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Internal combustion engines, which operate in various load and speed
conditions, are significant sources of environmental pollution that affect
a vehicle's movement in traffic. Automotive engines typically operate in
unsteady-state modes, transitioning cyclically from one operating mode
to another during vehicle operation. The potential of using biogas as an
additive to compressed natural gas for automotive engines was explored
within this research. The results of experimental studies on the fuel
efficiency and environmental performance of a vehicle with a petrol engine,
converted to run on a mixture of compressed natural gas and biogas, are
presented. A comparative analysis was conducted on the fuel and economic
performance, as well as environmental indicators of A-92 petrol, compressed
natural gas, and a mixture of compressed natural gas and biogas in the
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1 Introduction

The escalating energy demands of humanity result
in increased energy consumption, leading to resource
depletion and environmental pollution. Currently,
the pressing issue is to conserve natural resources
and protect the environment while simultaneously
increasing energy production to meet human needs.
This can be achieved by utilizing alternative fuels
derived from renewable sources. Biogas can be produced
through the anaerobic decomposition of organic
waste.

Fully or partially purified biogas is similar to
compressed natural gas (CNG) in terms of its
characteristics. As a result, it can be stored and
transported in a compressed or liquefied state [1].
Special tankers can deliver it to petrol stations, and it
can be supplied through the special gas pipelines.

Biogas is composed of methane (CH,), carbon dioxide
(CO,), small amounts of carbon monoxide (CO), hydrogen
(H,), nitrogen (N,), oxygen (O,), water vapor (H,0), and
hydrogen sulphide (H,S). When used as a fuel, biogas
affects the operation of internal combustion engines
differently than the traditional fuels.
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According to a literature review, most studies
have focused on evaluating the environmental impact,
fuel efficiency, and engine performance of biogas [2]
and CNG as alternative fuels compared to traditional
gasoline. Khan et al. [3] stated that using biogas as an
additive to CNG results in the same fuel economy and
lower carbon dioxide emissions compared to vehicles
fueled solely with CNG. Bordelanne et al. [4] found
that vehicles fueled with biomethane-enriched CNG
can reduce the greenhouse gas emissions by more than
80% compared to gasoline-powered vehicles. Agbulut et
al. [5] discovered that adding biogas to CNG can reduce
exhaust emissions and improve performance metrics
in gasoline engines. Chandra et al. [6] observed that
methane-enriched biogas showed almost similar engine
performance compared to compressed natural gas in
terms of brake power output, specific gas consumption,
and thermal efficiency. Shamekhi et al. [7] stated that
CNG, may improve the fuel efficiency and environmental
performance of gasoline engines compared to traditional
fuels like gasoline. Singhal et al. [8] suggested that biogas
is a potential fuel for providing a continuous supply
of CNG in the form of bio-CNG, which contains about
95% methane. Lemke et al. [9] found that converting
a production vehicle to run on gasoline, CNG, and
biomethane shows potential for improving fuel efficiency
and environmental performance compared to traditional
fuels like A-92 gasoline. Melaika et al. [10] observed
that gaseous fuels, such as natural gas and biogas, can
improve engine efficiency, reduce standard emissions
and particulates, and provide additional benefits like
lower particulate numbers compared to gasoline.
Wargula et al. [11] observed that CNG-fueled engines
reduced fuel consumption by 31% and hourly estimated
machine operating costs resulting from fuel costs by 53%
compared to traditional gasoline engines. Limpachoti
and Theinnoi [12] found that Compressed Biomethane
Gas (CBG) fuel in a spark ignition engine has higher
thermal efficiency and lower NOx and HC emissions
compared to CNG. Pavlovskyi [13] have shown how
the use of biodiesel blends with rapeseed oil additives
can improve fuel efficiency and reduce emissions in
diesel engines, specifically noting a significant reduction
in total mass emissions when using three-component
biodiesel fuels.

However, the impact of using biogas as an additive
to compressed natural gas on the fuel efficiency and
environmental performance of gasoline engines has
not been extensively researched, particularly when
compared to traditional fuels like A-92 gasoline. The
gaps in research discussed above motivate us to focus
on answering the question - “What is the impact of
using biogas as an additive to compressed natural gas
on the fuel efficiency and environmental performance
of gasoline engines converted to run on this mixture
compared to traditional fuels such as A-92 gasoline?”
The research question aims to investigate the impact
of compressed natural gas and biogas blends on the

environmental performance and fuel efficiency of vehicle
engines. The study results will provide valuable insights
into the potential of biogas as an alternative fuel that
can help reduce harmful emissions and increase energy
independence.

The paper’s structure can be summarized as follows.
Section 2 provides a detailed methodology for studying
the impact of using biogas as an additive to compressed
natural gas on the fuel efficiency and environmental
performance of petrol engines. Section 3 presents
and discusses the study results. Section 4 presents
conclusions and prospects for further research.

2 Research methodology

A methodology for researching the impact of biogas
on engine and vehicle performance has been developed
for conducting experimental and theoretical studies.

The research methodology comprises theoretical and
experimental measures. Conclusions can be drawn about
the effectiveness of using a mixture of natural gas and
biogas to improve the fuel, economic, and environmental
performance of a vehicle in operation [14].

Figure 1 shows the flowchart of this methodology,
which comprises eight stages.

