm) became widely used.

Today, the large number of vehicles equipped with 
internal combustion engines creates conditions under 
which carbon dioxide (CO2) emissions from exhaust 
gases must be taken into account. A significant share of 
global climate warming is attributed to anthropogenic 
factors, including the enrichment of the atmosphere 
with greenhouse gases, primarily CO2 [1].

The reduction of carbon dioxide emissions (decar-
bonization) should therefore be sought through a de-
crease in the carbon content of fuels used in internal 
combustion engines. An alternative to petroleum-de-
rived fuels is natural gas, whose main component is 
methane (CH4).

In [2], a hydrogen index of fuel was proposed, de-
fined as the ratio of hydrogen mass to carbon mass 
(H/C, %). Using this indicator, Table 1 was compiled 
for various fuels, including composite fuels.

As shown in Table 1, the most widely used fuels for 
vehicle power units (diesel fuel and gasoline) exhibit a 
hydrogen-to-carbon ratio in the range of 14.5‒17.6 %.

In gas–diesel engine systems, ignition of natural gas 
is achieved by means of a pilot injection of diesel fuel 
(15‒30 %). In this case, the hydrogen index can be in-
creased to 28.2‒30.75 %. Engines operating on com-
pressed natural gas (CNG) demonstrate the highest 
value of this indicator, reaching 33.3 %. As a result, such 
engines produce, on average, 22‒25 % lower emissions 
of carbon-containing harmful components, including 
the greenhouse gas CO2, per unit of generated energy 
compared to engines operating on petroleum-based fu-
els [1, 2]. Moreover, engines fueled by natural gas do not 
emit high-molecular-weight hydrocarbons (including 
carcinogenic polycyclic aromatic hydrocarbons), which 
are significantly more toxic than methane [1, 2].

A drawback of natural gas as a fuel for internal com-
bustion engines is its relatively high ignition energy, par-
ticularly when lean-burn combustion concepts are ap-
plied. For example, at an excess air ratio of a = 1.3, the 
ignition energy of a natural gas–air mixture amounts to 
2.4 mJ, which is 8.5 times higher than that of the stoi-
chiometric mixture (Table 1).

As also indicated in Table 1, the addition of hydro-
gen to natural gas increases the hydrogen index, thereby 
reducing CO2 emissions in the exhaust gases. In addi-
tion, hydrogen lowers the ignition energy of the mixture 
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and increases the combustion rate. This enables a larger 
fraction of the fuel to burn near top dead center, result-
ing in an improvement in engine thermal efficiency. The 
addition of 10 % hydrogen to natural gas at an excess air 
ratio of 1.3, as shown in Table 1, reduces the ignition 
energy by more than a factor of five.

The transition to pure hydrogen makes it possible to 
increase the hydrogen index to 100 % and to reduce CO2 
emissions from exhaust gases to zero.

At present, research into the working processes of 
internal combustion engines operating on blended fuels 
(natural gas and hydrogen), optimization of their mixing 
ratios, and the application of atomic hydrogen – which 
is more reactive in terms of ignition and combustion – 
remains highly relevant.

Literature review. Today, gas cylinder equipment is 
installed on almost any vehicle equipped with a gasoline 
engine. Practically all automotive manufacturers offer 
vehicle models operating on natural gas. Honda pro-
duces a bi-fuel version of the Civic model, known as the 
Honda Civic CNG. According to numerous automotive 
journals, this vehicle is considered one of the most fuel-
efficient compared to other global competitors [3].

A new Toyota Camry engine (displacement 
Vh = 2.2 L) has been converted from gasoline to natural 
gas operation. In the gaseous-fuel version, the compres-
sion ratio is increased to e = 13.5 [4].

The authors of publication [5] present the results of 
engine bench tests of engines converted to operate on 
natural gas (CNG) using different ignition concepts. By 
analyzing exhaust emissions of NOx, CO, and CO2, the 
researchers conclude that greenhouse gas CO2 emis-
sions are reduced by 20–25 %, depending on the base 
engine design and the ignition method employed.

The research group in [6] developed a technology for 
operating an internal combustion engine on natural gas us-
ing a cryogenic storage tank. The technology for gas evapo-
ration and supply to the engine was successfully tested.

Publication [7] provides the analysis of the potential 
applications of methane in practical environmental en-
gineering tasks.

Significant progress in the investigation of gaseous 
engine working processes can be achieved through inte-
grated research combining experimental studies with 
mathematical modeling. For example, during the inves-
tigation of a turbocharged gaseous engine, the authors 
of [8] experimentally determined the maximum effi-
ciency of the turbine and compressors of three turbo-

chargers and, using numerical calculations, selected 
their parameters to ensure coordinated operation. This 
preliminary matching approach significantly reduced 
both time and material costs of the research.

In practice, during the conversion of diesel engines 
to gaseous operation, the compression ratio is reduced 
and optimized. The simplest method involves modify-
ing the geometry of the piston crown. The authors of [9] 
investigated two piston head designs with different com-
bustion chamber shapes. The central combustion cham-
ber had a compression ratio of e = 12.5. A high-energy 
ignition system was used to ensure reliable ignition. The 
study was conducted under various load and speed con-
ditions. The configuration with a higher compression 
ratio (e = 12.5) showed better performance at low and 
medium loads, while at high loads, a combustion cham-
ber with e = 11.5 demonstrated superior fuel economy.

A major step toward reducing CO2 emissions from 
exhaust gases was the development of gas-diesel engines. 
These systems retain the capability of operating on die-
sel fuel while utilizing natural gas. Numerous studies 
have investigated methods of supplying natural gas and 
pilot diesel fuel. As shown in [10], to achieve high effi-
ciency and minimal harmful exhaust emissions, the heat 
release rate should exhibit two distinct peaks. Fuel com-
bustion is most stable when the diesel injection duration 
is 0.32 ms. The experiments were conducted on an en-
gine with the following parameters: bore D = 126.5 mm, 
stroke S = 166 mm, compression ratio e = 17.6, and speed 
n = 1,800 min-1. An integrated dual-fuel HPDI (High 
Pressure Direct Injection) injector was used to supply 
both natural gas and diesel fuel. This high-pressure in-
jector is widely applied in modern internal combustion 
engine technologies.

To improve the combustion process, the authors of 
[11] propose multi-stage diesel fuel injection. Optimiza-
tion of mixture formation and combustion parameters 
was performed using a combination of experimental in-
vestigations and numerical simulations of mixture for-
mation and combustion processes.

From the perspective of dual-fuel operation, the re-
search presented in [12] is of particular interest, as it in-
vestigates low-temperature combustion processes. Diesel 
fuel and polyoxymethylene dimethyl ether (POMDME) 
were used as highly reactive fuels for igniting natural gas. 
Two-stage injection with varying start and end phases was 
studied, along with variations in injection pressure. The 
experiments were conducted on a single-cylinder research 

Table 1
Main Fuel Characteristics

Fuel Chemical 
Formula

Hydrogen-to-
Carbon Ratio 

(H/C), %

Stoichiometric
Air-Fuel Ratio,

l0, kg/kg

Combustion 
Limits, alim

Ignition 
Energy 

at a = 1, Q,mJ

Ignition
Energy 

a = 1.3 Q,mJ
Hard coal C 0 11.52 ‒ 10‒100 ‒
Diesel fuel, gasoline CnHm 14.5‒17.6 14.2‒15.0 0.7‒5 0.2‒0.3 0.490
Diesel fuel + natural gas CnHm  + CH4 28.2‒30.75 17.1 0.63‒2.9 0.271 1.189
Natural gas* (methane-based) CH4 33.3 17.36 0.6‒2.0 0.282 2.40
Natural gas + 10 % hydrogen CH4 + H2 39.9 19.07 0.55‒2.5 0.1 0.415
Hydrogen H2 100 34.5 0.1‒7.0 0.017‒0.02 0.08

* CH4 – 90‒98 %; C2H6 – 0.2‒3.9 %; C3H8 – 1.0‒1.7 %; C4H10 – 0‒0.4; C5H12 – 0.1‒0.8 %; CO – 0‒0.1 %; H2 – 0.01‒0.05 %; N2 – 
1.5‒3 %; CO2 – 0.1‒0.2 %
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engine with the following parameters: displacement Vl = 
1.8 L and speed n = 1,339 min-1. Along with improved fuel 
economy, NOx emissions were reduced due to low-tem-
perature combustion, while CO2 emissions decreased as a 
result of an increased hydrogen index.