The initial stage includes an analysis of previous
studies on the use of biogas to reduce pollution
from cars and save oil products. This stage requires
analyzing research conducted by individual authors
and research organizations both in Ukraine and abroad.
When analyzing the literature, biogas was evaluated
to determine its advantages and disadvantages [15].
Special attention was given to the potential for its
widespread use as a motor fuel and its ability to
improve the environmental performance of vehicles
[16]. According to the analysis in the first section, it is
predicted that in the near future, a mixed fuel consisting
of CNG, and biogas will likely replace petrol as a fuel
for spark-ignition automotive engines, rather than pure
biogas.

The second stage entails selecting and justifying
a test-driving cycle, conducting experimental research
on regulating the car engine power supply system while
driving a car in the European urban driving cycle, and
improving gas fuel equipment [17].

At the third stage, the permissible content of the
inert component (6%) was determined by simulating
a mixture of CH, and different proportions of CO,.
Based on the characteristics and properties of the
available biogas, the ratio between the components
of the mixed fuel - CNG 80% and biogas 20% was
determined. The similarity between the proposed
mixed fuel and the simulated gas was established.
Subsequently, due to the lack of an adequate amount
of biogas, large-scale experimental studies of the car
were carried out when the engine was powered by the
simulated gas.
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1. Analysis of studies on the impact of biogas as a motor fuel on environmental
performance and fuel efficiency of engines and cars

[

2. Selection and substantiation of the driving cycle and improvement of gas fuel equipment
of the car

3. Methodology for creating the optimal, from the point of view of fuel efficiency and
toxicity, composition of the simulated gas and determining the effective composition of the
mixed fuel - natural gas and biogas

[

4. Refinement of the mathematical model of vehicle movement when using gasoline, CNG
and mixed fuel

[

5. Conducting experimental studies measuring energy, environmental and fuel efficiency
indicators using gasoline, LNG and simulated gas to obtain the necessary data for the
mathematical model

6. Conducting experimental studies on a dynamometric roller stand using gasoline, CNG
and simulated gas and checking the adequacy of the mathematical model

[

7. Carrying out calculations using a mathematical model to determine the fuel efficiency
and environmental performance of a vehicle when the engine is powered by gasoline, CNG,
and mixed fuel

8. Calculation of socio-economic damage to the environment caused by pollution from the
operation of a wheeled vehicle when using gasoline, CNG and mixed fuel and calculation
of the economic feasibility of using mixed fuel

Figure 1 Flowchart of the general research methodology

Mathematical modelling is frequently employed
to determine engine performance across a wide range
of operating conditions, including transient modes
[18]. Therefore, it is necessary to refine the existing
mathematical model [19] that simulates the movement
of a car during test cycle modes to study the efficiency
of using different types of fuels, particularly mixed fuels
(stage four).

When compiling a mathematical model of vehicle
movement according to the European driving cycle
modes, seven modes are distinguished, according to the
types of their identical mathematical description [20-21]:
® engine operation in idling mode;

* engine acceleration in idling mode;

e vehicle starting from a standstill in the first gear;

® gear shifting from higher to lower and from lower
to higher;

e vehicle movement at a constant speed;

e vehicle deceleration with the clutch locked;

* engine deceleration with the clutch disengaged.

Mathematical dependencies describing changes
in the main parameters characterizing the engine
operation in the study were compiled based on the
results of experimental studies. The description of the
parameters was carried out by a factorial experiment
in a wide range of changes in speed and load modes on
a dynamometric roller stand. As a result, hourly fuel
and air consumption and concentrations of harmful
substances in engine exhaust gases were established
[20].

For calculations based on the refined mathematical
model, it is necessary to conduct a number of
experimental studies to measure the fuel efficiency and
environmental performance [22] when the car engine is
powered by petrol, CNG and simulated gas (similar to
mixed fuel) and to develop polynomial dependencies that
describe engine performance in a wide range of speed
and load conditions when powered by petrol, CNG and
mixed fuel (stage five).

The mathematical model was improved to calculate
the fuel consumption and the concentration of harmful
substances in engine exhaust gases under different
speed and load conditions during the driving cycle. The
model was tested using petrol, CNG, and mixed fuel
(stage six).

During the seventh stage, experimental tests were
conducted on the car using petrol, CNG, and simulated
gas to determine its environmental performance and
fuel efficiency in different driving modes over the driving
cycle. The tests were carried out on a dynamometer
roller stand under engine conditions. Additionally, the
obtained data from the mathematical model is compared
to the experimental data.

At the eighth stage, the socio-economic damage
to the environment [23] caused by pollution from the
operation of a wheeled vehicle using petrol, CNG and
mixed fuel was calculated, and the economic feasibility
[24] of using mixed fuel was calculated.

Currently, there are three groups of driving
cycles used worldwide to assess the fuel efficiency and
environmental performance of vehicles: European, US,
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and Japanese driving cycles. For research purposes, it is
appropriate to use the European driving cycle of a car, as
regulated by UNECE Regulation No. 83. This regulation
provides uniform provisions for the approval of vehicles
regarding the emission of pollutants in accordance with
engine fuel requirements.

The European Driving Cycle, also known as the EU
and ECE (European Economic Commission) test cycle, is
a program designed to closely simulate urban driving. It
was supplemented in 1993 by the Extra Urban Driving
Cycle (EUDC), which includes suburban driving at
speeds of up to 120 km/h. The New Urban Driving Cycle
(NEDC) is a combination of the urban and suburban
cycles.

The use of natural and biogas as motor fuels has
some disadvantages compared to liquid fuels. These
include a low energy concentration in 1 m?® of the
combustible mixture, which results in a decrease
in the effective power of the engine. For the spark
ignition engines, the decrease is around 11-12%
with optimization of the ignition advance angle and
17-19% without optimization.