The effectiveness of hydrogen enrichment of natural 
gas is confirmed by the author of publication [13]. Based 
on the conducted studies, it is concluded that fuel 
blending is an effective approach for optimizing the 
physical and chemical properties of the mixture. The 
addition of hydrogen increases the laminar flame speed 
and reduces the ignition delay of natural gas. The results 
demonstrate that hydrogen-enriched fuel mixtures rep-
resent a realistic decarbonization solution for modern 
transportation power units.

The authors of [14] carried out a comprehensive 
study of the properties of natural gas and hydrogen as 
fuels for internal combustion engines. Their results show 
that the use of natural gas in spark-ignition engines sig-
nificantly reduces harmful exhaust emissions, particu-
larly when hydrogen additives are employed.

Converting conventional internal combustion en-
gines to hydrogen offers substantial energy potential but 
is also associated with significant challenges. Supplying 
hydrogen into the intake manifold is relatively simple to 
implement; however, it is accompanied by issues of pre-
ignition and knock. Based on studies of hydrogen injec-
tion methods, the authors of [15, 16] recommend im-
proving fuel supply system quality and ensuring sustain-
able hydrogen production in order to make hydrogen-
powered vehicles viable and competitive compared to 
traditional internal combustion engines. Additionally, in 
[16], a single-zone thermochemical model is recom-
mended for selecting key parameters of in-cylinder 
combustion processes. The model accounts for chemi-
cal kinetics, enabling the prediction and determination 
of effective engine performance parameters (Ne, pe, he).

Over the past fifteen years, substantial progress has 
been made in the development of engines operating with 
hydrogen addition. Hydrogen has been added to gaso-
line, diesel fuel, and natural gas. In all cases, the hydro-
gen index increases, resulting in reduced CO2 emissions. 
Hydrogen intensifies the combustion process; however, 
an optimal ratio of the base fuel to hydrogen is required 
for each operating mode. As demonstrated in [17], soft-
ware tools such as ANSYS, AVL, and COMSOL play a 
crucial role in modeling mixture formation and com-
bustion processes. Mathematical modeling enables fast-
er research and the analysis of a broader range of param-
eters. The primary challenge remains the reliability of 
hydrogen supply systems and hydrogen transportation.

The study presented in [18] deserves special atten-
tion, as it focuses on determining the auto-ignition tim-
ing of natural gas-hydrogen mixtures. The experiments 
were conducted on an HCCI engine. Natural gas from 
Australian fields contains methane (CHₙ) concentra-
tions ranging from 98.4 to 89.5 %, making the determi-
nation of optimal mixture proportions particularly rele-
vant. The study evaluates the effect of hydrogen content 
on the burning rate of natural gas and investigates mild 
combustion characteristics.

At Kharkiv National Automobile and Highway Uni-
versity (KhNAHU), two test benches have been devel-
oped in the gas laboratory of the Department of Internal 

Combustion Engines for investigating and refining the 
working processes of engines converted from a gasoline 
MeMZ-307 engine and a diesel YaMZ-236 engine.

The MeMZ-307 engine is equipped with a port fuel 
injection system for natural gas supply and a high-ener-
gy ignition system. For operation on blended fuels, a 
distributed hydrogen supply system has been installed.

Unsolved aspects of the problem. As evidenced by the 
analysis of recent studies and publications, further im-
provement of experimental and numerical modeling 
methodologies for mixture formation and fuel combus-
tion processes remains highly relevant. Of particular im-
portance are the optimization of mixture formation and 
combustion parameters with the objective of minimiz-
ing CO2 emissions in exhaust gases.

Purpose. The objective of this study is to substantiate 
a rational approach for reducing carbon dioxide (CO2) 
emissions from the exhaust gases of automotive engines 
when operating on gaseous fuels (natural gas → natural 
gas–hydrogen blends → hydrogen).

To achieve this objective, the following tasks are ad-
dressed:

-	selection of an appropriate engine conversion 
scheme;

-	determination of the heat release law (by means of 
mathematical modeling);

-	selection of the compression ratio;
-	experimental investigation of a gaseous-fueled en-

gine;
-	assessment of the environmental efficiency of the 

conversion based on CO2 emissions.
Methods. At the first stage, the problem of engine 

conversion is addressed, and all stages of engine retrofit-
ting are substantiated.

At the second stage, a computational model is em-
ployed to optimize the working process parameters of 
the gaseous engine with the aim of minimizing fuel con-
sumption and CO2 emissions in the exhaust gases.

At the third stage, experimental investigations of 
CO2 and other harmful exhaust emissions are conduct-
ed under laboratory conditions using a specially 
equipped test bench.

To transfer the obtained experimental results to real 
operating conditions, the fourth stage involves modeling 
real-world vehicle operation using standardized driving 
cycles.

Results. When transitioning to gaseous fuels, the pri-
mary decision concerns the form in which the fuel is 
stored onboard the vehicle: compressed, liquefied, ad-
sorbed, or chemically bound. This initial decision di-
rectly affects the configuration of the fuel supply system 
and the placement of its individual components.

The conversion of diesel engines to gaseous engines 
is recommended to be performed in the following se-
quence:

-	selection of the mixture formation method;
-	selection of a technology for reducing the com-

pression ratio;
-	replacement of the diesel fuel system with a gas-

eous fuel supply system;
-	installation of a gaseous mixture ignition system;
-	installation of an electronic control system for fuel 

supply and mixture ignition;
-	installation of a gas turbocharging system.



ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2026, № 2	 53

The simplest mixture formation strategy in gaseous 
engines involves metered supply of natural gas into the 
intake system. The mixture in the engine cylinder is ig-
nited by a spark discharge. To prevent knock combus-
tion, the compression ratio must be reduced. However, 
reducing the compression ratio leads to a decrease in the 
thermal efficiency of the working process, resulting in 
increased fuel consumption and a 3–5 % rise in CO2 
emissions. Nevertheless, the use of gaseous fuel reduces 
CO2 emissions by 2–25 % due to the higher hydrogen-
to-carbon ratio of natural gas.

During the conversion of the YaMZ-236 diesel engine, 
the compression ratio was reduced from e = 16.5 to e = 11.8 
by removing part of the piston material. Fig. 1 illustrates 
the piston modification scheme for the YaMZ-236 engine, 
while the newly formed open combustion chamber en-
sures minimal NOx formation during mixture combustion.

An adapter for a spark plug was installed in place of 
the fuel injector, which ensured minimal modifications 
to the cylinder head design.

When converting gasoline engines to gaseous-fueled 
operation, the following procedures are typically per-
formed:

-	selection of a technology for increasing the com-
pression ratio;

-	installation of a gaseous fuel supply system;
-	modification of the engine control unit (ECU) 

software, including adjustments to ignition advance 
timing and fuel injection timing algorithms;

-	retention of the gasoline fuel supply system as a 
backup, with forced limitation of engine power during 
gasoline operation to 50 % of the rated output;

-	installation of a gasoline fuel tank.
To fully exploit the potential of natural gas in the 

MeMZ-307 gaseous engine (base gasoline engine 
MeMZ-307, e = 9.8), experimental investigations were 
conducted at different compression ratios: e = 9.8, 
e = 12.0, and e = 14.0. The main combustion chamber 
components corresponding to the different compression 
ratios are shown in Fig. 2.

The MeMZ-307 gaseous engine is equipped with a 
port fuel injection system for natural gas supply to the 
cylinders and a high-energy multi-spark ignition system.

To enable operation of the gaseous engine on a blend 
of natural gas and hydrogen, the following additional 
systems were installed:

-	a hydrogen fuel supply system synchronized with 
the natural gas supply system;

-	a mixed engine power control system employing 
three control channels: throttle valve control, regulation 
of hydrogen content in the mixture, and control of fuel 
delivery to the engine cylinders.

The use of a microprocessor-based natural gas injec-
tion system in the MeMZ-307 engine made it possible 

Fig. 1. Scheme for Increasing the Combustion Chamber 
Volume in the Piston of the YaMZ-236 Diesel Engine

Fig. 2. Combustion chamber components of the MeMZ-
307 gaseous engine:
a – baseline configuration, e = 9.8; b – configuration for a 
compression ratio of e = 12; c – configuration for a com-
pression ratio of e =14

a

b

c

to implement a parallel hydrogen supply scheme when 
hydrogen is used as an additive to the primary fuel. In 
this configuration, natural gas and hydrogen are injected 
separately into the intake manifold [19].
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A key aspect of the present study is the selection of 
an optimal compression ratio. On the one hand, a high-
er compression ratio leads to a higher engine thermal ef-
ficiency, resulting in lower fuel consumption and re-
duced CO2 emissions. On the other hand, an excessively 
high compression ratio promotes knock combustion, 
which, in turn, increases fuel consumption and causes 
overheating of combustion chamber components.