For combustible mixtures with an excess air ratio

Table 1 Technical characteristics of the car

of a = 1, lower calorific value of 1 m? is: petrol-air - h
= 3739 kd/m?; gas-air - h;; = 3404 kJ/m? and biogas-air
(with CH, = 62%) - h,, = 2168 kJ/m®.

Based on the preliminary calculations, the heat
reduction in 1 m? of the engine fuel mixture is 8.7%
when using natural gas, 42.1% when using biogas, and
15.25% when using a mixture of 80% natural gas and
20% biogas.

To prevent a decrease in engine energy performance
and energy losses during the biogas purification when
used as a motor fuel, it is recommended to use it as
a mixed fuel with natural gas.

Experimental studies were conducted on a vehicle
with an external mixture formation engine. (Table 1),
which was converted to run on gas fuel. The car was
tested using petrol, CNG, and a mixture of CNG and
biogas. For petrol, a carburetor-mixer was used, while
for CNG, a three-stage reducer, gas metering, and
carburetor-mixer were used. The fuel-air mixture in
the engine was regulated by the vacuum in the inlet
pipeline. Feedback on the oxygen content in the exhaust
gases of the engine was not used.

The studies remain relevant as there are still many

Title Value
Fuel A-92
Engine displacement, cm? 1300
Engine power, kW 52
Engine torque, Nm / Engine speed, rpm 96 / 3400
Engine layout / number of cylinders straight / 4
Maximum speed, km/h 145

Fuel consumption (combined cycle), liters per 100 km. 9

Fuel consumption (urban cycle), liters per 100 km. 11

Fuel consumption (suburban cycle), liters per 100 km. 8
Compression ratio 8.5
Engine crankshaft moment of inertia, kg m? 0.15
Wheel moment of inertia, kg m? 0.7
Dynamic wheel radius, m 0.255

Transmission
Gearbox ratios

- 1 gear

- 2 gear

- 3 gear

- 4 gear

Final drive ratio
Drive type
Front suspension
Rear suspension
Front brake
Brake rear

Tire size

Curb weight, kg

4 manual transmission (mechanics)

3.753

2.303

1.493

1

4.3

Rear

Independent. Multi-link
Dependent. On longitudinal levers
Disk

Drum

155 SR13

955
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vehicles in operation that run on both petrol and gas
fuels without exhaust gas oxygen feedback.

The experiments were conducted on a simulated
roller stand (Figure 2), strictly adhering to the
predetermined speeds, to accurately measure the level
of harmful substances present in the exhaust gases (CO,
NO, CH,C _H, CO,).

Several experimental studies were conducted to
determine the feasibility of using the biogas mixed with
CNG as a motor fuel. The studies required a substantial
amount of biogas.

Large-scale biogas production has not yet been
established in Ukraine. Biogas is mainly produced
in the industrial and agricultural sectors. In the
private sector, biogas is produced in smaller volumes
and under non-standardised conditions, resulting in
fluctuations in biogas characteristics.

The enterprises use the biogas they produce,
but taking constant samples or large volumes of gas
would disrupt the closed production cycle. This would
not be suitable for the producers as it would interrupt
the biogas production process. Consequently, it
was not possible to purchase enough biogas for
testing.

It is possible to construct a biogas plant
independently. However, due to the small size of the
plant, the composition of the biogas may vary at the
beginning, middle, and end of the production process.
A stable biogas composition is crucial for the road
transport.

The availability of biogas may change over time

if a network of gas filling stations that sell biogas
according to the standard is established, or if it is
produced in large volumes and is consistent across filling
stations from production to consumption. Convincing
evidence of the efficiency of biogas production and use
as a motor fuel is required for this to occur, which is the
focus of this research.

Due to the current shortage of biogas that could be
used for experimental studies of automobile engines,
a methodology for simulating gas containing methane
and carbon dioxide in certain proportions (CH, - 94%
and CO, - 6%) was developed, which corresponds to
a mixture of CH, - 80% and biogas 20% with a CO,
content close to 6%.

The required content of the inert component was
determined by simulating a mixture of CH, with varying
proportions of CO,.

Two methods of adding CO, were used in the
sequence of experiments:

1) adding CO, to the mixture with air, and
2) adding CO, to a mixture with CNG.

To determine the optimal dose of CO, and the
appropriate method of addition, the stand was equipped
with a reference volumetric gas meter called “CALIBR”,
with factory number 00017. The meter has a measuring
range of 0.016 to 10.00 m?*h with an error of + 0.3% of
the measured value.

The purpose of the set of experimental studies
of the car is to determine the effect of using different
types of fuels to power the engine: A-92 petrol, CNG
and simulated gas (which is close to mixed fuel in its

[l [l [l

= =——

o —

1 - blower; 2 - monitor for displaying the driving cycle; 3 - rollers; 4 - air sampling tanks;
5 - exhaust gas sampling tanks; 6 - exhaust gas outlet; 7 - filter; 8 - vacuum pump; 9 - heater;
10 - air supply; 11 - exhaust gas dilution tunnel; 12 - heat exchanger [ heater; 13 - gas analyzers;
14 - venturi nozzles; 15 - centrifugal vacuum pump; 16 - computer for processing results

Figure 2 Diagram of the simulating roller stand
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composition), on its performance in different load and

speed modes and in the modes of the European driving

cycle.
To accomplish this objective, the following tasks
were completed:

1. Optimal adjustment of gas equipment, considering
the improvement of the vehicle’s environmental
performance and the improvement of gas fuel
equipment.

2. Checking the compliance of the simulated gas with
the mixed fuel in the modes of the car’s movement
according to the European driving cycle.

3. Determination of the energy, fuel-economic and
environmental performance of the engine when
operating in different load and speed modes and
active idling mode when powered by different types
of fuels.

4. Determining the performance of the car when
the engine is powered by A-92 petrol, CNG and
simulated gas during the testing on a dynamometer
roller stand to verify the adequacy of the refined
mathematical model.

A factorial experiment was conducted to assess the
economic and environmental performance of the engine

v, km/h
120

110
100
90
80
70
60 -
50
40

30

500
Vehicle speed during the test

200 300 400

600

using different types of fuels and advanced gas cylinder
equipment.

The dynamometer continuously recorded the
following parameters during the tests: vehicle speed, total
fuel consumption in gallons per mile (G ), concentrations
of carbon monoxide (CO), total hydrocarbons (CH), non-
methane hydrocarbons (C _H ), nitrogen oxides (NO),
and carbon dioxide (CO,) in dilute exhaust gases.

The calculation method was utilised to determine
the specific G, - mass emissions of carbon monoxide per

cycle, G, - carbon dioxide, G, - total hydrocarbons,
G,.u, - NOon-methane hydrocarbons, and G, - nitrogen
oxides.

During the testing, exhaust gases are continuously
analysed and sampled using the Constant Volume
Sampling method and stored in elastic containers.
The emissions of harmful substances are calculated
by averaging the concentrations of harmful substances
in the exhaust gases. This is obtained by processing
a dataset of instantaneous values of concentrations
of harmful substances in the exhaust gases, or by
averaging the concentrations of harmful substances
in diluted exhaust gases sampled into an elastic
container.

Gp, kg/h
10

-
[\
M

1

b , . L0
700 800 900 1000 1100 t, sec

——— Mixed fuel Simulated gas

Figure 3 Instantaneous fuel consumption values (Gp) during the car test on the roller stand in the driving modes
according to the European driving cycle

Table 2 Fuel consumption and harmful substances emissions during the testing of a car on a dynamometer roller bench

in the European driving cycle modes

Mass emissions of harmful substances

Fuels Fuel consumption, g/cycle
Gy, gkm Gyop gkm Gy &km G gkm
Mixture of natural and biogas 720.56 0.5313 0.4552 113.2 0.3463
Simulated gas 671.35 0.5040 0.4269 106.4 0.3334
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v, km/h CO, ppm
~ 150
- 100
- 50
= : i = — o B - = T T = 0
0 100 200 300 400 500 600 700 800 900 1000 1100 t,sec
v, km/h NOx, ppm
120 -+ - 200
100 -
- 150
80 -
- 100
- 50
‘ 0
800 900 1000 1100 t,sec
CO,, %
120 - - 2.0
100 -
- 1.5
- 1.0
- 0.5
- a : S T T 0.0
0 100 200 300 400 500 600 700 800 900 1000 1100 t,sec
v, km/h CmHn, ppm
120 - - 400
004 - 1t 't 45 X 0 p——
- 300
84 L da Lot Mttt Lt M /
60 - _ | | - 200
40 -
[lﬂ'i il A ‘1 H uﬁm "
o - F \ J I‘ L'.Ll Ul .' “i IL 1 l 1“'“ t _ 0
0 200 300 400 500 600 700 800 900 1000 1100 t,sec
v,kmlh CH, ppm
120 - 600
80 | | ” | | 400
w0 I‘ i iy | | l‘ ‘| LW - 1 """ ’f E
40 | LR/ T d T .. H ' - 200
\ A\ (A | T W\ WK | LT u
20 - i | . :"-. [y § I.I“ : ' -".-' " ; .' f ::: A H “
0 b I:l L llw“ 11; r‘ 5]5 i ':1‘: : l‘ r:. : 1‘ T T T :‘ 0
0 100 200 300 400 500 600 700 800 900 1000 1100 t,sec
- Vehicle speed during the test ——— Mixed fuel —— Simulated gas

Figure 4 Instantaneous concentrations of harmful substance oxides in exhaust gases during the test of a car on a dynamometer
roller test bench in driving modes according to the European driving cycle
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3 Research results

Tests were conducted to evaluate the environmental
performance of the engine using different types of fuel:
petrol, CNG, mixed fuel (80% LNG and 20% biogas) and
simulated gas (94% LNG and 6% CO,).

The biogas used in the research has the following
composition: CH, - 57%, CO, - 30%, N, - 11%, H,0 - 3%,
0, - 0%.

The results of the first stage of testing of the vehicle
are shown in Figures 3-6.

An excessive level of carbon monoxide CO
concentration in exhaust gases, when the car engine
is powered by CNG, indicates excessive enrichment of
the gas-air mixture. The increase in CO concentration
occurs in the engine braking mode.

The level of NO_ concentrations with exhaust gases,
when powering an CNG engine, is almost the same as
with petrol.

Emissions of total hydrocarbons CH increase in
the engine braking mode. The level of concentrations of
non-methane hydrocarbons C_H_in the exhaust gases of
the engine when powered by CNG is reduced compared
to petrol.

Figure 3 displays the results of measuring
instantaneous fuel consumption during a car test on
a roller bench in the European driving cycle modes
when the engine is powered by a mixture of fuels (80%
CNG and 20% biogas) and simulated gas (94% CNG
and 6% CO,). Figure 4 shows the results of measuring
instantaneous concentrations of harmful substances in
the exhaust.

The results of the tests of the car, when the
engine is powered by mixed fuel and simulated gas,
on a dynamometer roller stand in the driving modes

according to the European driving cycle, are given in
Table 2.