In the present study, the selection of optimal com-
pression ratio values for the MeMZ-307 and YaMZ-236 
engines was performed using a mathematical model de-
scribed in [20]. This is a two-zone model in which the 
processes occurring in the burned mixture (combustion 
products) and in the unburned mixture (natural gas-air 
mixture) are considered separately. These zones are sep-
arated by a flame front propagating from the spark plug 
toward the periphery of the combustion chamber.

The flame front propagation velocity, determined 
from indicator diagrams, ranges from 42 to 79 m/s. The 
motion of the flame front governs the heat transfer be-
tween the working medium and the walls of the combus-
tion chamber.

For the YaMZ-236 engine, the schematic of the 
computational model is shown in Fig. 3.

According to the I. I. Wiebe methodology, the fraction 
of the burned mixture is determined using Equation [20].

+  j - j = - -    j  

1
01 exp 6.908 ,

m

z

x

where j is the instantaneous crankshaft rotation angle, 
deg CA; j0 is the start of combustion angle, deg CA; jz 
is the combustion duration, deg CA; m is the combus-
tion shape parameter.

The calculated values of the combustion shape pa-
rameter, obtained from the processing of indicator dia-
grams, are presented in Fig. 4. Here, j  denotes the rela-
tive crankshaft rotation angle; j = 0  corresponds to the 
start of combustion, and j =1  corresponds to the end of 
combustion. To account for turbulence effects in the 
heat transfer from the working medium to the combus-
tion chamber walls, the present study employs the Wos-
chni a-correlation with coefficients proposed in [21].

α = 0.1129 ⋅ p0.8 ∙ u0.8 ∙ D-0.2 ∙ T-0.594,
where p is the pressure of the working medium, Pa; u is 
the velocity of the working medium, m/s; D is the cylin-
der diameter, m; T is the temperature of the working 
medium, K.

To realize the full potential of natural gas and hydro-
gen-enriched blended fuels, the maximum permissible 
compression ratio values were selected based on the re-
sults of combustion process calculations using the two-
zone model. For this purpose, the detonation criterion 
Kd, as recommended in [22], was employed. The calcu-
lation results are presented in Fig. 5.

Since the calculations were performed for the full-
load speed characteristic, corresponding to the maxi-
mum torque conditions, it can be stated that the maxi-
mum compression ratio ensuring knock-free combus-
tion is e = 13.5(Kd < 1.5). Using the detonation criterion, 
a study was conducted to select the optimal compression 
ratio e for the turbocharged YaMZ-236 gaseous engine. 
In this study, a TKR-9-12-07 turbocharger was installed, 
for which the compressor pressure ratio pk varied from 0 
to 1.4. The maximum knock intensity was observed un-
der maximum load conditions (n = 1,500 min‑1), when 
the volumetric efficiency reached its highest values. As 
shown in Fig. 6, the detonation criterion satisfies Kd < 1.5 
for compression ratios e < 12.

In addition, a computational study was conducted to 
assess the influence of the engine compression ratio e 
and the compressor pressure ratio pk on the engine 
torque Mcr; the results are presented in Fig. 7. For the 
selected compression ratio e = 11.8, an experimental in-

Fig. 3. Schematic of the two-zone model of the YaMZ-
236 engine

Fig. 4. Calculated values of the I. I. Wiebe combustion 
parameter for the MeMZ-307 and YaMZ-236 gas-
eous engines

Fig. 5. Effect of the compression ratio e on the detonation 
criterion Kd during the combustion process j  of the 
MeMZ-307 gaseous engine
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vestigation was carried out, which confirmed knock-free 
engine operation at the maximum torque condition of 
Mcr = 734 Nm. As shown in Fig. 7, knock occurs at high-
er load levels; therefore, these operating modes were ex-
cluded from the allowable operating range.

The validation and refinement of the working pro-
cesses of the gaseous engines were performed on the test 
benches of the KhNAHU laboratory (Kharkiv National 
Automobile and Highway University). Fig. 8 presents an 
example of the test bench configuration.

As shown in Fig. 8, the test benches are equipped 
with the necessary measuring instrumentation and al-
low the determination of the following parameters:

-	effective power Ne, kW; torque Mcr, N · m;
-	crankshaft rotational speed n, min-1;
-	air mass flow rate and natural gas consumption 

(and hydrogen consumption when operating on hydro-
gen-enriched mixtures);

-	working medium pressure (recording of indicator 
diagrams);

-	concentrations of CO2, CO, CH, and NOx in the 
exhaust gases.