According to the results of tests of the car on a
dynamometer roller stand in driving modes according
to the European driving cycle, when the engine is
powered by mixed fuel, fuel consumption increases by
6% compared to the engine power supply with simulated
gas.

The emissions of harmful substances in exhaust
gases are reduced when simulated gas is used compared
to mixed fuel. Specifically, carbon monoxide (CO) is
reduced by 5.1%, nitrogen oxides (NO) by 6.2%, carbon
dioxide (CO,) by 6%, and non-methane hydrocarbons
(H, 4, by 3.7%.

The experimental studies confirm that the simulated
gas is suitable for large-scale experiments using mixed
fuels.

Thus, a simulated gas (CH, - 94% and CO, - 6%) was
used for a large series of experimental studies, which
corresponds to a mixture of CH, - 80% and biogas 20%
with a CO, content close to 6%. The biogas used in the
research has the composition: CH, - 57%, CO, - 30%, the
rest are gases that do not participate in the combustion
process (N, - 11% and H,0 - 3%).

Figure 5 displays the instantaneous fuel consumption
values obtained during the car test on a roller stand in
the European driving cycle.

Figure 6 displays the measurements of harmful
substance concentrations in engine exhaust gases during
car testing on a dynamometer roller in the European
driving cycle.

Tables 3 and 4 present the results of tests conducted
on the car using various types of fuel on a dynamometer
roller stand in the European driving cycle.

Based on the results of the car’s tests on

v, km/h Gp, kg/h
120 - r 12
100 - [ 10
80 - | L g
60 - L 6
40 - I
20 1 & s b ‘ )

0 z : S \' e .’ =1 r g = i T T T : 0

0 100 200 300 400 500 600 700 800 900 1000 1100 t, sec
"""""""" Vehicle speed during the test —— Gasoline A-92 CNG Simulated gas

Figure 5 Instantaneous values of fuel consumption G,

during the test of the car on the roller stand in the European

driving cycle modes

Table 3 Fuel consumption during testing of the car on a dynamometer roller bench in driving modes according to the

European driving cycle

Fuels g/cycle Md/cycle Fuel consumption

A-92 petrol 750.81 33.04 9.17 litters/100 km
CNG 652.61 30.02 7.96 m*100km
Simulated gas 677.35 29.26 7.8 m*/100 km
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a dynamometer roller under the conditions of the
European driving cycle, it was found that the fuel
consumption (g/cycle) decreased by 13.1% when powered

by CNG and by 9.8% when powered by simulated gas,
compared to A-92 petrol.
The experimental studies used fuels with varying

v, km/h Co, L
120 - - 800
- 600
- 400
- 200
T T ] T T T 0
0 100 200 300 400 500 600 700 800 900 1000 1100 t,sec
v, km/h NOx, ppm
- 500
- 400
- 300
| 1 - 200
Biw B Al 1 - 100
W N LA G RS e b e : )
0 100 200 300 400 500 600 700 800 900 1000 1100 t,sec
v, km/h CH, ppm
120 - 600
100 : | 500
80 mn ’ 1 400
60 ’ il | 1 _ t' i | 300
40 |lL |‘ Y { ‘ |i M ” | “ - 200
20 - WAty T wl 0 hu lhl“ r E Wi 'J\.' . 1~.-, ,,1 st BV 100
0 i 3r i J 4 i T T i 0
0 100 200 300 400 500 600 700 800 900 1000 1100 t,sec
v, km/h CmHn, ppm
120 - 600
100 - - 500
L [ I O | N AN | Y (N I I (N NN N - 400
60 - - 300
40 - lk - 200
20 | e / , | 100
0 A | ul | - \ 4 ‘l fep W Hli» I "F— - S
0 100 200 300 400 500 600 700 800 900 1000 1100 t,sec
v, km/h CO,, %
120 - - 2.00
100 -
[ + 1.50
"0 r
0 - R S W1 (]
:0 . \ -:". -"‘ Ir 'l ”\ o f‘ ‘I'
20 i I A “ | J ! I .'h, e Iz 0-50
3 F'{ 1 # [ _.: ' \ :\ ‘I. =
0 — i t . . . ' 0.00
0 100 200 300 400 500 600 700 800 900 1000 1100 t,sec
——— Vehicle speed during the test ——— Gasoline A-92 ——— CNG Simulated gas

Figure 6 Instantaneous concentrations of harmful oxides in engine exhaust gases during the test of a car on
a dynamometer roller dynamometer in driving modes according to the European driving cycle
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Table 4 Mass emissions of harmful substances during the testing of a car on a dynamometer roller bench in driving modes

according to the European driving cycle

Mass emissions of harmful substances A-92 petrol CNG Simulated gas
G, glkm 2.7743 0.7379 0.5040
G &km 180.8 127.3 106.4
Gy g/km 1.5051 2.7941 1.7749
Gy, gkm 1.7855 1.7580 0.4269
Gy &km 1.4502 0.7352 0.3334
G, con. g/km 80.741 75.315 19.103

specific heat of combustion. The quality of heat use
was assessed by fuel consumption in energy equivalent
(Md/cycle). The results show that when the engine is
powered by CNG (46 MdJ/kg), there is a 9.1% reduction
in fuel consumption in energy equivalent. Similarly,
when powered by simulated gas (43.2 MJ/kg), there is
an 11.8% reduction compared to A-92 petrol (44 MJ/kg),
which was used in the driving cycle.

Based on the obtained concentrations, the mass
emissions of individual components and total mass
emissions reduced to CO were calculated (Table 4).

The use of simulated gas in cars improves their
environmental performance compared to A-92 petrol.
Specifically, when powered by CNG, carbon monoxide
(CO) emissions are 73.4% lower, and nitrogen oxides
(NO,) emissions are 1.5% lower. When powered by
simulated gas, CO emissions are 81.8% lower, and NO_
emissions are 76.1% lower. Additionally, CO, emissions
are 29.6% lower when powered by CNG and 41% lower
when powered by simulated gas. When powered by
simulated gas, emissions are 6% lower compared to non-
simulated gas. Additionally, non-methane hydrocarbons
(H,, ) are 49.3% lower with CNG and 77% lower
with simulated gas. However, total hydrocarbons
(H,,) increase by 46.1% with CNG and by 15.2% with
simulated gas.

The facility’s environmental assessment calculates
the total mass emissions reduced to CO using mass
emissions and their relative aggressiveness coefficients
(CO = 1,NO,_ =411, CH = 3.16).

Table 4 displays the total mass emissions reduced
to CO. When powered by CNG, the total mass emissions
of harmful substances in exhaust gases, reduced to
CO, in the European driving cycle are reduced by 1.1%
compared to A-92 petrol. Similarly, when powered by
simulated gas, the emissions are reduced by 76.3%
compared to A-92 petrol.

The novelty of this study can be summarised in the
following aspects:

The study confirms a significant reduction in
emissions of harmful substances in exhaust gases when
using a mixture of biogas and compressed natural gas
compared to traditional petrol.

The results of the study show an improvement in
fuel efficiency, which is important for reducing the fuel
costs and increasing the energy efficiency of vehicles.

The study’s results suggest that a combination of
biogas and compressed natural gas could be implemented
for everyday use, contributing to the adoption of
renewable energy sources in the transport sector.

These aspects underline the significant potential
and importance of the research in the context of energy
sustainability, environmental safety and innovation in
the transportation.

4 Conclusions and prospects for further
research

The results of the studies show that the use of
mixed fuel (which was replaced by a similar simulated
gas during the tests) reduces the concentrations
and emissions of harmful substances in the exhaust
gases.

Tests of a car equipped with a spark ignition engine,
converted to run on CNG, show that mass emissions of
harmful substances with exhaust gases, namely CO,
Gy @and Gy, , decrease when the engine is powered
by CNG, and simulated gas, compared to A-92 petrol.
However, G, increases.

The test results showed that when the engine is
powered by CNG, the total mass emissions of harmful
substances reduced to CO, in the European driving
cycle, are reduced by 1.1%, and by simulated gas - by
76.3%, compared to A-92 petrol.

The use of biogas as a motor fuel for car engines can
reduce energy dependence on oil fuels and emissions
of harmful substances in exhaust gases. Additionally,
biogas can be used as an additive to compressed natural
gas, eliminating the need for additional resources for
purification. The study results can serve as a scientific
foundation for developing policies and regulatory
standards for alternative fuel use in vehicles. This
can aid in transitioning towards a more sustainable
transportation system.

Acknowledgment
This research was funded by the Cultural and

Educational Grant Agency of the Ministry of Education
of the Slovak Republic in the project KEGA 031ZU-

VOLUME 27

COMMUNICATIONS 3/2025



B168

KRAVCHENKO et al.

4/2023: Development of key competencies of the graduate
study program Vehicles and Engines and KEGA 024ZU-
4/2024: Deepening the knowledge of university students
in the field of construction of transport means by carrying
out professional and scientific research activities in the
field; the Slovak Research and Development Agency of
the Ministry of Education, Science, Research, and Sport
in the project VEGA1/0513/22 “Investigation of the
properties of railway brake components in simulated
operating conditions on a flywheel brake stand”; the

EU NextGenerationEU through the Recovery and
Resilience Plan for Slovakia was under the project No.
09103-03-V01-00129.

Conflicts of interest

The authors declare that they have no known
competing financial interests or personal relationships
that could have appeared to influence the work reported
in this paper.

References

[1] VOLYANSKAYA, Y., VOLYANSKIY, S., ONISHCHENKO, O., NYKUL, S. Analysis of possibilities for improving
energy indicators of induction electric motors for propulsion complexes of autonomous floating vehicles.
Eastern-European Journal of Enterprise Technologies [online]. 2018, 2(8(92)), p. 25-32 [accessed 2023-11-15].
ISSN 1744-5302. Available from: https://doi.org/10.15587/1729-4061.2018.126144

[2] KOLODNYTSKA, R., KRAVCHENKO, O., GERLICI, JU.,, KRAVCHENKO KAT. The effects of biodiesel
on NOx emissions for automotive transport. Communications - Scientific Letters of the University of Zilina
[online]. 2022, 24(1), p. B59-B66. ISSN 1335-4205, eISSN 2585-7878. Available from: https:/doi.org/10.26552/
com.C.2022.1.B59-B66

[31 KHAN, I. U., OTHMAN, M. H. D., HASHIM, H., MATSUURA, T., ISMAIL, A. F., REZAEI-DASHTARZHANDI,
M., AZELEE, 1. W. Biogas as a renewable energy fuel - a review of biogas upgrading, utilisation and storage.
Energy Conversion and Management [online]. 2017, 150, p. 277-294 [accessed 2023-11-15]. ISSN 0196-8904.
Available from: https://doi.org/10.1016/J. ENCONMAN.2017.08.035

[4] BORDELANNE, O., MONTERO, M., BRAVIN, F., PRIEUR-VERNAT, A., OLIVETI-SELMI, O., PIERRE, H.,
PAPADOPOULO, M., MULLER, T. Biomethane CNG hybrid: a reduction by more than 80% of the greenhouse
gases emissions compared to gasoline. Journal of Natural Gas Science and Engineering [online]. 2011, 3,
p. 617-624 [accessed 2023-11-15]. ISSN 1875-5100. Available from: https://doi.org/10.1016/J.JNGSE.2011.07.007