The MeMZ-307 engine test bench is equipped with 
an experimental high-energy multi-spark ignition sys-
tem. The YaMZ-236 engine test bench employs an in-

dustrial high-energy ignition system manufactured by 
Heirzmann GmbH. Both test benches are fitted with 
distributed gas injection systems. A TKR-9-12-07 tur-
bocharger is installed on the YaMZ-236 engine test 
bench. During the experiments, rotary gas flow meters 
(RG type) were used to measure air flow rates, while 
natural gas consumption was measured using flow me-
ters manufactured by DELTA.

Measurements of CO2 (%), CO (%), CH (ppm), O2 
(%), and NOx (ppm) concentrations in the exhaust gas-
es were performed using an automatic gas analyzer 
NHA506. In addition, for verification purposes, indica-
tor diagrams were processed and the concentrations of 
CO2, CO, CH, O2, and NOx in the exhaust gases were 
calculated for the investigated operating modes. The 
calculations were based on an averaged indicator dia-
gram obtained from a sample of 70–100 individual indi-
cator diagrams with a confidence probability of 90 %.

The recording of indicator diagrams was carried out 
using the measuring system of the Department of Inter-
nal Combustion Engines at KhNAHU. This system 
consists of a personal computer, an L-783 analog-to-
digital converter module (ZAO “L-Card”), dedicated 
software for recording indicator diagrams and storing 
them in a format suitable for further processing, and a 
set of peripheral measuring devices. The most objective 
assessment of changes in harmful exhaust emissions is 
achieved under conditions close to real vehicle opera-
tion. At the preliminary stage of selecting gaseous en-
gine parameters, mathematical modeling of engine op-
eration within a vehicle under driving cycle conditions is 

Fig. 6. Influence of compression ratio and compressor 
pressure ratio on the knock criterion Kd of the YaMZ-
236 gaseous engine

Fig. 7. Effect of the compression ratio and compressor 
pressure ratio on the engine torque Me of the gaseous 
engine

Fig. 8. Test bench of the MeMZ-307 engine:
1 – MeMZ-307 engine; 2 – heat exchanger; 3 – pressure 
gauge; 4 – gas flow meter; 5 – gas pressure regulator; 6 – 
pressure gauge; 7 – engine radiator; 8 – liquid fuel con-
sumption measurement device; 9 – measuring and data 
processing unit; 10 – fan; 11 – point gas injection device; 
12 – point liquid fuel injection device; 13 – gas system con-
trol unit; 14 – intake manifold; 15 – exhaust manifold; 
16 – engine control unit (ECU); 17 – control panel; 18 – 
ignition switch; 19 – instrument panel; 20 – fuel type selec-
tor switch; 21 – throttle valve control device; 22 – electrical 
load resistance adjustment device; 23 – engine load control 
device; 24 – intake system hydraulic resistance measure-
ment device; 25 – muffler; 26 – resonator; 27 – air flow 
meter; 28 – engine load recording device; 29 – load unit; 
30 – resistance box; 31 – cardan shaft; 32 – gearbox; 33 – 
gaseous fuel storage tanks
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When calculating harmful pollutant emissions and 
fuel consumption during transient operation, non-sta-
tionary effects were taken into account using empirical 
correction factors. The specific emissions of various 
harmful substances in the exhaust gases are presented in 
Table 2.

For the medium-power gaseous YaMZ-236 engine 
installed in heavy-duty vehicles, the 13-mode ESC test 
cycle was employed. This test cycle provides for engine 
testing independently of the vehicle under 13 steady-
state operating modes. The schematic of the cycle is pre-
sented in Table 3.

The calculated results of exhaust emissions of vari-
ous harmful substances for the YaMZ-236 gaseous en-
gine are summarized in Table 3. The table presents the 
specific emissions of engines operating on gasoline fuels 
prior to conversion, as well as after their conversion.

For the MeMZ-307 engine, replacing gasoline with 
natural gas results in a 1.75-fold reduction in CO2 emis-
sions. When the compression ratio is increased to 
e = 13.5, CO2 emissions are reduced by a factor of 1.87, 
while operation with hydrogen addition leads to a 2.32-
fold reduction in CO2 emissions.

For the YaMZ-236 engine, replacing diesel fuel with 
natural gas under naturally aspirated conditions reduces 
CO2 emissions by a factor of 1.87. When turbocharging 
is applied, CO2 emissions are reduced by nearly a factor 
of 2, and with hydrogen addition, CO2 emissions are re-
duced by a factor of 2.47.

considered rational. As demonstrated in studies by the 
authors of [23], this approach simplifies the research 
while ensuring sufficient agreement between calculated 
and experimental results. Based on the experimental 
studies of gaseous engines conducted at the KhNAHU 
laboratory, simulations of gaseous engine operation un-
der driving cycles were performed.

To compare different types of vehicles (gasoline, die-
sel, gaseous, hybrid, and electric) in terms of fuel econo-
my, environmental performance, and driving range, stan-
dardized operating conditions known as driving cycles 
have been developed. The most widely recognized driving 
cycles include WLTP (Worldwide Harmonized Light Ve-
hicle Test Procedure), NEDC (New European Driving 
Cycle), CLTC (China Light-Duty Vehicle Test Cycle), 
EPA (Environmental Protection Agency), and JCO8 (Ja-
pan Cycle 2008). The WLTP driving cycle is recommend-
ed as a globally harmonized test procedure for passenger 
cars. Since 2018, it has been proposed as a replacement for 
the European NEDC cycle, as well as for the Chinese 
CLTC, U.S. EPA, and Japanese JCO8 cycles.

The WLTP driving cycle simulates urban, suburban, 
and highway driving conditions. The total cycle duration 
is 30 minutes, during which the vehicle covers approxi-
mately 23 km at an average speed of 47–53 km/h. The 
cycle consists of four phases: Low, where the vehicle ac-
celerates up to a maximum speed of 60 km/h; Medium, 
with acceleration up to 80 km/h; High, with accelera-
tion up to 100 km/h; and Extra High, with acceleration 
up to 130 km/h. The first two phases represent urban 
driving conditions, while the third and fourth phases 
correspond to highway operation.

For the MeMZ-307 gaseous engine installed in a 
Sens vehicle (gross vehicle mass below 3.5 t), testing was 
conducted in combination with the vehicle using the 
proposed driving cycle shown in Fig. 9.

Its distinctive feature is that, over the test cycle, the 
vehicle travels a distance of 25.145 km within 30 minutes 
at an average speed of 50.291 km/h. The entire cycle is 
divided into four identical phases. Each of the four 
phases is further subdivided into three identical periods:

-	acceleration – 60 s;
-	constant-speed driving – 12.5 s;
-	deceleration – 40 s.
Transient operating modes, during which the vehicle 

accelerates or decelerates, were divided into elementary 
quasi-stationary modes.

Fig. 9. Driving cycle schematic for comparative studies of 
passenger vehicles

Table 2
Specific emissions of various harmful exhaust gas constituents from different engines depending on the fuel type

Worldwide Harmonized Light Vehicle Test Procedure (WLTP), g/km
MeMz-307 MeMz-307 MeMz-307 MeMz-307

gasoline; e = 9.8 compressed natural gas 
(CNG); e = 9.8

compressed natural gas 
(CNG); e = 13.5

compressed natural gas (CNG) 
+ 10 % Н2; e = 13.5

СО2 NOx CO CH СО2 NOx CO CH СО2 NOx CO CH СО2 NOx CO CH
238 2.60 4.0 0.749 135 0.605 0.096 0.165 126 0.825 0.0715 0.0935 103 0.0374 0.069 0.05

ESC 13-mode test cycle (g/(kW · h))
YAMZ-236 YAMZ-236 YAMZ-236 YAMZ-236

diesel fuel; e = 16.5 CNG; e = 11.8; naturally 
aspirated

CNG; e = 11.8; 
turbocharged

CNG + 10 % Н2; e = 11.8; 
turbocharged

СО2 NOx CO CH СО2 NOx CO CH СО2 NOx CO CH СО2 NOx CO CH
556 2.62 2.72 4.58 296 2.24 1.45 1.31 279 1.61 1.3 1.07 225 1.75 1.19 0.92
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Conclusions and prospects for further development in 
this area. Based on the results of the conducted study, 
the following conclusions can be drawn:

Methods for converting automotive diesel and gaso-
line engines to gaseous-fueled operation have been pro-
posed.

Using the automotive engines MeMZ-307 and 
YaMZ-236 as case studies, approaches for improving 
the working processes of gaseous engines have been 
demonstrated.