[5] AGBULUT, U., AYDIN, M., AGBULUT, U., AYDIN, M., KARAGOZ, M., DENIZ, E. AND CIFTCI, B. An
experimental assessment of combustion and performance characteristics of a spark ignition engine fueled with
co-fermentation biogas and gasoline dual fuel. Journal of Process Mechanical Engineering [online]. 2021, 236,
p. 1330-1339 [accessed 2023-11-15]. ISSN 0954-4089. Available from: https://doi.org/10.1177/09544089211060131

[6] CHANDRA, R., VIJAY, V. K., SUBBARAO, P. M. V., KHURA, T. K. Performance evaluation of a constant
speed IC engine on CNG, methane enriched biogas and biogas. Applied Energy [online]. 2011, 88, p. 3969-3977
[accessed 2023-11-15]. ISSN 0306-2619. Available from: https://doi.org/10.1016/J. APENERGY.2011.04.032

[71 SHAMEKHI, A., KHATIBZADEH, N., SHAMEKHI, A. Performance and emissions characteristics investigation
of a Bi-Fuel SI engine fuelled by CNG and gasoline. In: Internal Combustion Engine Division Spring Technical
Conference: proceedings [online]. 2006. ISBN 0-7918-4206-1, p. 393-400. Available from: https:/doi.org/10.1115/
ICES2006-1387

[8] SINGHAL, S., AGARWAL, S., ARORA, S., SHARMA, P., SINGHAL, P. Upgrading techniques for transformation
of biogas to bio CNG: a review. International Journal of Energy Research [online]. 2017, 41, p. 1657-1669
[accessed 2023-11-15]. ISSN 1099-114X. Available from: https://doi.org/10.1002/er.3719

[91 LEMKE, B., MCCANN, N., POURMOVAHED, A. Performance and efficiency of a Bi-fuel bio methane/gasoline
vehicle. Renewable Energy and Power Quality Journal [online]. 2011, 9(1), p. 208-213 [accessed 2023-11-15].
eISSN 2172-038X. Available from: https://doi.org/10.24084/REPQJ09.289

[10] MELAIKA, M., HERBILLON, G., DAHLANDER, P. Spark ignition engine performance, standard emissions and
particulates using GDI, PFI-CNG and DI-CNG systems. Fuel [online]. 2021, 293, 120454 [accessed 2023-11-15].
ISSN 0016-2361. Available from: https://doi.org/10.1016/J.FUEL.2021.120454

[11]WARGULA, L., KUKLA, M., LIJEWSKI, P., DOBRZYNSKI, M., MARKIEWICZ, F. Impact of compressed
natural gas (CNG) fuel systems in small engine wood chippers on exhaust emissions and fuel consumption.
Energies [online]. 2020, 13(24), 6709 [accessed 2023-11-15]. eISSN 1996-1073. Available from:
https://doi.org/10.3390/en13246709

[12] LIMPACHOTI, T., THEINNOI, K. The comparative study on compressed natural gas (CNG) and compressed
biomethane gas (CBG) fueled in a spark ignition engine. E3S Web of Conferences [online]. 2021, 302, 01005
[accessed 2023-11-15]. eISSN 2267-1242. Available from: https://doi.org/10.1051/e3sconf/202130201005

COMMUNICATIONS 3/2025 VOLUME 27


https://doi.org/10.1080/17445302.2022.2052480

RESEARCH ON THE USE OF BIOGAS AS AN ADDITIVE TO COMPRESSED NATURAL GAS... B169

[13] PAVLOVSKYI, M. The improvement of fuel efficiency and environmental characteristics of diesel engine by
using biodiesel fuels. In: Modern technologies in energy and transport. Studies in systems, decision and control.
Vol. 510 [online]. BOICHENKO, S., ZAPOROZHETS, A., YAKOVLIEVA, A., SHKILNIUK, I. (Eds.). Cham:
Springer, 2024. ISBN 978-3-031-44351-0, p. 35-69. Available from: https://doi.org/10.1007/978-3-031-44351-0_4

[14] SYMONENKQO, R. V. Improving the operational efficiency of wheeled vehicles based on intelligent telematics
technologies. D.Sc. thesis. Kyiv, Ukraine: National Transport University, 2021. Available from: http:/diser.ntu.
edu.ua/Symonenko_dis.pdf

[15]MELNYK, O., ONYSHCHENKO, S., ONYSHCHENKO, O., LOHINOV, O., OCHERETNA, V. Integral approach
to vulnerability assessment of ship’s critical equipment and systems. Transactions on Maritime Science [online].
2023, 12(1), p. 1-10 [accessed 2023-11-15]. Available from: https:/doi.org/10.7225/toms.v12.n01.002

[161 GOROBCHENKO, 0., FOMIN, O., GRITSUK, I., SARAVAS, V., GRYTSUK, Y., BULGAKOV, M. Intelligent
locomotive decision support system structure development and operation quality assessment. In: 3rd
International Conference on Intelligent Energy and Power Systems: proceedings [online] [accessed 2023-11-15].
2018. Available from: https://doi.org/10.1109/ieps.2018.8559487