Operation of vehicles on compressed natural gas 
(CNG), for which the hydrogen-to-carbon ratio (H/C) 
increases by a factor of 1.8–2 compared to the base fuel, 
results in a 1.5–2-fold reduction in CO2 emissions from 
exhaust gases and a significant decrease in NOx, CO, 
and CH emissions. CNG can therefore be considered 
an optimal transitional fuel on the pathway toward hy-
drogen energy systems.

A reduction in CO2 emissions from exhaust gases by 
up to 2.5 times can be achieved when piston engines op-
erate on blended fuels (CNG + 10 % H2).

The results presented in this study indicate that the use 
of natural gas as a motor fuel significantly reduces CO2 
emissions from exhaust gases while simultaneously lower-
ing emissions of other harmful substances (CO, NOx, 
CH). The addition of hydrogen to natural gas increases the 
hydrogen index of the blended hydrocarbon fuel, which 
leads to a further reduction in CO2 emissions and overall 
fuel consumption due to the increased combustion rate.

These findings are consistent with current trends in 
the development of the European gas transmission sys-
tem. Within hydrogen energy development strategies, 
5–10 % hydrogen is being added to natural gas. “Green” 
hydrogen can also be utilized as an energy storage me-
dium during periods of excess energy generation.

The Gas Transmission System Operator of Ukraine 
LLC has established a dedicated unit to investigate tech-
nologies for transporting natural gas–hydrogen blends 
through the pipeline network [24]. At present, research 
activities are being conducted at five sections of the 
Ukrainian gas transmission system.

A promising direction for further research is the inves-
tigation of gaseous engine working processes with an in-

creased hydrogen fraction in blended fuels. Of particular 
importance is the determination of optimal natural gas–
hydrogen ratios that ensure compliance with exhaust emis-
sion regulations while maintaining acceptable fuel costs.

Another promising research direction involves in-
tensifying the combustion processes of blended fuels, for 
example, through the use of atomic (activated) hydro-
gen rather than molecular hydrogen [2].

Author’s initiative. This study is a continuation of re-
search aimed at improving the working processes of engines 
operating on natural gas or on natural gas–hydrogen blends. 
The materials presented in this article were developed on the 
authors’ own initiative following the ratification of the Paris 
Agreement (COP21) by the Verkhovna Rada of Ukraine on 
July 14, 2016, and the subsequent signing of the ratification 
law by President Petro Poroshenko on August 1, 2016.
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Декарбонізація автомобільного транспорту 
шляхом конвертування дизелів 
і бензинових двигунів у газові
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Мета. Обґрунтування раціонального способу 
зменшення викидів діоксиду вуглецю (CO2) з від-
працьованими газами автомобільними двигунами 
при використанні газових палив (природний газ → 
суміш природного газу і водню → водень).

Методика. Наукове дослідження ґрунтується на 
базі експериментальних досліджень викидів CO2 
й інших шкідливих компонентів із відпрацьовани-
ми газами двигунів у лабораторних умовах, мате-
матичного моделювання процесів згоряння в ци-
ліндрах двигунів і розрахунку викидів шкідливих 
компонентів під час руху транспортних засобів.

Результати. Використання двигунів, що пра-
цюють на природному газі, зменшує викиди CO2 
в 1,5‒2 рази та значно зменшує викиди NOx, CO, 
CH. Природний газ може стати проміжним пали-
вом на шляху до водневої енергетики. Значне 
зменшення викидів CO2, NOx, CO, CH можна 
отримати при додаванні до природного газу вод-
ню (до 10 % H2). Це підтвердили експерименталь-
ні дослідження автомобільних двигунів за їздови-
ми циклами WLTP і ESC.

Наукова новизна. Встановлено зв’язок викидів 
діоксиду вуглецю із водневим показником палива 
(H/C). Одержані чисельні результати щодо кіль-
кості викидів CO2 з відпрацьованими газами при 
використанні природного газу й суміші природно-
го газу із воднем в якості палива двигунів внутріш-
нього згоряння.

Практична значимість. Визначено шлях для суттє-
вого зменшення викидів CO2 за рахунок збільшення 
водневого показника палива (H/C). Додавання вод-
ню (H2) до палива знижує енергію запалювання, що 
необхідно для надійного запалювання основного 
вуглеводневого палива. Це дозволяє відмовитися від 
використання багатоіскрової високоенергетичної 
системи запалювання у газовому двигуні.

Ключові слова: двигун внутрішнього згоряння, де-
карбонізація, конвертування, природний газ, водень
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