[171KURIC, I, GOROBCHENKO, O., LITIKOVA, O., GRITSUK, I., MATEICHYK, V., BULGAKOV, M.,
KLACKOVA, 1. Research of vehicle control informative functioning capacity. IOP Conference Series: Materials
Science and Engineering [online]. 2020, 776, 012036 [accessed 2023-11-15]. ISSN 1757-899X. Available from:
https://doi.org/10.1088/1757-899x/776/1/012036

[181 PARSADANOV, I., MARCHENKO, A., TKACHUK, M., KRAVCHENKO, S., POLYVIANCHUK, A., STROKOV,
A., GRITSUK, I, RYKOVA, 1., SAVCHENKO, A., SMIRNOV, O., POSTOL, Y., SAVCHUK, V. complex
assessment of fuel efficiency and diesel exhaust toxicity. SAE Technical Paper [online]. 2020, 2020-01-2182
[accessed 2023-11-15]. ISSN 0148-7191. Available from: https://doi.org/10.4271/2020-01-2182

[191 VOLODARETS, M., GRITSUK, I., CHYGYRYK, N., BELOUSOV, E., GOLOVAN, A., VOLSKA, O.,
HLUSHCHENKO, V., POHORLETSKYI, D., VOLODARETS, O. Optimization of vehicle operating conditions by
using simulation modeling software. SAE Technical Paper Series [online]. 2019, 2019-01-0099 [accessed 2023-
11-15]. ISSN 0148-7191. Available from: https:/doi.org/10.4271/2019-01-0099

[20l ABRAMCHUK F. 1., GUTAREVICH Y. F., DOLGANOV K. E., TIMCHENKO 1. 1. Automobile engines. Kyiv,
Ukraine: Aristei, 2004. ISBN 966-8458-26-5.

[211GOLOVAN, A., GRITSUK, I, POPELIUK, V., SHERSTYUK, O., HONCHARUK, I., SYMONENKO,
R., SARAVAS, V., VOLODARETS, M., AHIEIEV, M., POHORLETSKYI, D., KHUDIAKOV,
I. Features of mathematical modeling in the problems of determining the power of a turbocharged
engine according to the characteristics of the turbocharger. SAE International Journal of Engines
[online]. 2019, 13(1), p. 5-16 [accessed 2023-11-15]. ISSN 1946-3936, eISSN 1946-3944. Available from:
https://doi.org/10.4271/03-13-01-0001

[22] PODRIGALO, M., KLETS, D., SERGIYENKO, O., GRITSUK, I., SOLOVIOV, O., TARASOV, Y., BAITSUR, M.,
BULGAKOV, N., HATSKO, V., GOLOVAN, A., SAVCHUK, V., AHIEIEV, M., BILOUSOVA, T. Improvement of
the assessment methods for the braking dynamics with ABS malfunction. SAE Technical Paper [online]. 2018,
2018-01-1881 [accessed 2023-11-15]. ISSN 0148-7191. Available from: https://doi.org/10.4271/2018-01-1881

[231MELNYK, O., ONISHCHENKO, O., ONYSHCHENKO, S., GOLIKOV, V., SAPTHA, V., SHCHERBINA, O.,
ANDRIEVSKA, V. Study of environmental efficiency of ship operation in terms of freight transportation
effectiveness provision. TransNav: International Journal on Marine Navigation and Safety of Sea Transportation
[online]. 2022, 16, p. 723-722 [accessed 2023-11-15]. ISSN 2083-6473, eISSN 2083-6481. Available from:
https://doi.org/10.12716/1001.16.04.14

[24] BUDASHKO, V., OBNIAVKO, T., ONISHCHENKO, O., DOVIDENKO, Y., UNGAROV, D. Main problems of
creating energy-efficient positioning systems for multipurpose sea vessels. In: 2020 IEEE 6th International
Conference on Methods and Systems of Navigation and Motion Control 2020 MSNMC 2020: proceedings
[online]. IEEE. 2020. eISBN 978-1-7281-8135-6, p. 106-109 [accessed 2023-11-15]. Available from:
https://doi.org/10.1109/MSNMC50359.2020.9255514

VOLUME 27 COMMUNICATIONS 3/2025


https://doi.org/10.4271/2020-01-2182
https://doi.org/10.4271/2019-01-0099
https://www2.scopus.com/authid/detail.uri?authorId=57214242439&amp;eid=2-s2.0-85078538054
https://www2.scopus.com/authid/detail.uri?authorId=57189386834&amp;eid=2-s2.0-85078538054
https://www2.scopus.com/authid/detail.uri?authorId=57214244011&amp;eid=2-s2.0-85078538054
https://www2.scopus.com/authid/detail.uri?authorId=57201635912&amp;eid=2-s2.0-85078538054
https://www2.scopus.com/authid/detail.uri?authorId=57201635912&amp;eid=2-s2.0-85078538054
https://www2.scopus.com/authid/detail.uri?authorId=35230905100&amp;eid=2-s2.0-85078538054
https://www2.scopus.com/authid/detail.uri?authorId=57195074889&amp;eid=2-s2.0-85078538054
https://www2.scopus.com/authid/detail.uri?authorId=57204000187&amp;eid=2-s2.0-85078538054
https://www2.scopus.com/authid/detail.uri?authorId=57204670972&amp;eid=2-s2.0-85078538054
https://www2.scopus.com/authid/detail.uri?authorId=57214246939&amp;eid=2-s2.0-85078538054
https://www2.scopus.com/authid/detail.uri?authorId=57214246939&amp;eid=2-s2.0-85078538054
https://www2.scopus.com/sourceid/19700174711?origin=recordpage
https://doi.org/10.4271/03-13-01-0001
https://doi.org/10.4271/2018-01-1881
https://doi.org/10.15587/1729-4061.2020.214856

